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MOVEMENT OF TANDEM MAGNETIC NANOPARTICLES IN AN ALTERNATING MAGNETIC FIELD
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This research article considers the tandem magnetic nanoparticles, which consists magnetic nanoparticle, connected with
functional nanoparticle by carbon nanotube, exploring the transformative impact of temporal changes in magnetic fields
on their behavior. By manipulating magnetic induction, using sifted center of mass such nanoparticles and necessary
angle between its axis and magnetic dipole moment, we can exercise precise control over the movement of such
nanoparticles. This holds immense promise for various applications, particularly in the field of medicine.
Nanotechnology has a wide range of applications in the medical field, particularly as nanomedicine. Some nanoparticles
are promising for new diagnostic tools, imaging techniques, targeted therapies, pharmaceuticals, biomedical implants,
and tissue engineering. Nanotechnology allows for the safer administration of high-toxicity treatments, such as
chemotherapy drugs for cancer. Additionally, wearable devices can monitor vital signs, detect cancer cells, and identify
infections in real time. These advancements are expected to give doctors significantly better access to critical information
about the causes of changes in health, directly from the source of the issue.

The study examines the scenarios where the magnetic moment and the center of mass of a nanoparticle are misaligned,
creating a tandem nanoparticle. The paper investigates the effects of an alternating external magnetic field on such
nanoparticles, focusing on specific motion patterns that can be utilized to control the position and velocity of the particles.
For this study, relevant literature on nanotechnology in the medical field was reviewed from sources like Scopus, Google
Scholar, ResearchGate, and other research platforms.

Keywords: tandem magnetic nanoparticles, magnetic field manipulation, targeted drug delivery, hyperthermia
treatments, diagnostic imaging, biomedical applications.

INTRODUCTION

In recent decades, science and medicine have made
tremendous progress in the field of nanotechnology and
their application in various fields. One of the most prom-
ising areas that is actively developing is medicine, espe-
cially in the field of targeted drug delivery [1-2], diagno-
sis of diseases [3-4], and direct treatment [5]. In this
context, magnetic nanoparticles deserve special atten-
tion.

Magnetic nanoparticles are nanoscale particles with
magnetic properties. Their feature is the ability to re-
spond to an external magnetic field, which allows you to
control their movement and behavior in the body. This
opens up new perspectives in drug delivery and disease
diagnosis [6].

The use of magnetic nanoparticles in medicine has
several advantages. First, they can be used to improve
drug delivery. By functionalizing magnetic nanoparticles
with drug molecules and targets, they can be directed to
a specific location in the body, ensuring accurate and ef-
ficient delivery of drugs. This allows you to reduce the
doses of drugs, reduce their side effects and increase the
effectiveness of treatment.

Secondly, magnetic nanoparticles can be used in the
diagnosis of various diseases. By functionalizing nano-
particles with markers and antitumor antibodies, they can
be used to detect and visualize tumor cells and other
pathological changes. This allows for earlier diagnosis
and accurate determination of the lesion site, which con-
tributes to more effective and timely treatment [6].

The use of magnetic nanoparticles in medicine is not
limited only to drug delivery and diagnostics. Modern re-
search shows that these amazing nanomaterials can also
be used for the direct treatment of various diseases. With
their help, new prospects in the field of nanomedicine are
opening up, allowing for more accurate and effective
treatment of pathologies. The size and properties of mag-
netic nanoparticles can be adjusted so that they can be
transported through blood vessels and concentrated in the
right areas of the body under the influence of a magnetic
field [10].

One of the main applications of magnetic nanoparti-
cles is hyperthermic therapy. When using specially de-
signed nanoparticles that can be heated under the influ-
ence of a magnetic field, it is possible to achieve a
localized increase in temperature in a certain area of the
body. This is used to destroy tumor cells or inactivate
pathogens, which makes hyperthermic therapy a promis-
ing method of treating cancer and infectious diseases [7].

