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Background: A promising approach to solve the problem of cytostatic toxicity is targeted 
drug transport using magnetic nanoparticles (MNPs).
Purpose: To use calculation to determine the optimal characteristics of the magnetic field 
for controlling MNPs in the body, and to evaluate the efficiency of magnetically controlled 
delivery of MNPs in vitro and in vivo to a tumour site in mice.
Material and Methods: For the in vitro study, reference MNPs were used, while for 
in vivo studies, MNPs coated in polylactide including fluorescent indocyanine (MNPs-ICG) 
were used. The in vivo luminescence intensity study was performed in mice with tumours, 
with and without of a magnetic field at the sites of interest. The studies were performed on 
a hydrodynamic stand developed at the Institute of Experimental Medicine of the Almazov 
National Medical Research Centre of the Ministry of Health of Russia.
Results: The use of neodymium magnets facilitated selective accumulation of MNPs. 
One minute after the administration of MNPs-ICG to mice with a tumour, MNPs-ICG 
predominantly accumulated in the liver, in the absence and presence of a magnetic field, 
which indicates its metabolic pathway. The intensity of the fluorescence in the animals’ livers 
did not change over time, although an increase in fluorescence in the tumour was observed in 
the presence of a magnetic field.
Conclusion: This type of MNP, used in combination with a magnetic field of calculated 
strength, can form the basis for the development of magnetically controlled transport of 
cytostatic drugs into tumour tissue.
Keywords: fluorescence analysis, indocyanine, iron oxide nanoparticles, magnetically 
controlled delivery of cytostatics, tumor targeting

Introduction
Oncological diseases are one of the leading causes of death worldwide. At the same 
time, the dynamics of the increase in morbidity and mortality from tumor diseases 
remains.1 Today chemotherapy used remains one of the main treatments for differ-
ent tumors. At the same time, the development of ways to reduce the systemic 
toxicity of cytostatics remains relevant. One of the promising approaches aimed at 
solving the problem of their toxicity is the method of targeted transport of drugs 
using nanoscale carriers that provide local accumulation of drugs in tumor tissue 
without increasing their concentration in healthy organs and tissues.2 This approach 
makes it possible to increase the efficiency and targeting of the effect of chemother-
apy drugs on tumor tissue, while reducing their systemic toxicity.
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Among a wide range of nanoparticles considered for 
use in targeted delivery of cytostatics, magnetic nanopar-
ticles (MNPs) are of particular interest, because of their 
unique chemical, biological, and magnetic characteristics, 
which ensure their versatility. Thus, magnetic nanoparti-
cles can be used as heat-generating systems for hyperther-
mic action on a tumour (magnetic hyperthermia). It is also 
possible to use them as a diagnostic agent (magnetic 
resonance diagnostics).3–5 The use of these properties, in 
combination with the possibility of accumulation of MNPs 
in a certain area, by using an external magnetic field, to 
provide targeted delivery of pharmacological agents opens 
up the prospect of creating a multifunctional, magnetically 
controlled system for targeted delivery of cytostatics to the 
site of a tumour. Such a system would include MNPs and 
a magnetic field to control their movement in the body. In 
this case, both an external magnetic field and magnetic 
implants, placed in the area of the body containing the 
tumour, could act as the source of a magnetic field.6 The 
first approach has serious drawbacks, including the need to 
use a specialized device for magnetic targeting of drugs 
and the need to train personnel for the procedure. 
Furthermore, this approach is limited by high cost and is 
applicable only to “superficial” tumours, located close to 
the surface of the body. The alternative approach of using 
magnetic implants expands the range of application of this 
technology, facilitating it use for tumours located in dif-
ferent parts of the body. Both individual magnets and 
magnets integrated into intracavitary stents can act as 
implants, which are used in cases of tumour damage to 
hollow organs, to ensure their patency. However, based on 
our own unpublished research, these do not have sufficient 
magnetic properties to ensure retention of MNPs from the 
bloodstream.

The effectiveness of magnetically controlled drug 
delivery depends on many factors: the characteristics of 
the magnetic carrier itself, as well as the characteristics of 
the magnetic field source (including the geometric para-
meters of permanent magnets, as well as the strength of 
the magnetic field they generate). Development of 
a technology for successful magnetically guided delivery 
of cytostatics should involve development of appropriate 
magnetic nanoscale drug carriers, assessing their safety, 
and development of visualisation protocols that allow 
tracking of their movement in the body.

In this study, we mathematically calculated the optimal 
magnetic field characteristics for controlling magnetic 
nanoscale drug carriers in the body. The possibility of 

retaining MNPs passing through a vessel wall under the 
influence of an applied magnetic field with these calculated 
characteristics was also studied in isolated rat vessels. In 
addition, we synthesised a conjugate of MNPs and 
a fluorescent agent, and developed a protocol for their visua-
lisation in the body. Under in vivo conditions, in tumour 
model mice, the efficiency of accumulation of the MNPs in 
tumour tissue was studied when they were systemically 
administered under the influence of a magnetic field.

