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Magnetic nano-particles are used in medicine both as medical means, and for the transport of medicines in the
pathological area of an organism. Simultaneous influence on these particles of ultrasonic radiation and a constant
magnetic field allows summarising a magnetic field of an nano-particles ensemble to the value, sufficient for its
registration by the remote magnetic detector. The parity connecting the measured magnetic flux of the nano-
particles with parameters of the particles, ultrasound, and the measuring system using as the magnetic detector
superconducting quantum magnetometer is received. Calculations have shown, that such a system can measure a
concentration of the nano-particles in colloidal solution, modeling the biological medium, in the unattainable
earlier dynamic range of values (from 1 vol % to 107 vol %).
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1. Introduction

In recent years, a problem has arisen of detecting mag-
netic nanoparticles (MNPs) in a biological medium (BM).
MNPs can be both an integral part of biological objects or
artificially introduced into the biological medium in order
to use their specific properties for medicinal purposes. An
example of their first case is the biogenic magnetite pre-
sent in the organisms of birds and humans [1]. The second
case of MNP in the form of magnetite is used, in particu-
lar, for used drug delivery to the pathological region of the
human body [2-4]. Moreover, there is the task of deter-
mining the concentration of MNP in the target area of the
biological medium. Currently, to solve this problem, the
most commonly used method is magnetic resonance imag-
ing (MRI) [5]. The presence of the magnetic field of MNPs
in BM is determined in this method by monitoring the en-
ergy states of hydrogen atoms as an intermediate sub-
stance. Therefore, the MRI method is not direct and limited
both in the top allowable level and in the accuracy of MNPs
concentration measurements. We propose an alternative way

for measuring the concentration of MNPs in BM using the
acousto-magnetic method (AMM) of exposure to BM with
MNPs. A new method for measuring the concentration of
MNP is direct, and according to our estimates, it free from
the limitations of MRI. The AMM involves excitation with
the help of ultrasound radiation (USR) of the MNP vibra-
tions in the target region of the medium, placed in an ex-
ternal uniform constant magnetic field Hgy. Vibrations of
the ensemble of oriented (polarized) particles in the field of
Hg leading to the appearance in the surrounding space of
an alternating magnetic field of H, with a frequency of
USR. The magnetic flux of this field depends on the con-
centration of MNPs in the studied region and can be meas-
ured by a highly sensitive detector located outside this re-
gion. As such a detector, one can use a superconducting
guantum magnetometer (SQM), which, as is known, has
the highest sensitivity and dynamic measurement range
among the known types of magnetometers [6-8]. Model
experiments using USR confirm the fundamental possibil-
ity of implementing the AMM [9]. To assess the achieva-
ble characteristics of the AMM in model experiments, it is
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necessary to obtain the calculated relationships between
the physical parameters of the USR, MNP, biological me-
dium, magnetic detector, and MNP concentration in the
studied liquid medium. The aim of the present work is to
obtain the indicated relations, to compare the calculated
characteristics with the results of model experiments, and
also to estimate the range of measured concentrations of
MNPs by the AMM using a superconducting quantum
magnetometer as an MNP detector.

2. Model measuring system with an AMM

Figure 1 shows a diagram of the measuring system with
an AMM. The scheme consists of three the blocks (A, B, C),
allowing to determine the concentration of MNPs in a
vessel with a model biological substance (BS). Block A
represents a model biological medium with an MNP af-
fected by a constant magnetic field Hy and ultrasonic radi-
ation (US). As a result, the US MNP vibrations generate
an alternating magnetic field H,, depending on the con-
centration of the MNP in the BS region. Block B is a high-
ly sensitive device for measuring the field H,. Block C
is H, value a recorder.

Figures 2(a)-2(c) show a more detailed diagram of an
experimental measuring system to determine the concen-
tration (K) of MNPs (3) in a model colloidal solution lo-
cated in a cylindrical vessel (1) with a diameter d. Block A
contains a direct current generator CG, which feeds Helm-
holtz coils (2), creating a constant magnetic field Hy in the
region of the vessel (1) with a colloidal solution of MNPs (3).
In addition, this block posses an ultrasound generator (USG)
that transmits acoustic vibrations into the solution using a
sound waveguide (4). Block B consists of a liquid helium

, UsS
, N
’ ‘\
.
, \ - -~
. \ ’
B \ ’ \ ’