In this paper, we consider the case when the magnetic
moment and the center of mass of a nanoparticle do not
coincide (a tandem nanoparticle), which corresponds to a
two—cluster nanoparticle, one of which is magnetic, the
second is a carrier of the therapeutic component (Fig-
ure 1). The influence of an alternating external magnetic
field for this case allows us to consider specific cases of
motion that can be used to control the position and veloc-
ity of particles.
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MATERIALS AND METHODS

One of the key aspects of the use of magnetic nano-
particles in medicine is their ability to control in an ex-
ternal magnetic field. This makes it possible to direct,
move and control the behavior of nanoparticles in the
body, which opens up new opportunities in targeted drug
delivery and direct treatment of diseases.

Magnetic nanoparticles have a magnetic moment that
allows them to interact with magnetic fields. Under the
influence of an external magnetic field, nanoparticles can
move, group or separate, depending on their size, shape
and magnetic properties. This allows you to control their
movement and location in the body [8-9].

Figure 1. A tandem nanoparticle

Various methods are used to control magnetic nano-
particles. One of them is the use of permanent magnets,
which create a permanent magnetic field in the desired
area of the body. Nanoparticles with magnetic properties
will move in accordance with the lines of magnetic field
forces, allowing them to be precisely directed to the tar-
get locations [8-9].

Another way to control magnetic nanoparticles is the
use of an alternating magnetic field. In this case, electro-
magnets or systems with an alternating magnetic field are
used, which can create magnetic fields that change over
time. This makes it possible to control the movement and
behavior of nanoparticles by adjusting the parameters of
the magnetic field, such as strength, direction and fre-
quency [8-9].

The equation of motion of magnetic nanoparticles in
an external magnetic field can be described using the fol-
lowing equation [13-14]:

m~(:j—\t/=FM+Fd, @
where: m is the mass of the nanoparticle; v is the veloc-
ity vector of the nanoparticle; t is the time; F,, is the

force caused by the interaction of the nanoparticle with

an external magnetic field; F, is the resistance force of
the medium in which the nanoparticle is located.
Power IEM depends on the properties of magnetic na-

noparticles and the magnetic field in which they are lo-
cated. Next, we will consider the influence of an external
magnetic field on a particle with a magnetic moment.

When such a particle is placed in an external magnetic
field with magnetic induction in B, the force F,, can be

calculated, acting on it as a whole, using the following
formula [12]:

= =%(g-1§), )
where: [ is magnetic moment of the nanoparticle.

The resistance force of the medium F, can be descri-
bed by Stokes' law for small particles [11]:

F, =6mnrv, ®3)
where: n is viscosity of the medium; r is nanoparticle

radius.

Moment of force M , acting on a magnetic nanopar-
ticle in an external magnetic field with magnetic induc-
tion B, is represented by an expression that is analogous
to the expression for the moment of forces acting on a
small electric dipole in an external electric field with in-
tensity E [12]:

M =[ixB. (4)
The moment of force determines the direction of the

moment of momentum L , associated with the magnetic
moment:

di -
<=M )
I::otﬁ+|:0, (6)

where: a is gyromagnetic factor; I:O is the angular mo-
mentum of the attached particle.

The moment of forces turns to zero if the vectors B
and p (magnetic moment) parallel (or antiparallel), that

is, when the magnetic moment is directed strictly along
the external magnetic field or strictly against it. With a
small deviation of the vector |1 depending on the direc-

tion of equilibrium (when the equilibrium state has been
reached), the resulting moment of forces has a “return-
ing” character and, in a harmonic approximation, is pro-
portional to the angle of deviation [12].

The equation of motion of magnetic nanoparticles can
be solved by numerical methods, taking into account the
initial conditions, the external magnetic field and the
properties of the nanoparticle. This makes it possible to
predict and control their movement and behavior in the
body to achieve desired goals, such as targeted drug de-
livery or localized effects on tumors and pathological ar-
eas [10].

RESULTS AND DISCUSSION

The equation of motion in this article provides for
conditions under which the direction of the magnetic
field changes. The strength of the resistance of the me-
dium is not taken into account. Three scenarios were con-
sidered:
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a) the value of the inhomogeneous field is constant;

b) the value changes according to the law of
sinsin wt, the direction does not change in time;

c) the value and direction of the field changes in time
according to a harmonic pattern.

