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Abstract—Neutrophils are the most numerous leukocyte population, which is part of the innate immunity
system and provides antibacterial protection to the body. The ability of neutrophils to phagocytosis and chemotaxis make it possible to consider them for potential targeted delivery of drugs to the inflammatory foci.
Loading of migrating neutrophils with encapsulated medicinal drugs makes it possible to reduce its toxic
effect on the carrier cell, as well as to avoid changes in the concentration and bioactivity of the transported
substance. In this work, we studied the interaction of synthetic microcapsules (potential “cargo containers”)
with human neutrophils, namely, their phagocytic activity, ultrastructural changes, and capability for migration after phagocytosis. The results showed that, during short-term neutrophil cultivation with microcapsules, the cells phagocytized the microcapsules in proportion to their number in the extracellular medium.
Neutrophils partially retained viability and migratory activity. However, prolonged cultivation of neutrophils
in vitro with microcapsules decreased the neutrophil population and migration ability of the surviving cells,
which indicated the cytotoxic effect of microcapsules. The internalization of microcapsules was accompanied
by changes in the ultrastructure of neutrophils. Altered nuclear shape, plasma membrane disruption, vacuolization of the cytoplasm, and even complete destruction of individual cells were observed. Thus, neutrophils are potentially suitable for the transfer of encapsulated substances, but the development of targeted
delivery systems using neutrophils and synthetic microcapsules requires optimization and further research.
Keywords: neutrophils, polymorphonuclear leukocytes, synthetic microcapsules, phagocytosis, chemotaxis,
electron microscopy, flow cytometry
DOI: 10.1134/S1990519X20040069

INTRODUCTION
Directed transport or targeted delivery of drugs is a
major challenge for modern medicine. Drugs introduced into the bloodstream influence not only the
affected areas, but also healthy organs and tissues,
often causing side effects. Moreover, only a small
amount of the drug (a few percent) reaches the target
with systemic administration, which significantly
Abbreviations: BSA—bovine serum albumin, PAA—polyallylamine hydrochloride, PSS—sodium polystyrene sulfonate,
EDTA—ethylenediaminetetraacetic acid, APC—allophycocyanin, 7AAD—7-aminoactinomycin D, FITC—fluorescein isothiocyanate, FMLP—N-formyl-methionyl-leucyl-phenylalanine, IL-8—interleukin 8, PE–phycoerythrin.

reduces the therapeutic effect (Ivonin et al., 2012). A
variety of targeted drug delivery systems exist and are
being developed that pursue a common goal: to deliver
a drug in a therapeutic concentration to the lesion in
the body, bypassing healthy organs and tissues. This
goal is achieved in many ways. There are systems for
the targeted transport of drugs using vectors, artificial
containers, nanoparticles, and other carriers (Thomas
et al., 2003; Batrakova et al., 2007; Weissman, 2015;
Timin et al., 2018).
An approach for targeted delivery of bioactive substances can be the use of living cells, in particular
erythrocytes or leukocytes. They can be considered as
natural carriers that have several advantages over arti-
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ficial ones, biocompatibility in particular (Choi et al.,
2007; Chu et al., 2018). However, one big drawback in
using living cells as carriers is the possible interaction
of the host cell with drug, which can change both the
cell properties and the drug activity (Choi et al., 2007).
To minimize these undesirable effects, the drug can be
encapsulated and delivered to the lesion within a carrier cell. This design is the object of this study—
namely, the possibility of loading neutrophils with
synthetic microcapsules, which are potential containers for drugs.
Neutrophils are perfectly suited for the role of carriers of encapsulated drugs, because they are able to
phagocytize particles, including capsules with a bioactive substance, and actively migrate to the inflammation zone, this being the drug target (Chu et al., 2018).
