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Modification of human monocytes and macrophages by magnetic
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ABSTRACT

The aim of the study was to develop a method for the modification of human monocytes/macrophages by iron
oxide magnetic nanoparticles in vitro.

Materials and methods. Iron oxide magnetic nanoparticles were obtained by a co-precipitation method and coated
with a thin SiO, layer and polyethylene glycol 3000. Murine macrophage-like cell line RAW 264.7, primary human
monocytes and macrophages were incubated with magnetic nanoparticles for 1-24 hours. The efficiency of cellular
uptake of nanoparticles was measured using a ferrozine-based method and microcopy with Perls’ Prussian blue
staining. The cell viability was tested by fluorescent flow cytometry using SYTOX Green.

Results. Incubation of RAW264.7 cell, human monocytes and macrophages with magnetic nanoparticles at a con-
centration > 5 pg/mL on a rotator for 1 hour at 37 °C provides the loading of nanoparticles into > 99% of cells. The
magnetic nanoparticles have no adverse effect on the cell viability. The RAW264.7 cells modified with nanopar-
ticles showed no change in migration activity. The efficiency of the nanoparticle uptake by macrophages was
>50 pkg (Fe)/cell.

Conclusion. According to the proposed method, macrophages loaded with magnetic nanoparticles have proved
viable, they retain the ability to migrate, and therefore can be used as cell-based delivery systems for tumor
diagnostic and therapy.
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Moaudpukaumna makpodaros ¥ MOHOLMTOB Y€/10BEKA MarHUTHbIMU
HaHoYacTULLAMM in vitro gAA 4O0CTaBKKU, ONOCPEAOBAHHOM KAE€TKaMu
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PE3IOME

Henp nccaenoBanus — pa3padborath MpoToKOJI MOAUPHUKALMHA MAKPO(AroB 1 MOHOLIUTOB YEJIOBEKA MATHUTHBIMU
HaHovacTuamu okcuna xenesa (Fe,0,) in vitro.

MarepuaJbl M MeTOIbl. MarHUTHBIE HAHOYACTHIIBI OKCH/IA JKeJIe3a MOTyYEeHBI METOJOM CO-OCaXICHUS], TOKPHITHI
CHJIOKCaHOBOW 000J104K0i 1 mommatiieHriarkoneM 3000. Makpodaru memm muaun RAW 264.7, MoHOINTHI Tie-
pudepuueckoil KpoBH M Makpodary 4enoBeka HHKyOHpOBaId ¢ MAarHUTHBIMH HAHOYACTUIIAMH B TeueHHe 1-24 4.
D¢ heKTUBHOCTH 3aXBaTa HAHOYACTHI] KJIETKAMHU OLEHUBAIH (hEepPO3MHOBBIM METOZOM U METOJIOM MUKPOCKOITHH C
OKpalllMBaHUEM Ha jxene30 1o Ilepncy. MccnenoBanue sxH3HECIIOCOOHOCTH KIIETOK BBINONHSIIM METOJOM IIPOTOY-
HOH uToIyopuMeTpHu ¢ ucross3oBanueM kpacutens SYTOX Green.

Pe3yasTarsl. MHKyOanust Makpodaros ¢ MarHUTHEIMH HAaHOYACTUIIAMH B KOHIICHTPAIUH >5 MKI/MJI B TeUECHHE
1 4 ma porarope mpu 37 °C obecrieunBaeT 3arpy3ky HaHodacTHn B >99% kierok. Mccrnenyemble MarHUTHEIE
HAHOYACTHIIBI HE OKa3bIBAIOT HETATUBHEIX Y (EKTOB Ha KU3HECTIOCOOHOCTH KiIeToK. Kierkn muamm RAW 264.7,
MIOTJIOTHBINNE HAHOYACTHI[BI, COXPAHAIOT MUTPAIHOHHYIO aKTUBHOCT. D((HEKTUBHOCTH 3arpy3Ku Makpogaros
MarHATHBIMH HaHOYacTHIaMu coctasiser >50 nkr (Fe)/knerky.