When the field is constant in time, the parallel ar-
rangement of the field and the moment give motion in a
straight line (Figure 2). Depending on the angle between
the vectors of the field and the moment, a trajectory of
different intensity is rotated (Figure 3-5).

I

Figure 4. Bo = 100, m = 0.02, a = 0.05

Figure 5. Bo =75, m = 0.02, a = 0.05
In a constant field, there is no difference in the trajec-

tories of a simple magnetic nanoparticle and a tandem
one, the motion is flat (Figure 6-8)..
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Figure 7. Bo = 3000 sin[2wt]
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Figure 8. Bo = 3000 sin?[wt]

In the case of an alternating field of constant direc-
tion, a feature of the movement of a tandem particle ap-
pears, consisting in a phase lag (Figure 9).
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Figure 9. Box = 3000 sin[wat]; Boy = 4000 sin[wat];
Boz = 5000 sin[wst]

If all three components change, the trajectory be-
comes spatial, and the movement depends on the type of
functions. In this case, the combination of frequencies
(w1, W, w3) gave a sinusoid or spiral. The peculiarity of
the motion is determined by the specifics of the rotation
of a tandem magnetic particle under the action of a mo-
ment of forces.

CONCLUSION

The research focuses on studying how changes in the
magnetic field over time affect the behavior of tandem
magnetic nanoparticles. By manipulating magnetic in-
duction, it becomes possible to control and direct the
movement of nanoparticles. This control method has its
advantages in the case of taking into account the re-
sistance of the medium, which we will consider in the
following works.

Numerical methods were employed to solve the equa-
tion of motion for magnetic nanoparticles, considering
various factors like initial conditions, external magnetic
fields, and nanoparticle properties. Through this ap-
proach, we can anticipate and regulate the movement and
actions of these nanoparticles within the body, aiming for
specific objectives such as targeted drug distribution or
localized effects on tumors and other pathological re-
gions. In addition, understanding the properties and be-
havior of magnetic nanoparticles can lead to the improve-
ment of materials and technologies, which will allow the
development of innovative applications for the develop-
ment of medicine.

Overall, this study contributes to the ongoing study of
magnetic nanoparticles and their potential applications
by providing valuable information about their behavior
and offering opportunities for developing new strategies
for manipulating and controlling nanoparticles.
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AVHBIMAJIBI MATHUT OPICIHJETT MATHUTTIK HAHOBOJIIIEKTEP
TAHAEMIHIH KO3FAJIBICbI

H. 9. beiicen, I'. b. CepukaxmeroBa, M. E. Aoumesn
on-Papabu amvinoazel Kazax ynmmulK ynugepcumemi, Anmamol, Kazaxcman
*Batinanwic ywin E-mail: nurzada.beissen@kaznu.edu.kz

Byn 3eprrey MakamachblHZa MarHWATTIK HAHOOOIIIEKTEpACH TYPAThH, (DYHKIMOHAIAB HAHOOONIIIEKTEPMEH KOMIpPTEKTi
HAHOTYTIKIIEJep apKbUIbI OalIaHBICKAaH TAHAEMIIK MATHUTTIK HAHOOOIIIIEKTEPIiH MarHUT OpiCiHIET1 yaKBITIIA ©3repicTepIiH
OJIapIIBIH MiHE3-KYJIKbIHA TpaHC(HOPMAMIIBIK ocepi 3eprreneai. MarHWTTIK HHAYKOWSHB MAaHHITYIBIIHSIIAY apKbUIbL,
HaHOOOJIIIEKTEP/IiH ENEKTEeH OTKI3UINeH Macca LIEHTPIH oHE OHBIH 0Ci MEH MAarHUTTIK AWIIOJIb MOMEHTI apachIHIAFbl KAXKETTi
OypbIIITH TMai/ajgaHa OTBIPBIN, 013 MyH/all HAHOOGJIIEKTEpAIH KO3FalbICBIH HakThl Oackapa amambi3. byn aprypii
KOJIIaHOAaJIap YIIIiH, dcipece MEIUIINHA CallaChIH/IA YIIKEH yoe Oepei.