Mature neutrophils, or polymorphonuclear leukocytes, are rounded cells with the size of 9–15 μm and
nucleus consisting of two to five segments that are
connected by thin bridges (Totolyan and Freidlin,
2000; Bykov, 2002). The cytoplasm of mature neutrophils contains granules (50–200 per cell) (Bykov,
2002; Faurschou, 2003) and secretory vesicles, which
store proteins and enzymes necessary for the cell functioning (Cieutat, 1998). A key function is the antimicrobial defense of the body by phagocytosis of microorganisms and tissue detritus (Cross et al., 2005).
When interacting with the target, neutrophils form
pseudopodia that envelop the phagocytized object and
are combined in an enclosed space, so that the phagocytized particle appears inside the cell (Mayadas et al.,
2014).
The phagocytic capacity of neutrophilic is connected with their capacity for chemotaxis, i.e.,
directed movement of the cell along the gradient of
chemoattractant concentration into the area of
inflammation and infected and/or damaged tissue.
The process of transendothelial migration of neutrophils from the bloodstream to the foci of inflammation
proceeds in several stages: (1) weak short-term contacts with endotheliocytes, (2) rolling of neutrophils
along the surface of the endothelium, (3) activation of
neutrophils accompanied by their arrest and strong
binding to the surface of the endothelium, (4) migration of neutrophils through interendothelial gaps and
extravasation, and (5) migration to the site of inflammation and chemotaxis (Bykov, 2002). The strongest
positive chemoattractants are the peptide formylmethionyl–leucyl–phenylalanine (FMLP), anaphylatoxin C5a, and intreleukin-8 (IL-8) (Petri and Sanz,
2018).
It has been reported that neutrophils can be successfully used for targeted delivery of substances.
Nanoparticles coated with a drug were transferred by
neutrophils through the endothelial barrier of blood
vessels and reduced the severity of pneumonia caused

by lipopolysaccharide (Chu et al., 2018). Albumin
nanoparticles introduced into the bloodstream were
absorbed by activated neutrophils and transported to
the inflammation zone (Chu et al., 2018). Unlike dendritic and cancer cells, which are capable of absorbing
artificial microcapsules (Popov et al., 2018), the interaction of neutrophils with synthetic microcapsules was
not tested.
The goal of this study was to examine the functional and morphological consequences of neutrophil
phagocytosis of synthetic microcapsules. The microcapsules used in this work were rounded hollow multilayer structures 1–3 μm in size. They were synthesized using a soluble template particle, superimposed
layer by layer with a polyelectrolyte (De Cock et al.,
2010). Particles of calcium carbonate which were
washed out after capsule production with chemical
agents (Pavlov et al., 2015; Xue et al., 2017; Navolokin
et al., 2018) were used as a template,. The advantage of
these capsules consists in their biodegradability and
relatively low toxicity (Pavlov et al., 2015). Active neutrophils isolated from human peripheral blood were
examined for the optimal conditions for effective
phagocytosis of microcapsules, as well as for maintenance of their maximum viability and migratory
capacity. The results confirmed that neutrophils
loaded with synthetic microcapsules were suitable for
the delivery of encapsulated substances. Some of the
neutrophil population interacted with microcapsules
retains the capacity for active chemotaxis; however,
the viability and migratory capacity of neutrophils
depend on the conditions of cell cultivation with
microcapsules.
In conclusion, the development of targeted delivery system using neutrophils and synthetic microcapsules requires optimization and further research.
