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Abstract: Administration of monocyte-derived dendritic cells (moDCs) sensitized by cancer-associ-
ated antigens to patient is applied to boost the T-cell mediated anti-tumor immune response. Load-
ing moDCs with magnetic nanoparticles (MNPs) and controlling their migration to lymph nodes by 
an external magnetic field is a way to improve the effectiveness of immunotherapy. In this study, 
spherical MNPs of maghemite iron oxide with a diameter about 14 nm were synthesized by laser 
target evaporation method (LTE) and examined in the context of their prospective use for the needs 
of moDCs immunotherapy. Characterization of the physicochemical properties of MNPs and their 
stabilization in physiological media, as well as the magnetic properties of MNPs in the suspensions 
were considered in detail. The cytotoxic effect of MNPs in growth medium on the human moDCs 
and MNPs uptake by the cells were also estimated. We show that up-taken MNPs and MNPs in 
growth medium demonstrated cytotoxic effect only at high concentrations. At the same time, at low 
concentrations MNPs up-taken by moDCs increased their viability causing the stimulation effect. 
The evaluation of the quantity of MNPs, up-taken by cells, is possible by magnetometry even for 
the smallest γ-Fe2O3 concentrations. 

Keywords: magnetic nanoparticles; laser target evaporation method; maghemite; physicochemical 
properties; colloidal stability; immunotherapy; monocyte-derived dendritic cells; cytotoxicity 

 

1. Introduction 
Low dimensional magnetic system becomes the subject of intensive research an applications 

with the development of nanotechnology [1,2]. They become a basis of fundamental research and 
new applications [3,4]. Magnetic nanoparticles (MNPs) form a large sub-area of modern hot spots in 
nanosciences representing multidisciplinary research involving colloidal, analytical and inorganic 
chemistry, material science, physics of magnetic phenomenon and some other disciplines. MNPs are 
widely implemented for various applications of modern biomedicine [5–7]. 

Among a number of technologies (physical, chemical, biological) for the synthesis of MNPs, the 
electrophysical laser target evaporation (LTE) method has demonstrated certain advantages in com-
parison with others [8]. First of all, it allows to produce the batch of MNPs up to 100 g, which is very 
important for obtaining sufficient volumes of standardized material for multiple biological experi-
ments [9]. It is especially critical in a view of the fact that biomedical applications in a majority of 
cases require synthesis of stabilized water-based suspensions [10,11]. Here one can mention that LTE 
MNPs die to the technique of synthesis (condensation from the gas phase) show very high degree of 
sphericity proven by transmission electron microscopy, magnetic measurements of the primary mag-
netization curves and ferromagnetic resonance data [8]. In part this high degree of sphericity 
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contributes to the success in creation of water-based suspensions of different type based on air dry 
LTE MNPs batch. 

In addition, the “teranostics” approach, which means combination of the diagnostics and ther-
apy in one complex medical action, become more and more important [12–14]. Implication of mag-
netic materials together with magnetic field sensors ensures non-invasive control over the therapeutic 
stage over the time of diagnostics and/or therapy [15–17]. 

From the viewpoint of biomedical applications, it is critically important that MNPs synthesized 
by the LTE method have good biocompatibility and low toxicity supported among other factors by 
the uniformity of phase composition [3,11,18]. Since 2011 authors were publishing research results of 
biological experiments with MNPs obtained by LTE electrophysical technique [19–22]. It allowed to 
obtain large batches of air dry MNPs (up to 100 g) and stabilized suspensions (up to 100 ml as a single 
batch for concentrations up to 5 wt. %). Interestingly, some of these studies were on purpose using 
MNPs from suspension of the same batch for different biological systems. Therefore, the results ob-
tained in these experiments related to interactions of different biological systems become better com-
parable as such nanomaterial as air dry iron oxide MNPs had no apparent difference from the exper-
iment to experiment. Even more imporatnt. 

In nanomaterials applications the air dried batch of MNPs, if it is sufficiently large, can be a basis 
for the synthesis of different nanofluids, depending on the stabilization rute [8–11]. In that case the 
results of the studies do not depend on the variation of the MNPs ensemble varying from batch to 
batch. Here, there are some examples of previous studies related to blood mononuclear leuko-
cytes/peripheral blood leucocytes, mesenchymal stem cells, chondrocytes, human dermal fibroblasts, 
algal, Exophiala nigrum (black yeasts) and their Mutant strain (red yeasts) including in-vivo experi-
ments related to regererative medicine [19–24]. 

This study focuses on the interaction of LTE-MNPs with dendritic cells for the needs of immu-
notherapy. Dendritic cells (DCs) are a heterogenic group of specialized antigen-presenting cells pro-
cessing tumor-associated antigens and presenting their epitopes to T-cells, thereby inducing the anti-
cancer immune response. Subsets of the dendritic cells may form cellular networks that regulate both 
innate and adaptive immune responses. The immunostimulatory capacity of DCs makes them one of 
the central tools for cancer immunotherapy. Most commonly, the DCs derived from peripheral blood 
monocytes (moDCs) by cytokine exposure are used for immunotherapy [25]. 

The efficiency of moDC therapy can be increased by using moDCs with uptaken magnetic na-
noparticles [27], which opened the prospects for seeking new approaches for moDC-based vaccines 
development. In particular, MNPs were proposed to be used as carriers to deliver tumor antigens (or 
mRNAs) to cytoplasm of dendritic cells [26,27]. Loading moDCs with MNPs allowed to track their 
distribution in organism after administration to patient by MRI [27–29]. 