HanoTexHoorust MeMIHA CalachbIHAA, aTal alTKaHJa HAaHOMEANIIMHA CHSKTBI KeH ayKbIMbl KoianOanapra ue. Keiioip
HaHOOeJIIIEKTep JKaHa JMarHOCTUKAJIBIK Kypaiap, OeifHesney aicTepi, MaKkcaTThl Tepanus, GpapMarieBTuKa, OHoMe JUIIMHAIIBIK
WMIUTAHTATTap KSHE TIHIIK MHXKEHEPUsl YLIiH MepCcreKTHBaIbI OOJIbIN TaOblIaasl. HaHoTeXHOMOrus Katepii icikke Kapchl
XUMHOTEPANSIIBIK MPErapaTTap CUAKTH YBITTBUIBIFBI JKOFaphl eMICY 9IICTEPiH Kayirci3 Oackapyra MyMKiHIIK Oepeni. Oran
KOCa, KHUIETIH KYPhUIFBUIAP OMIPITiK MaHBI3IBI Oenritep i OakpUTail anamsl, paK KIeTKAIaphIH aHBIKTal aajpl )KOHE HAKTHI
yaKpITTa HHQEKIMsIapAbl aHbIKTail anmamel. by skeTicTikrep Iopirepiepre ACHCAyJNbIK JKaFIaWbIHAAFbl ©3repicTepliH
ce0erTepi Typajbl MaHBI3IBI aKIAPATKA MOCENICHIH KO31HeH TiKeIeH KOJI JKeTKi3yTre MyMKIHIIIK Oepei et Ky TUTyIe.

3eprTey HaHOOOIIIEKTEPAIiH MATHUTTIK MOMEHTI MEH Macca LIeHTpi IyphIic TypajdaHOaraH >koHE TaHACMIIK HAHOOOIIIICKTI
YKaCaWTHIH CIIeHapuitnep i 3eprreiiai. by Makanaaa MyHnai HaHOOeIIIIEKTepre aifHRIMATBI CBIPTKBI MATHHUT OPICiHIH acepiepi
3epTTeNin, OeJILeKTepiH OpHAIACYbl MEH KbUIIAMBIFBIH OacKapy YILIH MaiijanaHyFa 00J1aThlH HAKTHI KO3FaJIbIC YIriIepiHe
Hazap ay/apbuUiajpl.

Byn 3eprreyni xyprizy ymrna Scopus, Google Scholar, ResearchGate >xoHe Oacka 1a FBUIBIMH IUIaT(opManap CHIKTHI
Ke3/Iep/ieH MEIULIMHAJIBIK Calla/laFbl HAHOTEXHOJIOTHsUIap OOMBIHINA ©3€KTi 9/IeONeTTep TallaH/bl.

Tyitin ce30ep: macHummix HaHOOOIUEKMEPOIH MAHOEMI, MAZHUM OPICIHIK ©32epici, npenapammol mikejiell Hcemkizy,
2unepmepmusiibl emoey, OUASHOCMUKAILIK betineney, OUOMeOUYUHANBIK KOJLOAHY.

JABUKEHUE TAHIEMA MATHUTHBIX HAHOYACTHUI B HEPEMEHHOM MATHUTHOM ITOJIE

H. A. Beiicen”, T'. B. Cepukaxmerona, M. E. AGumen
Kaszaxcxkuit Hayuonanvnutii ynusepcumem um. Anv-@apaou, Anmamut, Kazaxcman
*E-mail ons xonmaxmos. nurzada.beissen@kaznu.edu.kz