Materials and Methods
MNPs
In the in vitro study, we used reference MNPs, while in the 
in vivo study, we used MNPs coated with a lactic acid 
polyester (polylactide, PLA) containing a fluorescent agent 
(indocyanine; ICG), MNPs-ICG included in the shell, 
were used (MNP-PLA-EDA-ICG).

MNP Synthesis
The synthesis of MNPs and their physicochemical char-
acteristics have been described in detail elsewhere.7,8

Synthesis of MNPs-ICG
Synthesis of the PLA-ICG conjugate:

To synthesise the MNPs-ICG, a PLA-ICG conjugate 
was first produced. A powdered racemic mixture of PLA- 
D and PLA-L, with a molecular weight of 60 kDa, was 
used.

Since both PLA and ICG are acids, in order to synthe-
sise the PLA-ICG conjugate, it was first necessary to 
synthesise an amino-terminated spacer on the PLA, which 
facilitated chemisorption of ICG onto the spacer. The spacer 
was synthesised using ethylenediamine (EDA), using the 
carbodiimide method and a water-soluble carbodiimide, 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC). 
The PLA-EDA spacer was synthesised as follows. A 20- 
fold molar excess of EDA and a 20-fold molar excess of 
EDAC were added to 2 mL of a 0.1 g/mL solution of PLA 
in chloroform. The synthesis was carried out in a 15-mL 
polypropylene test tube on a shaker with a revolution of 300 
min–1 for 2 h. The synthesis scheme is illustrated in 
Figure 1. The synthesis was repeated with a 200-fold excess 
of reagents to optimise the synthesis scheme.

At the end of the synthesis, the solution was centri-
fuged, for 5 minutes at a speed of 3000 min–1, to remove 
the excess of precipitated polyethylene derivatives. Then, 
2 mL of a solution of ICG in dimethyl sulfoxide (DMSO) 
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at a concentration of 0.5 mg/mL was added to 2 mL of the 
solution. Immobilisation was carried out on a shaker for 2 
h at a stirring speed of 300 min–1. A schematic of the 
resulting conjugate is shown in Figure 2.

Application of the PLA-EDA-ICG conjugate coating to 
MNPs:

To 200 mg of MNPs, we added 4 mL of the PLA-EDA 
-ICG conjugate. This suspension was stirred using an LS- 
220 shaker (LOIP, Russia) for 30 min at a frequency of 
300 min–1. Then, three isopropyl alcohol washes were 
performed, with magnetic separation. IPA was added to 
the suspension under constant ultrasonic action for 5–10 
min, using a UZD-2 ultrasonic disperser (FSUE NII 

TVCH, Russia). After the third IPA wash, the precipitate 
was washed with distilled water and resuspended in phy-
siological saline at a concentration of 2 mg/mL.

Investigation of the Characteristics of 
MNPs-ICG
The size distribution of the obtained MNPs in aqueous 
solutions was studied using a ZetaSizer Ultra device 
(Malvern Instruments, UK). The shape and size of the 
MNPs were studied using transmission electron micro-
scopy (TEM) with a JEM-1400 STEM field emission 
cathode (JEOL, Japan).

Figure 1 Scheme of the synthesis of an amino spacer on polylactide.

Figure 2 PLA-EDA-ICG conjugate. 
Abbreviation: PLA-EDA-ICG, polylactide-ethylenediamine-indocyanine.
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Determination of the Optimal Geometric 
Characteristics of Cylindrical Permanent 
Magnets
In the present study, we used permanent Nd-Fe-B magnets 
(class N35; with a nickel protective coating) with 
a cylindrical shape and the following standard sizes (long- 
axis length × cylinder diameter): 0.5×2 mm, 2×2 mm, 
3×2 mm, and 5×2 mm.

Study of the Efficiency of Targeted 
Transport of MNP in Model Systems 
in vitro
The in vitro studies of MNP transport in a model system 
were carried out on a hydrodynamic stand developed at the 
Institute of Experimental Medicine of the Almazov 
National Medical Research Centre of the Ministry of 
Health of Russia. The volume of the circulating liquid 
(distilled water or Krebs–Henseleit solution) was 
225 mL. Axially magnetised cylindrical magnets were 
used as the permanent magnets. The magnets were placed 
on the stand at a distance of 1.5 mm from the inner wall of 
a central glass tube, with their ends facing in the direction 
of the tube (perpendicular). The fluid flow rate inside the 
closed loop was 60 L/h (corresponding to a linear velocity 
of 0.225 m/s). The Krebs–Henseleit solution was used as 
circulating fluid, as it is an analogue of blood plasma. The 
dynamic viscosity coefficient of plasma is 1.1–1.3 mPa∙s.9 

The amount of MNPs adsorbed in a magnetic field was 
determined spectrophotometrically from the concentration 
of iron in the circulating liquid after the experiment.