Meanwhile, the moDCs therapy demonstrates limited efficacy due to imperfection of procedures 
of generation and administration of moDCs, resulting in their limited migration to lymph nodes [30]. 
It was demonstrated that after intradermal injection most of moDCs left near the injection site, and 
less than 5% of them reached lymph nodes [31,32]. At the same time, the administration of anti-tumor 
vaccines based on MNPs-loaded DCs to experimental animals and exposure to external magnetic 
field after injection provided the increased efficiency of tumor inhibition growth [29,33]. 

Monocyte-derived dendritic cells were less studied by the community in part of the stimulatory 
effect of МNPs on moDCs viability. In fact, this effect was studied for the case of pigs [34], as they are 
considered to be the most approximate model to humans. Donini et al. [35] investigated whether 
magnetic or biomimetic magnetic nanoparticles affect relevant activities of human monocytes and 
found that the nanoparticles were ingested by monocytes and DCs without altering their viability. 
However. the knowledge about the regulation of moDCs in the initiation of immune responses under 
inflammatory conditions is still insufficient. 

The aim of the present study is to investigate the possibility for stabilized suspensions of LTE 
MNPsto be used in application to control moDCs migration using an external magnetic field. At this 
stage of the study, the following tasks were chosen for solution: synthesize of a large batch of LTE 
MNPs and stabilized water-based suspension on their basis; characterization of physicochemical and 
magnetic properties of obtained materials; development of the techniques for reliable stabilization of 
MNPs in physiological media; assess the possibility of MNPs internalization by moDCs, as well as 
estimate the cytotoxic effect of MNPs on the viability of moDCs. 
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2. Materials and Methods 
2.1. Synthesis of Magnetic Nanoparticles and Their Colloidal Suspensions 

Iron oxide magnetic nanoparticles (MNPs) were synthesized by laser target evaporation method 
using the apparatus and regimes described in refs [8,22]. The laboratory setup with Ytterbium (Yb) 
fiber laser with 1.07 mm wavelength was elaborated. The cylindrical target 65 mm in diameter and 
20 mm in height was prepared by compaction of commercial magnetite microparticles (Alfa Aesar, 
Ward Hill, MA, USA). Evaporation was performed by a pulsed laser beam with focal spot 0.45 mm 
and 212 W output power. Condensation of particles took place in a gas mixture of N2 and O2 in the 
volume ratio 0.79:0.21. Transmission electron microscopy (TEM) images of MNPs were obtained us-
ing JEOL JEM2100 microscope (JEOL Corp., Tokyo, Japan) operated at 200 kV. 

The X-ray diffraction characterization (XRD) was performed using D8 DISCOVER diffractome-
ter (Bruker Corp., Billerica, MA, USA) operated at 40 kV at Cu-Ka radiation (wavelength l = 1.5418 
Å) with a graphite monochromator and scintillation detector. Bruker software TOPAS-3, with 
Rietveld full-profile refinement, was used for the quantitative diffractogram analysis. 

Colloidal suspensions of air-dry MNPs in 5 mM sodium citrate were disaggregated by ultra-
sound treatment for 30 min using Cole-Parmer CPX-750 processor (Cole-Parmer, Vernon Hills, IL, 
USA) operated at 250 W. Permanent cooling of the suspension was provided. The remained aggre-
gates were eliminated by centrifuging at 8000 rpm for 5 min (Hermle Z383 centrifuge; Hermle AG, 
Gosheim, Germany). To provide colloidal stability of the suspension in physiological solutions, elec-
trosteric stabilizer ammonium poly(methacrylate) brand mark Darvan CN (Vanderbilt Chemicals, 
Norwalk, CT, USA) was then added to the suspension in 0.5% (wt.) concentration. The stock suspen-
sion was then equilibrated in thermostat at 90 °C for 60 min. The final concentration of iron oxide 
MNPs in the stock ferrofluid was 4.24% (wt.). It was added to the cell culture media in pre-calculated 
portions to provide the desired concentration of iron oxide MNPs. The hydrodynamic diameter and 
zeta potential of species in MNPs suspensions were measured by dynamic light scattering (DLS) and 
electrophoretic light scattering (ELS) using Brookhaven ZetaPlus analyzer (Brookhaven Instruments, 
Holtsville, NY, USA). Colloidal stability in physiological solutions was tested by DLS and ELS at 
dilute suspensions with 0.01% concentration of MNPs. 

2.2. Magnetic Measurements 
Magnetic hysteresis loops or the dependences of magnetization M on the extremal magnetic 

field strength were measured for both as-prepared air dried MNPs and MNPs obtained by drying 
the stabilized suspension. As our research line is focused on the possible contribution of MNPs to the 
maturation of DCs and their ability to migrate to lymph nodes, the average magnetic moment per 
single MNP in the suspension became an important parameter. It depends on the average size of the 
MNPs of ensemble [36,37] and appears to be smaller in comparison with as-prepared air dried MNPs 
of the same batch due to the fact that larger MNPs are usually excluded from the ensemble during 
suspension preparation. 