MATERIALS AND METHODS
Reagents
7AAD fluorescent dye (Beckman Coulter, United
States); propidium iodide fluorescent dye (eBioscience, United States); IL-8 chemoattractant (Sigma,
Germany), phycoerythrin-labeled (PE) monoclonal
antibodies against CD11b (Invitrogen, United States);
allophycocyanin (APC) labeled antibodies to CD16
(BioLegend, United States); Lympholyte-Poly Cell
Separation Media (Cedarlane, Canada); ACK Lysing
Buffer (Gibco, United States); RPMI 1640 cell culture medium, fetal calf serum, and urographin 76%
and ficoll-400 with a density of 1.077 g/cm3 (PanEco,
Russia); trypan blue (eBioscience, United States);
Epon 812 (Fluka, Switzerland); potassium chloride,
potassium dihydrogen phosphate, sodium chloride,
and analytical sodium hydrogen phosphate (Helicon,
Russia); sodium carbonate, calcium chloride dihyCELL AND TISSUE BIOLOGY
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drate, and sodium polystyrene sulfonate (PSS, MM >
70000); polyallylamine hydrochloride (PAA, molecular mass >50000); bovine serum albumin (BSA); fluorescein–isothiocyanate (FITC); and disodium salt
of ethylenediaminetetraacetic acid (EDTAl, SigmaAldrich, Germany).
Isolation of Neutrophils by Density Gradient
Centrifugation
Venous blood from healthy donors was collected in
vacutainer with 3.8% sodium citrate in a ratio of 9 : 1
by volume. Neutrophils were isolated from fresh
citrated blood diluted twice with phosphate-buffered
saline by centrifugation at 500 g for 60 min at room
temperature in the density gradient of ficoll–urographin of 1.119 and 1.077 g/cm3. Centrifugation with
Lympholyte-Poly Cell Separation Media was used as
an alternative method. The ratio of the total volume of
the separation medium to the blood volume was 1 : 1.
After centrifugation, the neutrophil fraction was collected and washed three times with phosphate-buffered saline by centrifugation for 5 min at 300 g. The
neutrophil pellet containing admixture of erythrocytes
was supplemented with ACK Lysing Buffer and incubated for 10–12 min at room temperature. After incubation with lysis buffer, the cells were washed three
times with phosphate-buffered saline.
Synthesis and Characterization of Microcapsules
FITC-labeled synthetic polymer microcapsules
were synthesized as described previously (De Cock
et al., 2010; Pavlov et al., 2015). The microcapsules
consisted of a core based on porous calcium carbonate
and a polymer envelope. CaCO3 particles were prepared by coprecipitation of aqueous solutions of
sodium carbonate and calcium chloride. The particle
suspension was washed with water and the core of the
microcapsules was coated with differently charged
polymer layers, followed by dissolution of the calcium
carbonate core in the presence of EDTA. The process
of layer-by-layer assembly of polymer films begins
with the adsorption of PAA polycation on the porous
surface of the vaterite. After washing of polymer molecules not bound to the surface PAA polyanion is
adsorbed on the positively charged surface of the
vaterite, thereby forming a negatively charged surface
of the polymer structure. Repeating the described procedure leads to the formation on the core surface of
water-insoluble polymer complex organizing the
envelope of microcapsules. The final size of the polymer capsules depends on the initial size of the calcium
carbonate core, which can be controlled by varying the
synthesis parameters. In the process of synthesis it is
possible to pack biologically active substances and
nanoparticles in the capsule core, as well as between its
polyelectrolyte layers. BSA conjugated with FITC fluCELL AND TISSUE BIOLOGY
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orescent dye was encapsulated to visualize microcapsules during their synthesis. According to the results of
electron microscopy, the microcapsules have a hollow
structure and a size of about 1–3 μm. Before use, the
suspension of microcapsules was kept for 10 min in an
ultrasonic bath to eliminate aggregates. The exact concentration of microcapsules in the suspension was
determined by counting their number before each
experiment with a microscope.
Phagocytic Ability of Neutrophils
To estimate the optimal ratio of microcapsules and
cells necessary for effective neutrophil phagocytosis
and maintenance of viability, the isolated neutrophils
were cultured in RPMI-1640 medium containing 10%
fetal calf serum, 100 units/mL of penicillin, and
100 units/mL of streptomycin at the following ratios
(microcapsules: cells): 0.5 : 1, 1 : 1, 1.5 : 1, and 3 : 1.