1 —_ ‘o \ ’ \
) — Vo \ / \
h ] \ ' \
| — ' \ 1 v
| H O-|n ‘ ‘ : ‘
| [ \ ' '
' d b a i | 1 |
! O ! |
' —_ | 1
' | [ i
| O- | . . :
! ) — I i \ f
\ ! 0 ' '
: ) it ,
\ —_ i 7 1
\ P ’ > .
\ o - AN N
\ A . N L
\ ’ -

\ ’
.
’
.
- B C

Fig. 1. Diagram of the model measuring system: A — signal
generation containing the object of study, B — measuring block,
C — recording block. Hy is a constant homogeneous magnetic
field; H, is an alternating inhomogeneous magnetic field, origi-
nated from particle vibrations induced by USR.
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Fig. 2. Diagrams of a measuring system for determining the con-
centration of MNPs in a model colloidal solution in three states:
(a) state before switching on constant magnetic field Hy and ultra-
sound, (b) state after switching on only ultrasound along the lon-
gitudinal axis z of the vessel with MNP, (c) state after switching
on a constant magnetic field and ultrasound, 1 — a cylindrical
vessel with a diameter of d, 2 — Helmholtz coils, 3 — a magne-
tic nanoparticle, 4 — sound conductor, 5 — distribution of the
amplitude of a standing ultrasound wave along the vessel longi-
tudinal axis z, 6 — SQM cryostat, 7 — receiving coil (antenna) of
the SQM magnetic flux transformer (to simplify the circuit, an
interferometer is not shown).

cryostat (6), with a superconducting quantum magnetome-
ter (SQM) detector (7) based on a superconducting quan-
tum interferometer (SQI) equipped by a superconducting
magnetic flux transformer, as well as an electric signal
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interferometer amplifier (Re.). The detector in the form of a
single-turn antenna of the magnetometer is placed close to
in the vessel with the solution at a distance R. Block C is a
recorder (VR) of the electric voltage at the output of the
amplifier of the interferometer, which is proportional to the
concentration of the MNPs in the solution. Figures 2(a)-2(c)
also illustrate a change in the physical state of the measur-
ing system after sequentially turning on the ultrasound and
the field Hj.

Figure 2(a) shows the initial state of the measuring sys-
tem with random moments of the MNP in the absence of a
field (Hy = 0) and ultrasound (power of ultrasound | = 0).
The random heat states of the MNPs magnetic moment
directions shown by the arrows of the particles does not
create the resulting magnetic field in the SQM region. The
voltage on the VR recorder is zero. Figure 2(b) shows the
situation when the ultrasound is turned on and its ampli-
tude is I,. A standing wave, along the axis z of the vessel,
is established since the ultrasound wave propagating along
the axis of the vessel is reflected from its bottom [10].
The distance from the ultrasound source to the bottom is
selected so that one or more wavelengths A fit on it. One
of the possible distributions of the power amplitude I, of
the ultrasound along z is shown in Fig. 2(b) as the de-
pendence I,(z). In this case, in one part of the vessel axis
8z = A2, the solution is compressed with MNPs, and in
the other part, corresponding to a half-wave of the oppo-
site sign is tensed. Harmonic vibrations of MNPs arise
with magnetic moments randomly distributed in space
with ultrasound frequency f. Such vibrations of the MNPs
also do not create the resulting magnetic field and the vol-
tage at the recorder remains equal to zero. Figure 2(c)
shows the situation when, in addition to ultrasound, a con-
stant magnetic field Hy, perpendicular to the axis of the
vessel and the plane of the SQM antenna, is turned on.
This field orientates (polarizes) the magnetic moments of
all MNPs along its direction, similar to the rotation in a
magnetic compass. The resulting total magnetic moment of
all the MINPs arises along the direction of polarization. The
longitudinal oscillations of this total moment, directed per-
pendicular to the plane of the SQM antenna, create an al-
ternating magnetic field and an alternating magnetic flux
@, through the antenna in the space near the vessel. When
the diameter D of the antenna is equal to A2, as shown in
Fig. 2(c), the maximum magnetic coupling of the alternating
magnetic flux with the SQM antenna is achieved [10]:

D < A/2 = vi/(21), )

where A, Vs are the wavelength of sound and the velocity
of sound in solution, respectively. This provides high sen-
sitivity for magnetic measurements. The advantage of
measuring an alternating rather than a constant magnetic
field is the high noise immunity of these measurements,
occurring at a fixed frequency of ultrasound because this
facilitates the selection of a useful signal against the
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background of inevitable surrounding electromagnetic
interference with a wide range of frequencies. For the
indicated scheme of the measuring device, the expression
for the amplitude of the excited variable magnetic flux @,
can be represented as:

@, = B,3S = B, (A/2)Al2, )

where B, is the magnitude of the magnetic induction com-
ponent of the particle flux ®,, perpendicular to the plane of
the SQM antenna, created by all polarized MNPs of the
solution column section with a height AJ/2 at the antenna
location; the change in the area occupied by magnetic field
lines 3S is of magnetic waves of MNPs passing through the
antenna A/2 is, due to their movement under the action of
ultrasound relative to the antenna; the average value of
compression (expansion) of a portion of a solution column
with a height A¢/2 with an amplitude of compression (ex-
pansion) equal to A. The amplitude (A) is associated with
the parameters of ultrasound and a liquid medium [11]:

A = [21/(pvs)]*I(2n ), ®)

where |, p, vq are, respectively, the ultrasound power, the
density of the solution, and the velocity of sound in the
solution. The value of B, is determined by the number N of
MNP in the section of the solution column with a height
A2, the magnetic moment M, of each of them and the dis-
tance R to the SQM antenna:

B, = uoNH, = poN[Mo/(27R )], 4
where H, = 2My/(4xR®) is the magnetic field strength gen-
erated by one MNP at a distance R. Formula (4) is appli-
cable if the diameter of the vessel d with the solution is
substantially less than the distance R and all MNPs have

the same magnetic moment M,. In turn, the magnetic mo-
ment of the MNP can be expressed through its parameters:

Mo = JoVo, )

where Jo and V, are the specific magnetization and volume
of one MNP.

The volume concentration K of the MNPs in the test
volume V of the solution is expressed by the formula:

K = NV/V. (6)
In turn:
V=i d?/2. (7

Express the value of N using formulas (6), (7):
N =~ K2 %/(2Vo). (8)
After substituting (8) and (5) in (4) we get:
B ~ poJdohsd? K/(4nR) 9)

Substituting (9) and (3) in (2), taking into account the rela-
tionship between the ultrasound wavelength and its fre-
quency (s = vJ/f), we obtain:

Do = [0 Jo V5™ d? (21n)**/(322° p°° R)] (K/F7). (10)
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Table 1. The values of the parameters included in formula (10)

o, G/m Jo, AlIm Vs, m/s d,m

Iy W/m?

p, kg/m® R, m K f, Hz

47107 4.7-10° 1500 0.015

10° 0.01 0.01 2.10*

The main advantage of formula (10) is the possibility of a
fairly simple determination of the volume concentration K
of MNPs in a given region of the model solution, measur-
ing the magnetic flux @, with the specified known parame-
ters of the measuring device and the colloidal solution.
This formula also shows strong dependences of the flux on
the ultrasound frequency f and the distance R between the
receiving coil of the magnetometer and the vessel with the
solution. It can be expected that the same strong depend-
ences will exist during field measurements of the magnetic
flux generated by MNPs introduced into a living organism
when using AMM with ultrasound to determine their local
concentration.

3. Verification of the main equation

To verify the relation (10), it was measured the alternat-
ing voltage with an amplitude U, on an induction coil with
a diameter equal to the diameter D of the SQM receiving caoil,
used in the model system instead of the SQM detector.

The instantaneous value of the alternating magnetic
flux ¢ through the coil can be represented in the form
d = @, sin(2xft), t is time. According to the Faraday law,
the voltage u on the coil is equal to:

u = (d¢/dt)w = d,2nfwcos (2rnft), (11)

where Uy, = 2af ®,w, w is the number of turns of the induc-
tion coil (w = 2600). The values of the parameters embed-
ded in formula (10) are shown in Table 1.

Substituting this values into (10), @, ~ 10™ Wb was ob-
tained, which corresponds to about 10* @, where @ is the
magnetic flux quantum. According to (11), U, = 3-10° V,
which is close to the experimentally obtained amplitude of
the voltage across the coil, equal to 1.4-10° V [9]. Since
the values of the ultrasound frequency and the number of
turns in the coil were known, the obtained voltage value
close to the calculated one confirms the correctness of the
calculation of the magnetic flux @, through the SQM an-
tenna. In this experiment, the model colloidal solution con-
sisted of a mixture of oleic acid and kerosene in a ratio of
1:2. Magnetic nanoparticles were of iron oxide Fe;O,4 as
fraction of larger particles of magnetic toner for laser
printers [12, 13]. For the polarization of nanoparticles, a
constant magnetic field of Hy of about 100 Oe was used. In
superconducting magnetometers, a magnetic flux trans-
former serves to transfer it to a small-sized quantum inter-
ferometer. A correctly made flux transformer can transfer up
to half of the magnetic flux measured by the receiving coil
to the interferometer. At the same time, it is known [7] that
an interferometer can measure a magnetic flux of 10~ @,