Samples for magnetic characterization were prepared as follows. The certain amount of either 
as-prepared air dried MNPs or MNPs obtained by drying of stabilized suspension with concentration 
of 4.24 wt. % were placed into polycarbonate capsule. The field dependences of the MNPs material 
magnetization were measured using an MPMS-XL7 EC equipment (Quantum Design, San Diego, 
CA, United States) operating with a converter based on a SQUID (Superconducting Quantum Inter-
ference Device). The magnetic field Hmax created by the solenoid was as high as ±70 kOe. In low fields 
range of ± 5 kOe, magnetic field could be varied with very fine steps of 0.1 Oe. In the other magnetic 
field ranges, the variation with a step of 1 Oe was used. Therefore, the measurement accuracy of the 
magnetic moments of the MNP’s samples and the permissible relative error in specifying the mag-
netic field strength were ±1.0%. 

2.3. Cells Preparation and Measurements 
2.3.1. Generation of Human Monocyte-Derived Dendritic Cells 

Peripheral blood mononuclear cells (PBMC) were isolated from blood of four healthy donors 
who signed appropriate informed voluntary consent to take part in this investigation. The Ethics 
Committee of the Institute of Medical Cell Technologies (Ekaterinburg, Russia) approved the study 
(protocol #8, 30.11.2021). 
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PBMCs were separated by density-gradient centrifugation using Lympholyte-H (Cedar Line, 
Burlington, Ontario, Canada) according to manufacturer’s instructions. PBMCs were collected, 
washed twice with Dulbecco’s phosphate buffer saline (DBPS) without Ca2+ and Mg2+ (Biolot, Saint-
Petersburg, Russia) and resuspended in RPMI-1640 (PanEco, Moscow, Russia). Cells in suspension 
were seeded on the tissue-culture (TC) treated polysterene surface (in culture flasks or plates) and 
incubated for 2 hours in CO2-incubator (37°C, 5% CO2, humidified atmosphere) (MCO-15AC, 
Moriguchi, Osaka, Sanyo, Japan). After incubation, non-adherent cells (predominantly lymphocytes) 
were washed away by Earle’s balanced salt solution (EBSS) (PanEco, Moscow, Russia), while mono-
cytes remained adhered on plastic. Monocytes were cultured in AIM-V medium (Gibco, Thermo FS, 
Waltham, MA, USA), supplemented with granulocyte-macrophage colony-stimulating factor (GM-
CSF, 80 ng/mL) and interleukin 4 (IL-4, 25 ng/mL) (Sci-Store, Moscow, Russia) for stimulation of dif-
ferentiation to immature monocyte-derived dendritic cells (moDCs). Cells were stimulated for 4 days: 
on the 2nd day fresh portion of GM-CSF and IL-4 was added in the same concentrations. Differenti-
ated cells had the common for immature moDCs elongated shape with processes. After stimulation, 
the immunophenotype of obtained moDCs was confirmed by flow cytometry [38–40]. 

2.3.2. Flow Cytometry 
MoDCs were detached from plastic by TrypLE (Thermo FS), cells remaining adhered were 

scrapped by cell scrapper. Cells were washed from TrypLE by phosphate buffered saline (PBS) and 
stained with fluorescent conjugated antibodies. The following antibodies were used: CD14-APC, 
CD11c-APC-Cy7, CD86-PC5.5, CD83-PC5.5, HLA-DR-BV421 (Biolegend, San-Diego, CA, USA). Per-
cent of viable cells was measured by staining with Zombie Aqua (Biolegend). 

2.3.3. Prussian Blue Staining 
MoDCs with MNPs adhered on plastic surface were washed 3 times with PBS, fixed with 2.5 % 

glutaric aldehyde and dehydrated with ethanol. Cells were covered with staining solution, contain-
ing 2 % of hydrochloric acid and 2 % of potassium ferrocyanide (K4[Fe(CN)6]) and incubated for 15 
min. After that, the staining solution was removed, and cells were washed with distilled water. Iron-
containing MNPs gave the blue staining of cells. 

2.3.4. MNPs Cytotoxicity Test 
Cytotoxicity of MNPs was estimated by MTT-test. This widely introduced approach is a colori-

metric test of biochemical activity of cells based on the reduction of a yellow tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) by cellular enzymes. 

The test was conducted in wells of 48-well culture plates with TC treated surface. To decrease 
the mechanical injury of cells by nanoparticles, 10% fetal bovine serum (FBS) (PanEco, Moscow, Rus-
sia) was added to differentiation medium. The test was performed in two conditions: moDCs with 
uptaken MNPs in medium free of nanoparticles (i) and moDCs in medium with nanoparticles (ii). 

Condition I. PBMC suspension in RPMI-1640 was seeded in wells of 48-well plate. MNPs were 
added immediately after dispensing cell suspension. Plates were incubated 3 hours in CO2-incubator. 
Non-adhered cells and unbound MNPs were removed by washing wells 3 times with EBSS; mono-
cytes with uptaken MNPs remained adhered on plastic. After rinsing, the differentiation medium 
with FBS was dispensed into plate wells. 

Condition II. After cell suspension dispensing in wells, plates were incubated for 3 hours, non-
adhered cells were washed away with EBSS. Differentiation medium with FBS was poured into plate 
wells, after that MNPs in appropriate concentrations were added. 