The cultures were kept at 37°C in 5% CO2 for 20 min
with periodic stirring. Then, cells were washed from
the microcapsules with cold phosphate–saline buffer
three times and centrifuged at 300 g for 5 min at 4°C.
The cells that had been washed from microcapsules
were suspended, depending on further goals, in the
culture medium or in the buffer for migration study.
Neutrophils cultured without microcapsules were
used as a control.
Flow Cytometry of Neutrophils
The purity of cell preparations, total number of
neutrophils, and fraction of neutrophils with microcapsules, as well as cell viability, were assayed by flow
cytometry. Measurements were performed on a FacsCalibur flow cytometer (BD Biosciences, United
States). Data were processed with the FlowJo software. The neutrophil gate was determined by forward
and side scattering (Fig. 1a) as described earlier (Cole
et al., 1995; Hirz and Dumontet, 2016). In addition,
neutrophils were identified using monoclonal antibodies against CD11b and CD16 (Fig. 1b). Cell viability was determined with 7AAD fluorescent dye and
propidium iodide staining the nuclei of nonviable cells
(Fig. 1c). The signals from unstained particles inside
the neutrophilic gate were regarded as viable cells.
Three thousand events were analyzed in the neutrophil gate.
Transmission Electron Microscopy (TEM)
of Neutrophils
The cell suspension was fixed under different
experimental conditions with 2.5% glutaraldehyde for
1 h at room temperature, then centrifuged at 1000 g for
5 min and washed from glutaraldehyde with phosphate–buffered saline by centrifugation three times.
An amount of 1% OsO4 was added to the cell pellet
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Fig. 1. Flow cytometry scatter plots. (a) Neutrophil gating based on forward (FSC, size) and side (SSC, granularity) light scattering. The quadrant distribution of neutrophils depending on (b) the fluorescence of antibodies to CD11b (FL2-H CD11b PE)
and CD16 (FL4-H CD16 APC) and (c) their size (FSC-H) and 7AAD fluorescence (FL3-H 7ADD) staining nonviable cells.
Q2, CD11b and CD16 positive events; Q5, fluorescence-negative major events, viable neutrophils; Q6, fluorescence-positive
major events, nonviable neutrophils.

and left for 2 h at room temperature, after which the
samples were dehydrated in solutions of increasing
concentration of ethanol (from 30 to 100 vol %) and in
acetone. Samples were embedded into Epon 812.
Ultrathin sections were cut with an LKB-8800 ultramicrotome (LKB, Sweden). Sections were mounted
on copper grids and stained with a 2% aqueous solution of uranyl acetate for 20 min and lead citrate for
10 min. Samples were analyzed on a JEM-1200 EX
electron microscope (JEOL, Japan) at operating voltage of 80 kV.
Neutrophil Migration
along a Chemoattractant Gradient
The migration activity of neutrophils was assayed
with the system composed of two chambers (upper
and lower) separated by the membrane insert with a
pore size of 5 μm. After a 20-min cultivation and
washing from microcapsules, the cells were suspended
in the buffer (RPMI-1640, 0.5% BSA, 2 mM CaCl2,
2 mM MgCl2, 10 mM HEPES, pH 7.2). An amount of
2.5 × 105 cells per well were placed in the upper chamber. The lower chamber was filled with the medium
supplemented with 50 nM interleukin-8 (IL-8) to create a chemoattractant gradient. The cells were cultured for 1 h at 37°C and 5% CO2. The number of neutrophils that migrated through the pores of the membrane into the lower chamber was determined
microscopically with hemocytometer. The cells in the
lower chamber were stained with Romanowsky–
Giemsa and counted. The data were summarized, and
the proportion of migrated cells (%) detected on the
other side of the membrane of the total number of cells
placed in the upper chamber was determined.