3aka0yenne. Makpodary, 3arpy’KeHHbIE MATHUTHBIMH HAHOYACTHIIAMHU COTJIACHO MPEATOKEHHOMY IPOTOKOIY,
SIBIISTIOTCS XKU3HECTIOCOOHBIMHU, COXPAHAIOT CIIOCOOHOCTH K MUTPAIMHU U TIEPCIIEKTHBHBI B KAUECTBE CUCTEM JIOCTaB-
KH, OTIOCPEIOBAaHHON KIIETKAMH, JJISl TUaTHOCTUKH U TEPAITHH OITyXOJH.

KiroueBble ¢jI0Ba: MarHUTHBIC HaHOYaCTHIIbI, MOHOIIMTEI, MaKpO(i)aI‘I/I, CUCTCMBI TOCTAaBKH Ha OCHOBC KJICTOK.

KOHq)JIPlKT HHTEPECOB. ABTOpBI TapaHTHPYIOT OTCYTCTBUE NOTCHIHUAJIBHBIX U SBHBIX KOH(i)J'[I/IKTOB HHTEPECOB,
CBA3aHHBIX C Hy6HI/IKaHI/IGﬁ I[aHHOﬁ CTaTbU.
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INTRODUCTION

Magnetic nanoparticles (MNPs) are being actively
studied to develop alternative approaches to therapy
[1] and diagnostics of malignant neoplasms [2, 3], in-
cluding controlled drug delivery [4, 5] and monitoring
the effectiveness of tumor chemotherapy [6].

However, the problem of efficient delivery of MNPs
to the tumor still remains unresolved [7]. One of the
promising approaches to solving this problem is using
autologous leukocytes as biocontainers for the deliv-
ery of nanoparticles [8, 9]. Leukocytes are capable
of active migration, as they can pass through the
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endothelium of capillaries and penetrate into the in-
tercellular space, which makes them ideal “couriers”
[10], allowing them to increase the delivery efficiency
by more than 100 times [11].

Among leukocytes, monocytes and macrophages
are the most attractive populations for the develop-
ment of a nanoparticle delivery system within cells.
An important feature of monocytes and macrophages,
in contrast to neutrophils, is the ability to maintain
their viability for a long time after phagocytosis of
particles. The pronounced phagocytic capacity of
monocytes and macrophages favorably distinguishes
them from lymphocytes; to efficiently load the latter
with nanoparticles, special methods are needed [12].

The ability of monocytes and macrophages due to
chemotaxis [13] to penetrate into hypoxic zones of tu-
mor promises to solve the problem of impact on can-
cer cells in these areas, which are practically inacces-
sible for penetration of conventional pharmacological
drugs [14].

The first step in implementing cell-based delivery
systems is creating complexes of immune cells with
nanoparticles. There exist several approaches [15, 16];
the main method is in vitro assembly, when nanopar-
ticles either attach to the surface of the cell membrane
or are internalized in cells [17, 18]. An alternative ap-
proach is using nanoparticles coated with isolated cell
membranes [19].

Optimization of the parameters of cell modifica-
tion with nanoparticles is important in the develop-
ment of delivery systems. The modification should not
lead to significant changes in the cellular immune re-
sponse, the rate of differentiation, the migration ability
of cells, or a decrease in viability [20].

The aim of this work was to develop a method for
loading iron oxide (Fe,0,) MNPs into human macro-
phages/monocytes in vitro.

MATERIALS AND METHODS

Iron oxide (Fe,0,) MNPs with an average di-
ameter of 10 nm were obtained by a method of
co-precipitation from aqueous solutions of Fe*" and
Fe’ * salts, coated with SiO, and covalently modi-
fied with O-[N-(6-Maleimidohexanoyl)aminoeth-
y1]-O’-[3-(N-succinimidyloxy)-3-oxopropyl]poly-
ethylene glycol 3,000 (PEG). To obtain fluorescent
labeled particles, Cyanine5 NHS ester (Lumiprobe,
Cy5, Russia) was used. The received nanoparticles
(MNP-PEG) formed stable colloidal suspensions
in aqueous buffers with an average hydrodynamic
diameter of 190 nm (PdI < 0.06).