In addition, experimental studies were carried out on 
a modified hydrodynamic stand, which allows determina-
tion of the relative permeability of blood vessels. The main 
elements of the hydrodynamic stand are shown in 
Figure 3. The main elements of the hydrodynamic stand 
are a closed loop that simulates a section of the vascular 
system of the model, and a storage tank. The movement of 
the model fluid along the contour with the vascular module 
was provided by a peristaltic pump. During the experi-
ments, gasification and the required temperature regime 
were maintained, and the system parameters (temperature, 
pressure, liquid flow rate, and pH level) were monitored.

The chamber with the vessels consisted of three con-
tainers: one external large and two small containers 
through which the arms of the central circuit pass. 
Cannulas were inserted inside the small containers onto 

which the vessels were strung and tightly tied with threads 
to the tips of the cannulas. The space between the large 
and small containers was filled with distilled water, and 
the temperature was kept constant due to the connection 
with heat exchangers. The space inside the small contain-
ers was filled with Krebs‒Henseleit solution to maintain 
the vitality of the vessel cells. The storage tank also con-
tained Krebs–Henseleit solution. A gas (carbogen) supply 
system was used to gasify the solution in the storage tank 
and in the small containers in the chamber containing the 
vessels (Figure 4).

To determine the index of the relative permeability of 
the vessel walls, rat carotid arteries were used.

The MNP suspension (0.5 mL) was introduced into the 
system, which had the following characteristics: the total 
internal volume of the storage tank and connecting tubes 
in the circuit was 20 mL, and the internal volume in each 

Figure 3 Block diagram of the setup for studies of the permeability of the walls of 
the carotid artery. 1 - storage tank, 2 - peristaltic pump, 3 - mechanism for 
introducing suspension with MNP into the circuit, 4 - flow meter, 5 - pressure 
sensor in the circuit, 6 - heat exchanger, 7 - chamber with vessels, 8 - magnetic field 
source, 9 - balloon with carbogen.

Figure 4 The chamber in which the vessels are placed. 1 - cannulas for lowering 
vessels, 2 - external chamber, 3 - small chamber. The arrows show the direction of 
the model fluid.
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small chamber was 120 mL. The source of the external 
magnetic field was a permanent magnet, with a standard 
size of 2×3 mm, which was installed above one of the 
small chambers at a distance of 1 cm from the vessel, with 
its end facing the vessel wall. The temperature was main-
tained at 37°C. The power of the roller pump was set to 
50%, which corresponded to a speed of 17 cm/s. As 
a control, a sample was taken in a small chamber that 
lacked a permanent magnet.

One hour after the administration of MNPs at a given 
concentration, fluid samples were taken from the small 
chambers. The particle concentration was determined 
spectrophotometrically using an Unico 2802S UV-Vis 
spectrophotometer (United Products & Instruments, 
USA). Measurements were performed at 450 nm, consid-
ering the absorption spectra of an MNP suspension.

Murine Models
All animals were bred and maintained in specific patho-
gen-free facilities in accordance with the Rus-LASA- 
FELASA guidelines. This study complied with all relevant 
ethical regulations for animal testing and research and 
received ethical approval from the Almazov National 
Medical Research Centre (IACUC). The animals were 
provided with water ad libitum and were fed regular chow.

The study was carried out on 10 anaesthetized 12-week 
-old male immunodeficient NSG mice (NOD.Cg- 
Prkdcscid Il2rgtm1Wjl/Szj, The Jackson Laboratory, 
USA)10, weighing 22 g ± 10%. Immunodeficient mice of 
this line allow transplantation of human cells and tissues 
without transplant rejection reactions, due to their sup-
pressed immunity. Littermate animals from different 
cages were randomly assigned to experimental groups 
and were either co-housed or systematically exposed to 
bedding of other groups to ensure equal exposure to com-
mon microbiota.

The HeLa human cancer cell line was used to establish 
a xenograft model. Cells were cultured in DMEM with 
glutamine (PanEco, Russia) supplemented with 10% foetal 
bovine serum (Hyclone, USA), 100 CFU/mL penicillin, 
100 μg/mL streptomycin. The cell line was kindly pro-
vided by the Laboratory for Gene Expression Regulation 
of the Institute of Cytology, Russian Academy of Sciences. 
Before injection, HeLa cells were removed from the cul-
ture plastic with a 1:1 trypsin:Versene solution (Biolot, 
Russia). After washing, the cells were suspended in com-
plete culture medium to a concentration of 5×106 cells per 
200 μL and diluted (1:1, on ice) with basement membrane 

matrix (LDEV-FREE, MATRIGEL® CORNING®). The 
prepared cell suspension was injected subcutaneously 
into the skin of the mouse’s thigh. Tumour growth was 
monitored every 3 days using electronic callipers.

A permanent magnet was implanted into the muscle 
tissue of experimental animals in the immediate vicinity of 
the tumour when the tumour reached a size of 500 mm3. In 
the experimental group (MNPs-ICG + tumour-M), 0.1 mL 
of MNP suspension was injected, with exposure to 
a magnetic field. Intact animals with no treatment were 
used as control (background). Additionally, animals with 
injection of 0.1 mL MNPs but without magnet implanta-
tion (MNPs-ICG + tumour-BM) were used.