For both conditions the seeding density was 1-2 × 106 cells / cm2 of plastic surface. MNPs were 
added in the final concentrations from 1 to 256 µg/cm2. As the MNPs gradually deposited from sus-
pension on cell monolayer surface, their concentration is expressed in µg / cm2. MNPs were added in 
the final concentrations from 1 to 256 µg/cm2 (from 4 to 1024 µg / cm3, respectively). After cells seed-
ing and MNPs addition, monocytes were differentiating to moDCs for 4 days. On the 2nd day fresh 
cytokines were added to differentiation medium in all wells without medium change. After 4 days 
the viability of obtained moDCs was measured by MTT-test. 

Differentiation medium was removed, cells were carefully washed with EBSS (PanEco, Moscow, 
Russia), and incubated with MTT solution (1 µg/mL, 100 µL per well) (Acros Organics, Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) for 3 hours in CO2-incubator. MTT solution was removed, 
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formazan crystals were dissolved in DMSO (200 µL per well), 150 µL of formazan solution in DMSO 
from each well were transferred to new 96-well plates. This step allowed to exclude the optical den-
sity of MNPs in cells. The optical density of solution was measured by microplate reader (iMark, Bio-
Rad, Hercules, CA, USA) and 490 nm working wavelength, with 750 nm reference wavelength. 

3. Results and Discussion 
3.1. Characterization of Physicochemical Properties of MNPs and Suspensions 

Figure 1 (a) presents the shape and characteristic dimensions of synthesized MNPs. Their shape 
was close to spherical. Several particle images show hexagonal faces. Particle size distribution (PSD) 
was calculated based on the graphical analysis of 2160 particle images. It was found lognormal with 
median 11.4 nm and logarithmic dispersion 0.42. 

 
Figure 1. (a) - TEM images of LTE MNPs. Insert: histograms of the particle size distributions (PSDs) lines give 
fitting of PSD with lognormal distribution function (median diameter 11.4 nm, logarithmic dispersion 0.42). (b) 
- XRD pattern of MNPs crystalline structure. 

According to XRD (Figure 1 (b)) crystalline structure of iron oxide MNPs corresponded to ma-
ghemite γ-Fe2O3 which is typical for this sort of MNPs. Detailed discussion on the crystalline struc-
ture of LTE iron oxide MNPs can be found elsewhere [8,23]. 
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Application of MNPs suspensions for the purposes of biomedicine and bioengineering depends 
on their stability in physiological and biological media. Concerning the objectives of the present 
study, at least two aspects of the stability are to be considered. The first question is the stability of 
MNPs to aggregation and sedimentation in the standard physiological solutions which are elaborated 
for cell culturing. The second question is the stability of MNPs suspension uptaken by cell, though it 
can hardly be controlled or even monitored with certainty. 

The first step of the present study was the estimation of stability of MNPs solution. As it was 
discussed in our previous reports [8] spherical maghemite nanoparticles synthesized by LTE method 
could be successfully dispersed in water due to electrostatic stabilization mechanism. It might be self-
stabilization provided by the dissociation of traces of iron nitrates at the surface of MNPs, which are 
typically synthesized at high temperatures of laser evaporation of the oxide. Self-stabilization leads 
to positive values of zeta-potential ca. +30 mV due to the excess of Fe+3 ions at the surface. However, 
self-stabilization is sensitive to the presence of ions even in very low concentration [8]. More reliable 
is stabilization with the use of sodium citrate as electrostatic stabilizer. In this case, MNPs in suspen-
sion get negatively charged due to the adsorption of citrate ions on their surfaces which provides 
zeta-potential ca. –40 mV. The threshold of stability to aggregation for citrate-stabilized LTE ma-
ghemite suspensions is ca. 0.1M NaCl, while in the case of self-stabilized suspensions it is two orders 
of magnitude lower. 

However, citrate stabilization of MNPs is still not sufficient in typical physiological solutions as 
the concentration of ions there is higher than the threshold of stability. In the present study, we have 
tested citrate-stabilized MNPs suspension with average hydrodynamic diameter 74 nm and zeta-po-
tential –44.3±6.4 mV. If placed in standard DMEM (Dulbecco’s Modified Eagle Medium) solution the 
hydrodynamic diameter of the citrate-stabilized suspension have jumped to 1240 nm. Zeta-potential 
have dropped to –16.3±2.9 mV. It resulted in rapid aggregation and sedimentation of MNPs. The 
reason of the loss of the colloidal stability is the contraction of double electrical layer on the surface 
of particles due to high ionic concentration in solution and the screening of the electrostatic repulsion 
of MNPs. 

Therefore, to provide the colloidal stability of MNPs suspension in physiological conditions ste-
ric stabilization not sensitive to the ionic force of the solution needs to be additionally implemented. 

To maintain stability of the suspension of MNPs in physiological solution we have used a two-
step protocol [41]. At the first step aqueous suspension of MNPs was dispersed and disaggregated in 
the presence of electrostatic stabilizer 5 mM sodium citrate as it was described in our earlier works 
[8]. Then an electrosteric stabilizer – ammonium poly(methacrylate) (Darvan CN) was introduced in 
the system. The stability of the stock suspension in physiological conditions was tested periodically 
during its storage at room temperature. The probes of the stock suspension were mixed with DMEM 
solution and the mean average hydrodynamic diameter of species was monitored over time using 
DLS. Figure 2 shows that the stability of MNPs in DMEM solution substantially improved with the 
duration of the preliminary storage of stock suspension at room temperature. 