1290

and even less, where @, is a quantum of magnetic flux,
which corresponds to a flux of 10 Whb. This value is nine
orders of magnitude (a billion times) less than the magnetic
flux @, measured in the experiment described above at an
MNP concentration of 107 Hence, use SQM with a dy-
namic range of measurements near 10" [7], used for meas-
urement of makes it possible concentration by an acousto-
magnetic method makes it possible to define concentra-
tions in very wide range: from 107 to 10~ (from 1 vol % to
107" vol %). This, in turn, means that this method allows the
measurement of any concentrations of MNP required for
medical applications (K = 10™*~107°, which corresponds to
102-10* vol %).

4, Conclusions

It was analyzed an application of superconducting quan-
tum magnetometer to measure an alternating magnetic flux
excited by vibrations of magnetic nanoparticles under the
combined effect of a constant magnetic field and ultrasonic
radiation (ultrasound) applied on a colloidal solution simu-
lating a biological medium.

Equation (10) for a dependence of a magnitude of the ex-
cited alternating magnetic flux on the parameters of magne-
tic nanoparticles, ultrasound, model biological substance,
and a measuring system is obtained.

The obtained equation was verified using a model ex-
periment replacing the SQM by an induction copper coil.
It’s obvious that the measuring system with SQM makes it
possible to register MNPs concentrations of Fe;O, at any
range required for medicine.
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Mpo BUMIiptOBaHHS KOHLEHTPaLil MarHiTHMX

HaHOYaCTUHOK y BionoriyHOMY cepeoBMLL

3a JOMOMOroK HagMNpPoBIgHOrO KBAHTOBOIrO
MarHiTomeTpa

C. |I. BoHpapeHko, O. I'. ABpyHiH, |. C. BoHOapeHko,
O. B. KpeBcyH, B. IN. KoBeps, M. B. PaximoBa

MarHiTHI HAHOYaCTHHKHA BHKOPHUCTOBYIOTBCS B MEIHILMHI SIK
JiKyBaJbHUIA 3aCi0 Ta 1UIsl TPAHCIIOPTYBAHHSI JIKIiB y NATOJIOTIYHY
o6nactb opraizmy. OHOYACHHUI BIUIMB HA 1li YACTHHKH yJIbTpa-
3BYKOBOTO BHIIPOMIHIOBAaHHS Ta IOCTiHHOTO MAarHiTHOrO IOJIs
JI03BOJIsIE 30UIBIIMTH MarHiTHE MOJIe HAHOYACTHHOK /IO BEJIMYH-
HH, SIKa JJOCTAaTHA JUI1 peecTpauil BiJlaJIeHUM MarHiTHUM JIETeK-
topoM. OTpUMaHO CIIiBBiJHOLICHHS, IO 3B’SI3y€ BHMipHOBaHHUI
MarHiTHUI TIOTIK HAHOYACTHHOK 3 TMapaMeTpaMH CaMHUX YacCTHHOK,
yABTPa3ByKy Ta BHMIPIOBAIBHOI CHCTEMH, IIO0 BHKOPHCTOBYE
HAANPOBIIHNI KBAHTOBUI MarHiTOMETp SIK MArHiTHHIl JETEKTOp.
Po3paxyHKH [OKa3aiH, L0 Taka CHCTEMa MOXE BHMIipHOBaTH
KOHIICHTPAL[I0 HAHOYACTUHOK Yy KOJIOIAHOMY pO3YMHi, SIKUi
Mozeltoe  OloJIoTiuHe CepelloBHINe, y HEIOCSHKHOMY —paHilie
JMHAMIYHOMY AiarasoHi 3HaueHs (Big 1 06. % 10 107 06. %).

KitrodoBi cioBa: HaAMpPOBIAHMIA KBaHTOBHI MarHiTomerp, 0i0o-
riuHe CcepeoBHINe, MAarHiTHI HAaHOYACTHHKH,
YIIBTPa3ByKOBE BHIIPOMIHIOBAHHS, KOJIOiTHUI
PO3YHH.
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