Evaluation of the Fluorescence Intensity 
of MNPs-ICG in vitro and in vivo
Fluorescence visualisation of the samples in vivo and 
in vitro was carried out on an IVIS Lumina LT Series III 
bioimager (PerkinElmer Inc., USA). For in vitro visualisa-
tion, the synthesised PLA-EDA-ICG and MNP-PLA-EDA 
-ICG conjugates, in a volume of 1 mL, were added to the 
plate wells. The optimal filters for determining the lumi-
nescence intensity of the samples were selected consider-
ing the fluorescent properties of the ICG dye: maximum 
excitation at 745 nm and emission at 815 nm. The fluor-
escence intensities of the wells containing conjugates were 
quantitatively determined using Living Image 4.5.5 soft-
ware (PerkinElmer Inc.).

Fluorescence intensity and accumulation of MNP-PLA 
-EDA-ICG conjugates were measured in tumour model 
mice, in vivo, in the absence and application of 
a magnetic field at the sites of interest. The mice were 
anaesthetized with isoflurane anaesthesia, after which they 
were injected intravenously, via a tail vein, with 0.1 mL of 
the MNP-PLA-EDA-ICG conjugate. An untreated mouse 
was used as a negative control to obtain the fluorescence 
background. After intravenous administration of conju-
gates, the animals were placed on a heated stage (37°C) 
in the chamber of an IVIS Lumina LT Series III fluores-
cence imager (PerkinElmer Inc.), while inhalation anaes-
thesia with 2% isoflurane was maintained. Signal detection 
was performed 1 min after the introduction of the MNPs 
and after 15 min using the built-in filters for ICG (745– 
815 nm).

To assess the accumulation of conjugates in the tumour, 
the peritoneal area of the animals was covered with paper, 
which made it possible to eliminate the bright fluorescence 
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associated with accumulation of the particles in the liver. 
After studying the biodistribution of MNP-PLA-EDA-ICG, 
the animals were humanely euthanized by an overdose of 
isoflurane anaesthesia for subsequent isolation of tumour 
areas and quantitative assessment of fluorescent radiation. 
The analysis of signals from the selected regions of interest 
was processed manually using Living Image 4.5.5 software 
(PerkinElmer Inc.). Measurements were performed three 
times for each animal (n = 9).

Limitations of This Study
In this study, we did not quantify the successful loading of 
ICG on MNPs-ICG. Moreover, we did not compare the 
retention efficiency of nanoparticles under the influence of 
permanent magnets of different shapes. Additionally, we 
did not assess the long-term effect of the magnetic field on 
the retention of nanoparticles in tumour tissue.

Results
Characteristics of MNPs-ICG
The nanoparticles had a dominant fraction with an average 
size of 195.4 nm. In addition, the suspension contained 
agglomerates with an average size of 1176.0 nm 

(Figure 5A). Subsequently, this fraction was filtered 
through a centrifugal filter. The zeta potential of the parti-
cles was –15.69 mV (Figure 5B).

The particles were essentially 200 nm in size 
(Figure 5C), consisting of individual MNPs, 20 nm in 
size, with a less electron-dense organic shell of the PLA- 
EDA-ICG conjugate. The formation of agglomerates in 
aqueous solutions can be explained by the relatively low 
modulus of the electrokinetic potential of the individual 
nanoparticles.

Optimal Geometric Characteristics of 
Cylindrical Permanent Magnets
The direction of magnetization of the permanent magnets 
is shown in Figure 6.

In accordance with the definition of the vector of 
magnetic induction:11

~B ¼ Ñ�~A
h i

;

~A ~xð Þ ¼
μ0
4π

ò

Jm ~x0ð Þ
~x� ~x0j j dV 0;

Figure 5 Physical characteristics of the suspension: (A) particle size distribution; (B) distribution of particles over zeta potential; (C) TEM photograph of nanoparticles.
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After substituting the expression for the vector poten-
tial, we obtain:

~B ~xð Þ ¼
μ0
4π

ò

~Jm ~xð Þ�
~x� ~x0ð Þ

~x� ~x0j j
3

� �

dV 0:

For a permanent magnet, when the magnetisation is 
concentrated inside the volume V, the integral expression is 
split into two integrals, namely, over the volume and over 
the surface:

~B ~xð Þ ¼
μ0
4π

ò
V
~Jm ~xð Þ �

~x � ~x0ð Þ

~x � ~x0j j
3

" #

dV 0

þ ò
S
~jm ~xð Þ �

~x � ~x0ð Þ

~x � ~x0j j
3

" #

dS0:

In the case of a sample with constant magnetisation, 
the current density is zero. Then, the expression for the 
vector of magnetic induction will take the form:

~B zð Þ ¼
μ0
4π

ò
0

� L
ò

2π

0
Ms~φ�

z~z � R~r þ φ0~φþ z0~zð Þð ÞRdφ0dz0

R2 þ z � z0ð Þ
2

h i3
2

2

6
4

3

7
5:

The components can be described as:

Bz zð Þ ¼
μ0
4π

ò
0

� L
ò

2π

0

MsR2dz0dφ0

z � z0ð Þ
2
þ R2

h i3
2
;

Bz rð Þ ¼
μ0
4π

ò
0

� L
ò

2π

0

MsR r � Rð Þdz0dφ0

z � z0ð Þ
2
þ r2 þ R2 � 2rR cosðφÞ

h i3
2
;

Br zð Þ ¼
μ0
4π

ò
0

� L
ò

2π

0

MsRz0dz0dφ0

z � z0ð Þ
2
þ r2 þ R2 � 2rR cosðφÞ

h i3
2
;

Numerical calculations were performed using the 
MATLAB program (MathWorks, Inc., USA), academic 
license of ETU “LETI” No. 40502181.

As shown in Figures 7Figures 8Figures 9Figures –10, 
the strongest field is created by a magnet directed in the 
axial direction from the end of the cylinder. The effective 
radius of action is comparable to the geometric dimensions 
of the magnet. In cylindrical magnets, where the length of 
the cylinder is greater than its diameter, the strongest field 
is observed in the axial-radial directions (for the corre-
sponding components); therefore, cylinders with a larger 
aspect ratio (diameter to length) would be the most effec-
tive for MNP adsorption.

Efficiency of Directed Transport of MNPs 
in Model Systems in vitro
Special hydrodynamic models can be used to study the 
methods for MNP delivery to tumour tissue, concentrate 
nanoparticles in the target area, and determine the beha-
viour of nanoparticles under the hydrodynamic conditions 
of the circulatory system. Permanent magnets can be used 
as external magnetic fields. If we neglect the magnetostatic 
interaction between nanoparticles, and do not consider the 
magnetic fluid model, then it is sufficient to estimate the 
interaction between a magnet and an individual nanopar-
ticle in a dipole‒dipole approximation.

Magnetic dipole field (magnetic induction):

Figure 6 Legend for a permanent magnet.

Figure 7 The component of the magnetic induction Bz along the axis of the magnet 
Oz; magnet standard size: black line 0.5×2 mm, blue line 2×2 mm, green line 
3×2 mm, red line 5×2 mm.
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B ¼ k
3 m; rð Þr

r5 �
m
r3

� �

;

where m is the magnetic moment of the magnet, r is 
the radius vector of the point at which the nanoparticle is 
located, and k is the system factor. In the dipole approx-
imation, the field of the magnet has a similar configuration 
(Figure 11).

In a uniform magnetic field, the nanoparticles only 
rotate along the lines of force. In an inhomogeneous mag-
netic field, a force acts on it:

F ¼ m;
@B
@l

� �

;

where @B
@l is the derivative in a given direction l. Moreover, 

the force pulls the nanoparticle into the region where the 
field is most inhomogeneous, ie, the curvature and density 
of the lines of force increase.

Thus, it is desirable to use a sufficiently strong magnet 
(or a chain of magnets) with pronounced axial anisotropy 
in the area where the particles are located.

The ability of individual magnets to serve as 
a sufficient magnetic field source for capturing and retain-
ing MNPs in the vascular bed at the site of application of 
the field are presented in Table 1.

It follows from the table that, under the given conditions, 
if distilled water is chosen as the circulating liquid, approxi-
mately 50% of MNPs are sequestered from the flow and 
retained within 1 h. After 2 h, this percentage increased to 
more than 90%. On the other hand, if Krebs‒Henseleit 

Figure 10 The component of the magnetic induction Bralong the radial direction; 
magnet standard size: black line 0.5×2 mm, blue line 2×2 mm, green line 3×2 mm, 
red line 5×2 mm.

Figure 11 Permanent magnet field lines.

Figure 9 The component of the magnetic induction Bz at a distance r from the axis 
at the end of the magnet (z = 0); magnet standard size: black line 0.5×2 mm, blue 
line 2×2 mm, green line 3×2 mm, red line 5×2 mm.

Figure 8 Magnetic induction component Brperpendicular to the magnet axis Oz; 
magnet standard size: black line 0.5×2 mm, blue line 2×2 mm, green line 3×2 mm, 
red line 5×2 mm.
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solution is used as model liquid, fewer MNPs are sequestered 
and retained. For instance, after 2 h, depending on the length 
of the magnet, only 70–80% of the MNPs were retained.

The most effective attraction was provided by magnets 
with a large aspect ratio. The area of action of the magnetic 
field is comparable to the geometric dimensions of the magnet.

Table 2 presents the results of measurements of the 
concentration of magnetite MNPs obtained during in vitro 
tests on isolated vessels.

As shown in Table 2, the use of a permanent magnet to 
localise MNPs ensured their accumulation in the area of 
interest. In contrast, in the control group, where no mag-
netic field was applied, accumulation was not observed. 
Thus, the use of neodymium magnets allows the selective 
accumulation of MNPs.

In vitro Study of the Fluorescence of the 
Obtained Samples
As can be seen by Sample 1 in Table 3, physical adsorp-
tion of ICG to the MNPs is essentially non-existent. 