One can see that as-prepared fresh suspension was not stable in DMEM solution. The mean av-
erage hydrodynamic diameter varied from 400 to 1200 nm depending on the concentration of Darvan 
CN. However, after the two-week preliminary storage of the stock suspension the hydrodynamic 
diameter of MNPs introduced in DMEM solution decreased to 100 – 200 nm. The diminishing trend 
preserved upon further preliminary storage and after 5-week period achieved saturation at 80 – 110 
nm level. 

The stabilization efficiency depended on the concentration of electrosteric stabilizer Darvan CN. 
The final average hydrodynamic diameter of MNP species in DMEM suspension was 129, 87, and 73 
nm for Darvan CN concentrations 0.2%, 0.4%, and 0.5% respectively. The latter value (73 nm) within 
the limits of experimental error was the same as the value of the hydrodynamic diameter in the stock 
suspension of MNPs stabilized by citrate in water. Therefore, Darvan CN concentration 0.5% was 
taken for the usage in the two-step protocol for MNPs stabilization in physiological solutions. 

The data presented in Figure 2 indicate that the stability of MNPs in DMEM solution does not 
instantly appear if sodium citrate and Darvan CN are sequentially added to the stock suspension, but 
it takes substantial period of time for stabilization. In our opinion the role of citrate is to provide 
initial dispersion and stabilization of MNPs. Due to its small molecular dimensions, citrate is much 
more efficient at this step than long polymeric anions of Darvan CN. When Darvan CN is added 
thereafter to the suspension already stabilized by citrate, it opens a competition between two 
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stabilizers. Both are anionic and, in general, both adhere to the same centers of the surface of MNPs. 
At the beginning these centers are occupied by citrate. But Darvan CN polyanions can replace citrate 
on the nanoparticles surface and so an equilibrium of the competitive adsorption should be estab-
lished eventually. The ratio citrate/Darvan CN at the surface depends both on their relative concen-
tration in the solution and on their relative adherence to the surface. The concentration of citrate was 
5 mM (0.2%), that was rather close to Darvan CN concentration, 0.2 – 0.5%. The relative adherence of 
citrate/Darvan CN cannot be clarified with certainty for now. Meanwhile, we suppose that there 
might be an advantage in sorption of polymethacrylic anions of Darvan CN due to the multiple car-
boxylic residues in their polymeric chains. Therefore, we may assume that polyanions of Darvan CN 
can gradually substitute the major part of citrate anions at the surface of MNPs. 

 
Figure 2. Mean average hydrodynamic diameter of species in MNPs suspension stabilized sequentially by so-
dium citrate and sodium poly(methacrylate) (Darvan CN) and placed in DMEM solution. Dependence on the 
duration of the preliminary storage of the suspension at 25 °C is given. Plots correspond to different concentra-
tions of Darvan CN which are given in the legend. Lines are drawn as eye-guide only. Vertical axis is presented 
in logarithmic scale. 

Thus, we suppose, that during the preliminary storage of the stock suspension the electrostatic 
stabilizer (citrate) was substituted by electrosteric stabilizer – poly(methacrylate) Darvan CN. As a 
result, due to the polymeric layer adsorbed at the surface, the stability of MNPs in DMEM solution 
substantially improved. The higher was the concentration of Darvan CN in the stock suspension the 
higher was the final stability of MNPs. Most likely it indicates that at higher concentration of Darvan 
CN substitution of citrate at the surface increased. 

For now, however, we may only present the experimental evidence for the efficiency of the two-
step protocol in the stabilization of iron oxide MNPs in physiological solutions. The mechanism re-
mains hypothetical and needs clarification in special extended studies which we aim to perform in 
future. 

It is, certainly, practically inconvenient to store suspension of MNPs for several weeks prelimi-
nary to its usage. To avoid this the kinetics of re-adsorption can be speeded up at elevated tempera-
tures. We have found out that heating of the stock suspension of MNPs at 90 °C for 60 min provided 
the same effect on stability in DMEM as the long-term storage at room temperature. Figure 3 (a) 
presents the particle size distributions (PSD) obtained by DLS in unimodal regime for MNPs in the 
aqueous suspension stabilized by citrate; for MNPs in DMEM stabilized by citrate; and for MNPs in 
DMEM stabilized by Darvan CN under two-step protocol with equilibration at 90 °C. 
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Figure 3. (a) – Particle size distributions obtained via DLS in unimodal regime. Horizontal axis is presented in 
logarithmic scale. (b) – Zeta potential of suspensions obtained via ELS. 1 – MNPs in the aqueous suspension 
stabilized by citrate; 2 – MNPs in DMEM stabilized by citrate; 3 – MNPs in DMEM stabilized by Darvan CN 
(0.5% wt.) under two-step protocol with equilibration at 90 °C. 

It can be seen that citrate-stabilized MNPs strongly aggregate in DMEM as the PSD shifts to 
values by an order of magnitude higher. At the same time PSD for MNPs in DMEM stabilized by 
Darvan CN under two-step protocol remains almost the same as in for MNPs in water. Along with 
the shift of the PSDs their width also strongly changed during aggregation. It is not visually evident 
in Figure 3 (a) as the axis of diameters has been logarithmically scaled. The numerical estimation of 
the width of the PSDs at the half-height gave 83 nm for MNPs stabilized by citrate in water, 93 nm 
for MNPs stabilized by two-step protocol in DMEM, and 1220 nm for MNPs stabilized by citrate 
strongly aggregated in DMEM. 