B I[aHHOf/'I HCCHCZ[OBaTeHBCKOﬁ CTaTbC pacCMaTpUuBaAIOTCA TAHAEMHBIC MAIrHUTHBIC HAHOYACTULIBI, COCTOAIIUE U3 MAarHUTHBIX
HAHOYACTHUII, CBSI3aHHBIX C (DYHKIIMOHAJIHLHON HAHOYACTHIICH YIIICPOIHON HAHOTPYOKOM, M HCCICIYIOTCS IpeoOpasyroliee
BIIMSIHME BPEMEHHBIX M3MEHEHUI MArHUTHBIX MOJICH Ha WX MOBeAeHHe. MaHHUIyIMpyst MATHUTHOM MHIYKIMEH, UCIIOIb3Ys
MPOCESTHHBIN [EHTP MAacC TAKUX HAHOYACTHUI] U HEOOXOIMMBII YroJl MeX/Iy €€ OChI0 U MATHUTHBIM JIUIOJIBHBIM MOMEHTOM,
MbI MOYKEM OCYIIIECTBIISTh TOUHBIA KOHTPOJIb HAJl JIBHXKEHUEM TAKMX HAHOYACTHIL, DTO OTKPHIBAET OIPOMHBIE TTEPCTICKTHBBI
JUTSI PA3IIMYHBIX PHJIOKEHHH, 0COOEHHO B 00JIACTH METHIIMHBI.

HaHOTeXHOIOrK UMEIOT MIMPOKHUil CIIEKTP MPUMEHEHHsI B 00JIaCTH MEUIMHBL, 0COOEHHO B HaHOMeuIHe. Hekotophie Ha-
HOYACTHIIbI IEPCIIEKTUBHBI JJIsl HOBBIX JIMArHOCTHYECKUX HHCTPYMEHTOB, METOJIOB BU3YyaIIU3AIlUH, TAPTETHOM TeparnuH, dap-
MAIIEBTUYECKUX MPENapaToB, OMOMEIUIIHCKIX UMILIAHTATOB M TKAHEBOM MHKeHEpHH. HaHOTEXHOIOrHH TO3BOJIIOT OoJiee
0€30MacHO TPUMEHSTH BHICOKOTOKCHYHBIC METO/IBI JICUCHHS, TAKHE KaK XUMHOTEPAIeBTHIECKHE Tpernaparthl OT paka. Kpome
TOIr0, HOCUMBIC ychOI\/’ICTBa MOTYT OTCJIC)KUBATH KU3HCHHBIC ITOKa3aTCIIN, O6Hapy)KI/IBaTB PAKOBBIC KJIETKH W BBIABIIATH MH-
(beKLH/H/I B pEXKUME pEATTBHOTO BPEMCHU. O)I(I/IllaeTCﬂ, YTO 3TU NOCTHKECHUA MPETOCTABAT BpadyaM 3HAUYHUTECIIbHO Hy‘{H_H/Iﬁ J0CTYyTII
K BOKHOM MH(OPMAITUH O MPUYHHAX M3MCHEHUI B COCTOSIHUH 3I0POBbsI HEMIOCPEICTBEHHO W3 UCTOYHUKA TPOOJIEMBI.

B HCCJICIOBAHNN PACCMaTpUBArOTCs CLICHAPUH, B KOTOPBIX MarHUTHBIA MOMEHT U HECHTP MaCChbl HAHOYACTUIIBI HE COBITAAKOT,
00pa3ys TaHAEMHYI0 HAHOYACTHUIly. B cTaThe uccienyercs BIUsSHAE IEPEMEHHOTO BHEIITHETO MarHUTHOTO TIOJIS HA TaKKe Ha-
HOYACTHIIBL, yIEIsIsi 0c000€ BHUMAaHHE KOHKPETHBIM MOJECIISIM JBH)KCHHUS, KOTOPBIC MOKHO HCIIONB30BATh JJIs YIIPABICHHS
TIOJIO’KCHUEM U CKOPOCTBEO YACTHIL,

JIyist mpoBeieHNs TaHHOTO MCCIIEI0BaHMs ObUIa TIPOAHAIM3NPOBAHA aKTyalbHasl JIUTEPaTypa MO HAHOTCXHOJOTHSIM B MEIH-
LIUHCKOH cpepe U3 BRICOKOPSHTHHTOBBIX KYPHAJIOB.

Knrwueevle cnosa: manoem MacHUmmulx Hanovyacmuy, MAaHUnyIAyusl MAacHUMHO20 noJisl, HAnpaeieHHasl odocmaska
Jekapcme, je4eHue eunepmepMueﬁ, ouazHocmu4ecKast susyaiuzayus, 6MOM€()ML[MHCKLI€ NpUMeHnerUusl.
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