During synthesis, the fluorescence ability of the PLA- 
EDA-ICG conjugate was confirmed to be high. This 
made it possible to predict the corresponding efficiency 
of the conjugate as a coating for MNPs. Indeed, we found 
that MNPs-ICG demonstrated sufficient luminous efficacy 
to function in fluorescence tomography.

Figure 12 illustrates the measured luminous efficacy of 
the samples. The pure PLA-EDA-ICG conjugate shows good 
fluorescent parameters, suitable for measurement on 
a fluorescence tomograph. When applied to MNPs, 
a sample with a 200-fold excess of reagents lost fluorescent 
properties. On the other hand, a sample with a 20-fold excess 
of reagents retained fluorescence. Therefore, MNPs-ICG 
with a 20-fold excess of reagents was used in the experiment.

Evaluation of the Efficiency of 
Magnetically Guided Delivery of 
MNPs-ICG in vivo
The dynamics of the distribution of MNPs-ICG in the 
bodies of tumour-bearing mice are shown in Figure 13. 

Table 1 Quantitative Determination of Magnetized MNP

Time, 
s

Volume of Injected 
MNP, mL

MNP 
Concentration, mg/mL

Magnet 
Size, mm

Liquid Flow 
Rate, m/s

Liquid Used

1 1800 5 1 3×2 0.3 Krebs-Heseleit 

solution

2 7200 5 1 3×2 0.225 Krebs-Heseleit 

solution

3 7200 5 1 1×1 0.225 Krebs-Heseleit 

solution

4 900 2 1 3×2 0.225 Krebs-Heseleit 

solution

5 900 2 1 3×2 0.225 Distilled water

6 900 2 1 1×1 0.225 Krebs-Heseleit 

solution

7 300 2.5 2 5×2 0.225 Distilled water

8 900 2.5 2 5×2 0.225 Distilled water

9 1800 2.5 2 5×2 0.225 Distilled water

10 3600 2.5 2 5×2 0.225 Distilled water

11 7200 2.5 2 5×2 0.225 Distilled water

12 7200 5 1 5×2 0.225 Krebs-Heseleit 

solution

Notes: MNP, magnetite nanoparticles.
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One minute after the administration of MNPs-ICG to 
tumour model mice in the absence of a magnetic field 
(group MNPs-ICG + tumour-WM), the MNPs-ICG predo-
minantly accumulated in the liver, with an intensity of 
9.884×108 p=s

μW=cm2 , which increased over time, and reached 

1.322×109 p=s
μW=cm2 after 15 min (Figure 13A and B). 

Accumulation of the conjugate in the liver is indicative 
of the metabolic pathway of these nanoparticles. When 

tumour model mice were injected with MNPs-ICG and 
exposed to a magnetic field (group MNPs-ICG + tumour- 
M), the luminescence intensity in the liver was 7.000×108 

p=s
μW=cm2 at 1 min after injection of MNPs-ICG. The inten-

sity of luminescence in the liver of the animals did not 
change over time, but it increased within the tumour, 
indicating active accumulation of MNPs-ICG in the 
tumour under the influence of a magnetic field.

Figure 14 shows the comparative fluorescence intensity 
in the tumour 15 min after the administration of MNPs-ICG 
to mice. To exclude a liver fluorescence signal arising as 
secondary radiation from the tumour, the liver area was 
shielded with white paper. As shown in Figure 14, 
a significant accumulation of the conjugate, with an intensity 
of 5.162×108 p=s

μW=cm2 , was observed in the area exposed to 
a magnetic field. Interestingly, the accumulation of MNPs- 
ICG was also observed in animals that were injected with 
MNPs-ICG, but that were not exposed to a magnetic field 
(Figure 14A). This suggests passive targeted delivery, which 
is based on the difference in permeability between healthy 
blood vessels and tumour vessels. The MNPs-ICG accumu-
lated at the boundary of the permeability zone. To clarify this 
process, the profile of the average luminous efficacy in 
a horizontal section was taken (Figure 14C), which con-
firmed the accumulation of MNPs-ICG in the tumour zone, 
even in the absence of a magnetic field, and the significantly 
greater accumulation when a magnet was used. The section 

Table 2 Measured Values of the Concentration of Magnetite 
MNP on a Spectrophotometer

Presence of a Magnetic Field After 1 h, mg (N = 6)

Yes 0.033±0.004

No (Control) 0

Table 3 Measured Values of Luminous Efficacy of Fluorescent 
Emission of Samples

№ 
Sample

Sample 
Composition

Total Luminous Efficiency, 
p=s

μW=cm2 � 10� 8

1 MNP-PLA-ICG 0.31
2 PLA-EDA-ICG 2120.0

3 MNP-ICG 42.72

Notes: For an ICG excitation filter at 745 nm, the ICG extraction filter, the 
luminous efficacy value is indicated by background subtraction. 
Abbreviations: MNP-PLA-ICG, magnetite nanoparticles‒polylactide‒indocyanine; 
PLA-EDA-ICG, polylactide‒ethylenediamine-‒indocyanine; MNP-ICG, indocyanine- 
magnetite nanoparticles.