RAW264.7 cells were cultured in DMEM/F12
complete medium (Thermo Fisher Scientific, USA)
supplemented with 10% fetal bovine serum (FBS,
Gibco, USA), L-glutamine (Glutamax, Gibco) and
gentamicin at 5% CO,, 37 °C. A scraper was used to
remove adhered cells.

To isolate monocytes, peripheral blood from
healthy donors was collected from the cubital vein
into a vacutainer with heparin (Green Vac-Tube with
Li-heparin, Green Cross) in a volume of 30 ml. Isola-
tion of mononuclear cells from the peripheral blood of
the healthy donors was carried out by centrifugation
on a Ficoll 1.077 density gradient (PanEco, Russia).
Isolation of monocytes from the mononuclear frac-
tion was carried out on magnetic columns (Miltenyi
Biotec) using magnetic particles with antibodies to
CD14 (Miltenyi Biotec Inc., Germany). Monocytes
were cultured in RPMI 1640 complete medium (Pan-
Eco) mixed with 1% L-glutamine (Glutamax, Gibco),
10% FBS, and 1% penicillin-streptomycin (PanEco).
The purity of the human monocyte population was
assessed using PE Mouse Anti-Human CD14 (Clone
MS5E2) antibodies (BD Biosciences, USA). The purity
of the monocyte population was at least 97%.

To obtain macrophages, monocytes were incu-
bated in RPMI complete medium supplemented with
granulocyte-macrophage colony-stimulating factor
(GM-CSF, Sigma, USA) to a concentration of 100
ng/ml for 7 days, with a medium change every 3 days.
Maturation was assessed using Pacific Blue anti-hu-
man CDI11b Antibody (Clone ICRF44) (Biolegend,
USA) and PE anti-human CD68 Antibody (Bio-
legend). The purity of the macrophage population
was at least 91%.

To study the uptake of nanoparticles, 10° cells of
the RAW264.7 line in 450 pl of DMEM/F12 complete
medium were introduced into 2 ml tubes or seeded in
the wells of a 24-well plate. Then, 1/10 of the MNP-
PEG suspension (50 ul) in phosphate-buffered saline
(PBS) was added to the cells. An equivalent volume of
1 x PBS was added to control cell samples. The cells
in tubes were incubated at 37 °C for 1 or 2 hours on
a rotator, cells in 24-well plates were incubated for 1
hour in a CO, incubator.

After the incubation with MNP-PEG on a rota-
tor, the cells were centrifuged for 7 minutes at 180 x
g, resuspended in 1 x PBS to wash away nanoparti-
cles, centrifuged, and the pellet was resuspended in
200 ul of 1 x PBS. After the incubation with MNP-
PEG, the adherent cells were washed twice with
1 x PBS, removed with a scraper, and transferred into
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2 ml tubes. The cells were centrifuged for 7 minutes at
180 g, the pellet was resuspended in 200 ul of
1 x PBS.

Viability was assessed on a BD Accuri C6 flow
cytometer (BD Biosciences) using SYTOX Green
(Thermo Fisher Scientific). For confocal microscopy,
cell nuclei were stained with Hoechst 33342 in PBS
(5 ng/ml). The study was carried out on a Carl Zeiss
LSM 710 confocal microscope. A Prussian Blue Iron
Stain Kit (Polysciences, Inc., USA) was used to detect
iron in the cells. The cells were analyzed using light
microscopy (Leica DMi8). The iron content in cells
was determined by the ferrozine method as described
in [21]. The rate of cell migration was assessed ac-
cording to the proposed method [22].

Statistical analysis of the data was performed using
the GraphPad Prism 7 software package. The Shapiro —
Wilk test was used to control the normal distribu-
tion of the data. Data with normal distribution were
presented as mean and standard deviation (M + SD).
The statistical significance of differences was deter-
mined using the Student’s #-test. For multiple com-
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parisons, one-way ANOVA with post-hoc Dunnett’s
test was used. The significance level was defined as
p <0.05.