It is worth to note that zeta-potential for MNPs in DMEM was the same both for citrate-stabilized 
and for Darvan CN-stabilized particles (Figure 3(b)). In the former case it was –16.3±2.9 мВ as given 
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above, in the latter case it was –16.4±3.0 mV. Such equality is reasonable as both stabilizers are ani-
onic, both occupy the same centers on the surface of MNPs, and the activity of both is equally de-
pressed by the ionic force in DMEM solution. And both were substantially lower shifted to lower 
absolute values compared to zeta-potential of MNPs stabilized by citrate (Figure 3 (b)). As it is known, 
absolute values of zeta potential lower than 20 mV cannot provide efficient electrostatic stabilization 
of colloids. Thus, the effectiveness of stabilization of MNPs by Darvan CN in DMEM can be solely 
attributed to the barrier polymeric layer at the surface. 

3.2. Magnetic Properties of MNPs 
Figure 4(a) shows magnetic hysteresis loops of as-prepared air dried MNPs measured at the 

temperatures of 3 and 300 K. Both the value of the saturation magnetization Ms (for simplicity ap-
proximated by the magnetization value M(H = 70 kOe)) and coercivity Hc are consistent with the 
average size of the ensemble of spherical MNPs of this type [42]. At low temperature of 3 K the coer-
cive force is approximately 3 time higher, than at room temperature indicating the presence of a large 
number of MNPs in the state close to the superparamagnetic. Biomedical applications stimulated the 
development of different types of nanomaterials with nearly zero coercivity, i.e., close to zero mag-
netic moment in zero external magnetic field [43,44]. Magnetic materials with nanosized elements 
(MNPs, nanowires, nanodisks) having non-zero magnetic moment in close to zero applied magnetic 
field have tendency to aggregation due to magnetic interactions. They therefore, are less suitable for 
many biomedical applications requiring thorough disaggregation for synthesis of stable water-based 
suspension [45] or usage of the naturally covered by phospholipid membrane magnetite [46]. 

Figure 4(b) shows the summary of the measurements of different amounts of MNPs from dried 
stabilized suspension. Each point corresponds to the value of the magnetic moment of the sample of 
certain mass (M*) measured in the external magnetic field H = 70 kOe, i.e., external field sufficient for 
magnetic saturation. The first observation comes from the estimation of Ms value for MNPs of dried 
suspension: it is equal to approximately 39.4 emu/g at the room temperature. This value differs from 
the Ms 65 emu/g obtained in the case of air dry MNPs. However, this difference is understandable 
because during the process of the synthesis of the suspension the small fraction becomes stabilized 
and the processes of interaction contribute to the Ms level to lesser extent. In addition, one should 
take into account that about 2% of the mass of MNPs dried from suspension corresponds to the elec-
trostatic stabilizer (means that Ms for MNPs of dried suspension is close to approximately 40.1). 

 
 

(a) (b) 

Figure 4. (a) Magnetic hysteresis loops of as-prepared air dried MNPs measured at two different temperatures. 
Inset shows the same M(H) loops at low fields range allowing estimation of the coercivity. Red arrow indicates 
the value of M(H= 70 kOe) at room temperature. (b) - magnetic moment M* corresponding to the sample of 
certain mass of MNPs measured in the external magnetic field H= 70 kOe at room temperature: points are the 
experimental data and dashed line is the linear fit (R-Square = 0.9998). Inset shows the same data in a logarithmic 
scale allowing to appreciate the accuracy of the measurements of very small amounts of the MNPs. 
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The second observation is related to the minimum number of MNPs detectable by means of 
magnetic measurements. The lowest experimentally measured mass of MNPs was 210-5 g (Figure 
4b). At the same time, the quality of the linear fit (R-Square = 0.9998) allows to make reasonable sup-
position that real detection limit of the employed technique is about 2-3 times lower. The minimum 
amount of MNPs used for biological experiments with MNPs in the present work was 2 µg/cm2 and 
the area of the well was as high as 0.83 cm2. This means the mass of MNPs was as high as 1.66 х 10-6 

g per well or about order of magnitude less in comparison with the limit of magnetic measurements. 
The evaluation of the quantity of uptaken MNPs using magnetic measurements is possible even for 
smallest concentrations of the order of 2 µg/cm2. Larger concentrations can be studied using signifi-
cantly smaller number of cells. 

3.3. Cytotoxic Effects of MNPs Concentration on mDCs Viability and Estimations of the Magnetic 
Measurements Limits 

The moDCs, differentiated from monocytes, had the typical elongated shape with multiple cy-
toplasmic processes (Figure 5, top row on the left). The DCs immunophenotype was confirmed by 
flow cytometry. Cells were gated according to the following scheme: primary selection of events 
based on front / side scatter  doublet exclusion  exclusion of non-viable cells (stained by Zombie 
Aqua)  selection of CD11c+ cells. Gated cells demonstrated immunophenotype typical for imma-
ture moDCs: HLA-DR+ cells > 90%, CD86+ > 40%, CD40+ > 80%, CD14+ < 6%, CD83 + <8% [38–40]. 