Figure 12 Fluorescence of in vitro samples: (A and B) - from left to right 20-fold excess of reagents; 200-fold excess of reagents (A) PLA-EDA-ICG conjugate; (B) MNP- 
PLA-EDA-ICG. 
Abbreviations: MNP-PLA-EDA-ICG, magnetite nanoparticles-polylactide-ethylenediamine-indocyanine; PLA-EDA-ICG, polylactide-ethylenediamine-indocyanine.
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in which the luminous efficacy profile was measured is 
shown by the red and green arrows in Figure 14B.

The affected organ was removed from control and 
experimental mice, and the luminous efficacy was mea-
sured. The total luminous efficacy of a tumour removed 
from an animal that had been injected with MNPs-ICG 
and exposed to a magnetic field was 1.292×109 p=s

μW=cm2 , as 

compared to 1080×108 p=s
μW=cm2 in control animals that were 

not exposed to a magnetic field (Figure 14D). This trend 
was consistent with the findings of the in vitro experiment.

Thus, the application of a magnetic field to the tumour 
site significantly increased accumulation of MNPs in the 
tumour, but it did not completely eliminate accumulation 
of MNPs in the liver.

Discussion
In this study, as part of the development of the concept of 
magnetically controlled delivery of cytostatic drugs into 
tumour tissue, MNPs conjugated with a fluorescent agent 
(ICG, a cyanine dye used in medical diagnostics) that was 
included in the polylactide coating, was synthesised. To 
implement the concept itself, it was necessary to ascertain 
the optimal magnetic characteristics of magnets used as 
a means of controlling nanoparticles in the body.6

It is necessary to know the spatial distribution of the 
external magnetic field and the vector magnitude of the 
magnetic force involved in controlling the MNPs. In 

addition, it is necessary to consider the hydrodynamic 
characteristics of the particles when they move in a fluid 
flow. In this study, we calculated the magnetic field of 
axially magnetised permanent magnets (Nd-Fe-B). Only 
the area directly near the end of the magnet, at a distance 
comparable to the linear dimensions of the magnet, is 
effective. Thus, the largest force is generated closer to 
the edge of the base of the magnetic cylinder, and the 
value of the force decreases rapidly with the distance 
from the magnet. These data are in good agreement with 
the results obtained by a computer simulation method used 
in a previous study of the force effect of a high-gradient 
magnetic field, created by a system of permanent magnets, 
on the motion of MNPs in the flow of a model fluid.12

We proved that, when distilled water is used as the 
circulating liquid, the MNPs are effectively retained in the 
application area of magnets with the calculated characteris-
tics in a model on a hydrodynamic stand. The results 
obtained verified the mathematical calculations used. In 
order to approximate real clinical conditions better, we per-
formed a separate series of experiments using Krebs‒ 
Henseleit solution, which is an analogue of blood plasma, 
as a circulating fluid. An insignificant decrease in the effi-
ciency of accumulation of MNPs in the magnet application 
area was observed, which is probably due to the change in the 
interaction of the magnet with MNPs in a medium that has an 
ionic strength different from that of distilled water. The 
interaction between MNPs in a solution is generally 

Figure 13 Accumulation of MNPs-ICG in the liver at different points in time: (A and B) — from left to right — control animal; introduction of MNPs-ICG; introduction of 
MNPs-ICG with the creation of a magnetic field in the area of the tumor; (A) 1 minute after administration; (B) 15 minutes after administration (arrow indicates location of 
tumor). 
Abbreviation: MNPs-ICG, magnetite nanoparticles-indocyanine.
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determined by the balance of the energy of electrostatic 
repulsion, van der Waals attraction, and dipole‒dipole (mag-
netostatic) interaction.13 As was previously shown for MNPs 
with an inorganic silica shell,8 the ionic strength of a solution 
(changed by varying the sodium chloride content in the range 

of 0.11–7.2 wt.%) affects the surface charge of MNPs and, 
consequently, the electrostatic interaction between them. An 
increase in ionic strength has a similar effect on MNPs with 
an organic coating of polyethylenimine and hyaluronic 
acid,14 as well as polyethylene glycol.15 The reduced 

Figure 14 Accumulation of MNPs-ICG in a tumor: (A–C) from left to right - control animal; introduction of MNPs-ICG; introduction of MNPs-ICG with the creation of 
a magnetic field in the area of the tumor; (A) accumulation of MNPs-ICG in the tumor; (B) cross-section of the horizontal fluorescence measurement map; (C) light output 
in a horizontal section; (D) fluorescence of the removed organ, from left to right: background (control), organ with the introduction of the conjugate, organ with the 
introduction of the conjugate and exposure to a magnetic field (arrow indicates location of tumor). 
Abbreviation: MNPs-ICG, magnetite nanoparticles-indocyanine.
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influence of the strength of the magnetic field gradient rela-
tive to the Coulomb repulsion can therefore lead to a decrease 
in the efficiency of confinement of MNPs in a magnetic field. 
Thus, we had proved the possibility of retaining MNPs in 
a target area by applying an external magnet with specified 
characteristics.