RESULTS

To select optimal conditions for loading cells with
nanoparticles, two incubation modes were tested on
RAW 264.7 cells: with cells adhered to a culture plate
and in a suspension with continuous mixing on the ro-
tator. During the incubation of RAW 264.7 and MNP-
PEG in a concentration range of 0.625-5 pg/ml, it was
found that MNP-PEG were more efficiently absorbed
by the cells in the suspension (when incubated on the
rotator) than by adherent cells. Particularly, at a con-
centration of MNP-PEG of 5 pg/ml after 1 hour of
incubation on the plate, the proportion of Cy5-positive
cells was 38.0 £+ 2.5%; while during the incubation on
the rotator, the percentage of the cells that were loaded
with nanoparticles was 99.7 £ 0.1%. With a 2-hour
increase in the incubation period on the rotator, the
number of the cells that were loaded with nanoparti-
cles grew to 99.9 + 0.04% (Fig. 1,a).

O 1h rotator
O 2h rotator

c

Fig. 1. Uptake of MNP-PEG by RAW264.7 cells: a — efficiency of MNP-PEG uptake by RAW264.7 cells under various incubation

conditions; b — viability of RAW264.7 cells under various incubation conditions as determined by fluorescence flow cytometry

with SYTOX Green; ¢ — image of RAW264.7 cells incubated without nanoparticles (control) and after incubation with MNP-PEG

for 1 hour on the rotator, obtained by confocal microscopy (Carl Zeiss LSM 710). Cell nuclei are colored blue (Hoechst 33342),
nanoparticles are colored red (Cyanine5). Scale bar: 50 pm
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After the incubation of cells with MNP-PEG on the
rotator, more than 90% of RAW264.7 cells retained
their viability. In particular, after 1 hour of incubation
with MNP-PEG at a concentration of 5 pg/ml on the ro-
tator, the percentage of living cells was (90.7 = 0.3)%,
which did not differ from the values obtained for con-
trols (91.4 £+ 0.8)% (Fig. 1,b). After the incubation of
adhered cells on a plate with the addition of MNP-
PEG, the proportion of dead cells was 24.5 £ 4.0%
and did not differ from the value in controls
(24.0 = 3.7)%. This outcome is probably due to the
negative effect of using a scraper to remove adhered
cells from the plastic surface.

The efficient uptake of MNP-PEG by RAW 264.7
cells was confirmed by confocal microscopy data. In
particular, Cy5-positive inclusions were observed in
the cytoplasm of RAW 264.7 cells after their incuba-
tion with MNP-PEG (Figure 15).

The selected incubation mode, 1 hour on the ro-
tator at 37 °C, was further used for quantitative as-
sessment of the efficiency of the “loading” of RAW
264.7 cells. As many as 10° cells were incubated with
MNP-PEG at a high concentration (50 ug/ml). Then
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the cells were washed and resuspended in 1 x MACS
buffer. After sorting on the magnetic columns, the
number of cells in the washing solutions and cell sus-
pension eluted from the column after it was removed
from the magnetic separator was counted. The effi-
ciency of magnetic sorting for RAW 264.7 cells was
77%. “Magnetically positive” cells were transferred
into the wells of a 6-well plate and incubated for 2
hours in a CO, incubator for cell adhesion; then they
were additionally washed from nanoparticles twice
with 1 x PBS. Then the cells were removed from the
plastic surface to determine the iron content in them.
According to the ferrozine test, the efficiency of the
uptake of nanoparticles by RAW264.7 macrophages
was (58 £ 14) pkg/cell. According to flow cytometry
data with SYTOX Green, after the modification of the
cells with MNP-PEG nanoparticles, the proportion of
dead cells was (9.9 + 3.6)%, which did not differ from
the values obtained in controls (11.8 + 4.6)%.

When examining the “magnetically positive”
RAW264.7 cells with light microscopy, a large num-
ber of Prussian blue positive granules were observed
in the cytoplasm (Fig. 2).
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Fig. 2. Image of RAW264.7 cells (a), human peripheral blood monocytes (b) and (¢) human monocyte-derived macrophages
incubated without nanoparticles (control) and after loading with MNP-PEG and magnetic sorting. Prussian blue staining. Scale bar:
50 pm

The migration rate of RAW264.7 cells “loaded”
with MNP-PEG was 12.6 um/h (Fig. 3) and practical-
ly did not differ from the cell migration rate in controls
(14.8 pm/h).