The toxicity assessment experiments were conducted in two conditions: (i) differentiation of 
monocytes to moDCs with uptaken nanoparticles in MNPs-free differentiation medium and (ii) dif-
ferentiation of monocytes in medium containing MNPs, to distinguish the effect of extracellular and 
uptaken MNPs. The interaction of MNPs with moDCs in both experimental conditions was con-
firmed by Prussian blue staining. The intensity of blue coloring of cells demonstrated the dependence 
of the quantity of uptaken nanoparticles from their concentration (Figure 5). 

 
Figure 5. Prussian blue staining of moDCs with uptaken MNPs. Mononuclear cells were incubated with nano-
particles for 3 hours, then non-adhered cells and MNPs were washed out. Remaining monocytes with uptaken 
MNPs were differentiated to moDCs under cytokine stimulation. The obtained moDCs were fixed and stained. 
Top row from left to right – the concentration of MNPs 0 and 2 µg / cm2, correspondingly; bottom row - 8 and 
64 µg / cm2. 

Using the optical microscopy images, the number of cells per unit square for all studied concen-
trations is possible for roughly estimation. As the surface area corresponding to one well is 0.83 cm2 

one can get estimation (Figure 5, top row on the right) of about 3.9×104 cells/cm2 or 3.2×104 cells/well. 
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The number of MNPs per one well for 2 µg / cm2 can be estimated taking into account the density of 
γ-Fe2O3 (4.9 g/cm3). One can calculate the number of spherical MNPs with average diameter about 14 
nm in the 1.6610-6 g batch of one well – it is about 2.4×1011 particles. This means 7.5×106 MNPs/cell 
in the initial state, i.e., cultivation medium. Although cell morphology shows visible variations, just 
for the sake of very general estimation one can calculate the average cell volume to be of the order of 
2×10-10 cm3. Calculation of the total volume of all MNPs of the well for 2 µg/cm2 concentration shows 
that the volume of the grown cells is only 20 times larger of the volume of MNPs added to the culti-
vation medium, being plausible as the scenario with cells migration to lymph nodes seems to be re-
alistic with such a density of packaging. Here it is necessary to mention that not all MNPs added to 
the cultivation medium are accepted by cells. In addition, the presence of MNPs in cultivation me-
dium may contribute to the cell’s development via ionic component, which is still quite obscure sub-
ject in this area of research. 

Estimation of the number of MNPs participating in the interaction with the cells can be done by 
counting the number of cells, number of MNPs inside the cells using transmission electron micros-
copy [21] completed by the measurements of the magnetic properties of supernatants for known 
magnetic characteristics of the MNPs of stabilized suspension themselves. However, it can be done 
by the measurements of magnetic properties of carefully washed cell sample (for example for all cells 
collected from one well). The advantages of magnetic measurements of the cell culture containing 
MNPs are obvious. They are fast, simple and ensure that contributions of all particles are taken into 
account. At the same time, very small concentrations of MNPs and diamagnetic contribution of bio-
logical materials make some limitations or, better to say, require elaboration of the measurement 
procedure for each particular cell culture and batch of the MNPs. In addition, magnetic measure-
ments can be useful as independent technique for the verification of the results obtained in the course 
of development of new methods, such as computer vision, for example. Recently, the first positive 
results on the application of computer vision algorithms for assessing the content of MNPs uptaken 
by dendritic cells in vitro were demonstrated [47]. 

Above, the evaluation of the quantity of uptaken MNPs the whole well related sample should 
be analyzed for smallest concentrations of the MNPs was concluded. However, it was also mentioned 
that (Figure 2) about twice smaller concentration evaluations are also reliable. In biological sciences 
the statistics are very important, this conclusion about reliable comparison of the results of the cell 
growth experiments for the whole samples related to different wells even for very small MNPs con-
centrations seems to be very important. 

The experimental data related to the acquiring the location of the MNPs-loaded moDCs in space 
and estimation of their number are not provided here. It will be the next step of research. Previously, 
careful analysis of LTE MNPs location was done using transmission electron microscopy for the case 
of LTE MNPs water-based suspensions of two different types interacting with mononuclear leuko-
cytes or human mesenchymal stem cells [48]. Suspensions with and without chitosan enhanced the 
secretion of cytokines by a 24-h culture of human blood mononuclear leukocytes compared to a con-
trol without MNPs. At 2.3 maximum permissive dose for chitosan stabilized suspension MNPs pres-
ence promotes the stimulating effect on cells as it was observed in the present study. However, the 
goals of the present studies and studies with mononuclear leukocytes or human mesenchymal stem 
cells were different and therefore the importance of exact location of the MNPs is also different. As 
moDCs are expected to be employed in order to overcome their limited migration to lymph nodes by 
increasing the migration ability using external magnetic field, their exact location is not very im-
portant - the concentration per each cell is matter. 

Anyway, this research has the practical value. It is clear that one of the possible ways to increase 
the effectiveness of moDCs-based therapy is the direct guidance of cell migration to lymph nodes. It 
can be done by magnetic field after administration of the patient’s moDCs loaded with magnetic 
nanoparticles. Quantitative control of their position in space can be done by the magnetic field sensor. 
Among others, the magnetoimpedance based detectors seem to be very promising as they can operate 
at room temperature and show the sensitivity up to 10-8 Oe level [7,49,50]. 