To confirm the possibility of retaining MNPs passing 
through the vessel wall under the influence of an applied 
magnetic field, experiments were performed using 
a modified hydrodynamic stand, which enabled the assess-
ment of the accumulation of the MNPs passing through the 
wall of an isolated vessel under the action of a magnetic 
field. We showed that individual cylindrical Nd-Fe-B per-
manent magnets can serve as a sufficient external magnetic 
field source to ensure the passage of MNPs through the 
walls of isolated vessels, providing the necessary retention 
and accumulation in the target area. These results are 
consistent with previous similar studies.16,17 The results 
obtained make it possible to consider the use of such 
MNPs as a means of targeted drug delivery.

We investigated the distribution of MNPs-ICG in 
tumour model mice to confirm the concept of magnetically 
controlled delivery of MNPs to the site of the tumour. In 
these experiments, we used implanted magnets with the 
described characteristics as the source of the magnetic 
field. We showed that MNPs actively accumulated in the 
area where the tumour was located; however, implementa-
tion of a magnetic field at the tumour site did not com-
pletely eliminate the accumulation of MNPs in the liver. 
The passive accumulation of MNPs, primarily in the liver, 
represents a challenge for modern nanomedicine. We also 
observed a maximum MNPs-ICG fluorescence signal in 
the liver, even when the presence of a magnetic field 
directed the MNPs-ICG to the tumour growing in the 
animal’s thigh. The enhanced permeability and retention 
effect allows MNPs to penetrate and remain in the tumour 
tissue, but fenestration in the liver blood vessels and other 
liver cell properties linked to the physiological role of this 
organ leads to the side effect of preferential MNP accu-
mulation in the liver after intravenous injection of 
MNPs.18 Use of a magnetic field substantially increased 
accumulation of MNPs in the tumour, but it could not 
significantly reduce the accumulation of MNPs in the liver.

Several strategies have been proposed to overcome the 
problem of the preferential biodistribution of nanoparticles 
in the liver. Active targeting of MNPs with the help of 
tumour-specific ligands will make the association of nano-
particles with tumour cells stronger and more specific. 

Prevention of macrophage uptake by MNPs, including 
uptake by resident liver phagocytes and Kupffer cells, 
can be achieved by several methods, including 
PEGylation of nanoparticles. Densely PEGylated nanopar-
ticles have an increased blood half-life.19

Another possible approach to improve the “cargo” 
delivery to the tumour site is to load hematopoietic cells 
with MNPs. Recently, a team from the Harbin Institute of 
Technology loaded neutrophils with paclitaxel-MNPs 
embedded in a bacterial membrane. Such “neutrobots” 
effectively pass the blood‒brain barrier and accumulated 
at a glioma site. In addition to chemokine-driven tumour 
infiltration by MNP-loaded neutrophils, the implementa-
tion of a rotating magnetic field potentiated the effect and 
directed neutrophils, with accelerated infiltration speed.20

To conclude, we believe that using a magnetic field in 
combination with the aforementioned approaches is a viable 
strategy to improve nanoparticle-targeted delivery and to 
shift the balance from liver accumulation to intratumoral 
infiltration. The results obtained suggested that the type of 
MNPs used in combination with the calculated magnetic 
field can form the basis for the development of a means of 
magnetically controlled transport of cytostatic drugs into 
tumour tissue. MNP functionalization by an erythrocyte 
membrane may also be considered as a promising approach 
to tumour targeting.21 It can be assumed that the combination 
of the nano- and cellular approaches will allow avoidance of 
excessive accumulation of MNPs in the liver and will 
improve the efficiency of targeted delivery to tumour sites.

Conclusion
In magnets, where the length of the cylinder is greater than 
its diameter, the strongest field is observed in the axial-radial 
directions; therefore, elongated cylinders should be used as 
the most effective for sequestering MNPs. The most effec-
tive attraction of MNPs is provided by elongated cylindrical 
magnets (where the length is greater than the diameter). In 
this case, the area of action of the magnetic field was com-
parable to the geometric dimensions of the magnet. Separate 
cylindrical permanent neodymium magnets can serve as 
a sufficient external magnetic field source to capture magne-
tite nanoparticles from model vessels in a hydrodynamic 
stand, and causing accumulation of nanoparticles in the 
target area. Using in vitro experiments with a vascular mod-
ule for retaining MNPs under the influence of a magnetic 
field, we showed that the use of a permanent magnet ensures 
accumulation of MNPs in the region of interest. In tumour 
model mice, with exposure to a constant magnetic field, the 
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accumulation of MNPs increased in the area where the 
tumour was located. Thus, MNPs, based on iron oxide, can 
act as a promising means for targeted delivery of cytostatics. 
The data obtained can form the basis for the development of 
magnetically controlled transport of cytostatics.
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