In the follow-up series of experiments, we studied
the uptake of MNP-PEG by human peripheral blood

monocytes and by macrophages differentiated from
peripheral blood monocytes. Incubation was carried
out under the conditions selected for RAW264.7 cells:
non-adherent cells in a suspension were incubated with
MNP-PEG at a concentration of 50 pg/ml for 1 hour on
the rotator at 37 °C. MNP-PEG were absorbed by both
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human monocytes and macrophages. Light microscop-
ic images of “magnetically positive” human macro-
phages adhered to the plate are shown in Fig. 2,b.
According to the data on the iron content in cells
after their incubation with MNP-PEG, it was found
that the efficiency of the uptake of nanoparticles by
monocytes was (46 £ 6) pkg/cell, and by macrophages,
(369 + 96) pkg/cell. The efficiency of magnetic sorting
of macrophages after their “loading” with MNP-PEG
was 93%. Despite the 100% modification of the cell
population with nanoparticles (according to flow cy-

tometry data), the loading density of each individual
cell might vary. As a result, some cells lack enough
particles to effectively retain them on the magnetic
column. It is important to note that the viability of the
cells loaded with MNP-PEG did not differ from the
values obtained in controls.

The research into the influence of MNP-PEG on
the viability of human peripheral blood mononucle-
ar cells and monocytes after 24-hour co-incubation
showed that MNP-PEG had no negative effects on cell
viability (Fig. 4).

g_ goc contrcl MNP
- 800 3
O 700+ - Control
2 6004 = MNP-PEG
S 500-
o
g 400 L] L] L] L]
0 5 10 15 20 25
a hours

Control

MNP-PEG

10 12

b

hours

Fig. 3. Study of the migration activity of RAW264.7 cells: a — calculation of the migration rate of RAW264.7 cells in controls and
cells loaded with MNP-PEG: b — images of RAW264.7 cells incubated without nanoparticles (control) and after loading with MNP-
PEG and magnetic sorting, obtained within 18 hours after the formation of a “wound” on the adhesion layer
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Fig. 4. Influence of MNP-PEG on the viability of human blood cells: viability of (¢) mononuclear cells and (b) human peripheral
blood monocytes after their incubation with MNP-PEG (12.5-100 mg/ml) for 1 and 24 hours according to fluorescence flow
cytometry with SYTOX Green
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DISCUSSION

Earlier experiments demonstrated successful cre-
ation of delivery systems based on monocyte-mac-
rophage cell lines modified by nanoparticles [23], as
well as on alveolar [24], peritoneal [25], and bone
marrow macrophages [20]. However, research works
on the uptake of nanoparticles by primary cultures of
human monocyte/macrophage cells are very scarce.

The incubation period with MNPs required to
achieve maximum accumulation varies considerably
from 1 to 24 hours, according to the literature. It was
shown that timing depends on the type of surface
modification of nanoparticles [26]. According to our
data, an increase in the incubation period up to 2 hours
did not lead to a noticeable increase in the number of
“loaded” cells; and therefore, to optimize the method,
an incubation period of 1 hour was chosen.

This research work established that macrophages
exhibited a more pronounced phagocytic activity to-
wards nanoparticles, which is in line with the results
of the comparative study on the uptake of nanopar-
ticles by cells of the human monocyte-like cell line
THP-1 and after their differentiation into macrophages
dTHP-1 [27]: the efficiency was 6 and 50 pkg/cell for
THP-1 and dTHP-1, respectively. Note that the uptake
efficiency of MNP-PEG is much higher.

CONCLUSION

Iron oxide MNPs coated with SiO, and PEG are
efficiently uptaken by RAW 264.7 mouse macro-
phage, human peripheral blood monocytes, and hu-
man monocyte-derived macrophages. The optimal
loading conditions are incubation of non-adherent
cells (in a suspension) with nanoparticles for 1 hour
on the rotator at 37 °C. MNPs are absorbed by > 99%
of cells in the suspension and have no cytotoxic effect
on RAW 264.7 cells, human peripheral blood mono-
cytes and macrophages. Therefore, macrophages
loaded with MNPs, according to the proposed meth-
od, are viable, retain the ability to migrate, and can be
used as systems for delivering magnetic nanoparticles
to a tumor.
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