The results of cytotoxicity test are shown in Figure 6. One can see that the MNPs demonstrate 
moderate cytotoxic effect: in both experimental conditions statistically significant reducing of cell 
viability was observed only at high concentrations of nanoparticles. The cytotoxic effect was more 
pronounced when MNPs were present in differentiation medium (condition II). The IC50 for condi-
tion I and II were 21.94 ± 5.78 and 8.24 ± 2.58 µg / cm2, respectively. At low concentrations (1-8 µg / 
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cm2) uptaken nanoparticles (condition I) even increase the moDCs biochemical activity. It is notewor-
thy, that increasing of biochemical activity was not observed in the presence of MNPs in differentia-
tion medium (condition II). 

 
Figure 6. The cytotoxicity of MNPs to human moDCs at various concentrations of nanoparticles. Experiment 
was performed in two conditions to distinguish the effect of uptaken and extracellular nanoparticles. Condition 
I: moDCs with uptaken nanoparticles were incubated in MNPs-free medium; condition II: cells were incubated 
in medium containing MNPs. Cell viability was measured by MTT-test. Results of MTT-test were normalized to 
control without MNPs (accepted as 100%). 

The deleterious effect of MNPs in high concentrations on various types of cells, including DCs 
[51,52], or the absence of impact of magnetic nanoparticles on DCs viability [28,53–55] was commonly 
described by other researchers. The cytotoxic effect of MNPs can be, at least partially, due to mechan-
ical damage of cells by extracellular nanoparticles. This assumption is confirmed by intensive detach-
ment of moDCs after mixing medium by pipette and by the higher cytotoxicity of extracellular MNPs 
compared to uptaken nanoparticles. 

The effect of the increase of cell biochemical activity and proliferation at low concentrations of 
MNPs was observed in previous work with human fibroblasts [23]. The positive impact of MNPs on 
proliferation mesenchymal stromal cells (MSCs) was also described by other researchers [56]. At the 
same time, the stimulatory effect of MNPs on moDCs viability is not found in literature. 

The mechanism of positive impact of uptaken MNPs on cells biochemical activity /proliferation 
at low concentrations remains unclear. It cannot be excluded, that MNPs may be the extra source of 
ferrous ions for cell. Besides, it was notified that MNPs can bind the TC-treated polystyrene surface 
(data not shown), and the adhered MNPs are not removed by washing. It can also be suggested, that 
adhered MNPs can facilitate the adhesion of cells. This suggestion can be indirectly confirmed by the 
differences in cell shape: moDCs with uptaken nanoparticles at low concentration seemed to be more 
elongated and had longer processes in comparison with MNP-free control (see Figure 5). 

Previously Donini et al. [35] suggested that magnetic nanoparticles seem to be candidates for 
medical applications because they do not activate pro-inflammatory activities of monocytes and their 
ability to stimulate DC maturation could be used for the vaccines design as well as that harmlessly 
engulfed nanoparticles could be vehicles to carry molecules inside the immune cells for the immune 
response regulation. The present study of the behavior of moDCs uploaded by LTE-MNPs in a mag-
netic field is the subject of future planned research. However, magnetic measurements of model sam-
ples indicate the possibility of non-contact detection of the clusters of LTE MNPs either internalized 
of associated with cell membrane by magnetic field sensor having the external field sensitivity of the 
order of 1 nT. 
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4. Conclusions 
It was suggested that the effectiveness of moDCs immunotherapy can be increased by loading 

cells with MNPs in order to control their position in space by an external magnetic field after admin-
istration, and to guide moDCs movement directly to lymph nodes. moDCs were obtained from blood 
of four healthy donors. Spherical γ-Fe2O3 magnetic nanoparticles of about 14 nm were synthesized 
by laser target evaporation method followed by the synthesis of stabilized suspension (citrate-stabi-
lized MNPs suspension with average hydrodynamic diameter 74 nm and zeta-potential –44.3±6.4 
mV) for the needs of moDCs immunotherapy. Characterization of the physicochemical properties of 
MNPs and their two-step stabilization in physiological media showed the high level of colloidal sta-
bility. 

Uptaken MNPs and MNPs in growth medium demonstrated cytotoxic effect only at high con-
centrations. Interestingly, at low concentrations MNPs uptaken by moDCs increased their viability 
showing the stimulation effect. 

The cytotoxic effect was more pronounced when MNPs were present in differentiation medium 
(condition II). The IC50 for condition I and II were 21.94 ± 5.78 and 8.24 ± 2.58 µg/cm2, respectively. 
At low concentrations (1-8 µg/cm2) uptaken nanoparticles (condition I) even increase the moDCs bi-
ochemical activity. The evaluation of the quantity of uptaken MNPs using even part of the individual 
well related sample for the smallest γ-Fe2O3 MNPs amounts is possible by using magnetometry. 

It is shown, that spherical LTE-MNPs of maghemite iron oxide ~14 nm in average diameter up-
taken by the human moDCs are quite suitable material for the creation of prospective magnetically 
controlled immunotherapy. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

moDCs monocyte-derived dendritic cells 
MNPs magnetic nanoparticles 
LTE laser target evaporation 
XRD X-ray diffraction 
TEM Transmission electron microscopy 
SQUID Superconducting Quantum Interference Device 
PSD particle size distribution 
DMEM Dulbecco’s Modified Eagle Medium 
PBMC Peripheral blood mononuclear cells 
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DBPS Dulbecco’s phosphate buffer saline 
EBSS Earle’s balanced salt solution 
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