Statistical Analysis
The data were analyzed without conversion and
discarding. For a reasonable choice of statistical methods, the results were checked for normal distribution
according to the D’Agostino and Shapiro–Wilk criteria. Under conditions of a normal distribution, differences between the samples were evaluated using the
unpaired two-tailed Student’s test. The results were
presented as mean and standard deviation. The level of
statistical significance was 95% (p < 0.05). The
GraphPad Prism 7 statistical software package was
used for calculations.
RESULTS AND DISCUSSION
Purity and Viability of Isolated Neutrophils
We compared the purity and viability of neutrophils isolated by the gradient of ficoll–urographin
density or Lympholyte-Poly Cell Separation Media.
The results of flow cytometry showed that the amount
of neutrophils isolated with ficoll–urographin was
61–75% of the total number of leukocytes, while it
increased to 76–84% and the number of CD11b and
CD16 reached 90% if they had been isolated with
Lympholyte-Poly Cell Separation Media (Fig. 1b).
The proportion of viable neutrophils as determined by
negative staining with propidium iodide was 94 ± 2%
when isolated on ficoll–urographin and 92 ± 2% if
isolated with Lympholyte-Poly Cell Separation
Media. Thus, the viability of neutrophils isolated with
the two methods was similar, but their level of purity
was higher in preparations isolated with LympholytePoly Cell Separation Media, for which reason it was
used in further experiments.
CELL AND TISSUE BIOLOGY
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The Effect of Synthetic Microcapsules
on the Viability of Neutrophils

Against the background of a progressive decrease in
the number of neutrophils after a 20 min cultivation
with microcapsules (Fig. 2a), the proportion of viable
cells either decreased (in the control and after 1 h of
cultivation), or did not change and even increased
after 2 and 4 h of cultivation (Fig. 2b). The average
fraction of viable neutrophils without microcapsules
after 20 min cultivation was 89% and remained relatively constant in the range 86–96% throughout the
entire cultivation time (Fig. 2b). At ratios of microcapsules to cells of 0.5 : 1, 1 : 1, 1.5 : 1, after 1 and 2 h, the
fraction of viable cells decreased. During further cultivation up to 4 h, the relative content of viable cells
increased in parallel with a decrease in the absolute
number of neutrophils in the sample (Fig. 2a). This
indicates the destruction of a significant number of
neutrophils, with the fraction of surviving cells
becoming predominant as a result. These findings
show that microcapsules have a cytotoxic effect manifested as a decrease in the number of neutrophils in the
early stages of cultivation in proportion to the ratio of
microcapsules and cells. At the same time, some neutrophils are resistant to the toxic effect of microcapVol. 14

No. 4

2020
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The data of flow cytometry showed that the average
number of neutrophils in the control after a 20 min
cultivation without microcapsules was 88% of all leukocytes and kept at the level of 83–88% during the
entire time of cultivation (Fig. 2a). In the presence of
microcapsules, the average number of neutrophils
after 20 min cultivation did not change at a capsule to
cell ratio of 0.5 : 1 (89%); however, at ratios of 1 : 1 and
1.5 : 1, the amount of neutrophils declined (on average, to 63 and 59% of the leukocyte number, respectively; p < 0.05). The neutrophil content progressively
decreased with increasing cultivation time for all studied ratios of microcapsules and cells (Fig. 2a). At a
ratio of 0.5 : 1 after 1, 2, and 4 h of cultivation (after a
20 min precultivation in the presence of microcapsules), the average neutrophil fraction was 72, 60, and
67%, respectively. At a 1 : 1 ratio, after 1, 2, and 4 h,
the average proportion of neutrophils was 65, 59, and
74%, respectively. The largest drop in the number of
neutrophils was observed at a ratio of microcapsules
and cells of 1.5 : 1, when it was 61, 50, and 52% after 1,
2, and 4 h, respectively. Despite the statistical variability, the results obtained indicate a progressive decrease
in the content of neutrophils in the preparations upon
cultivation in the presence of microcapsules.
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To assess the effect of microcapsules on neutrophil
viability, cells were cultured with microcapsules for
20 min at three different ratios of microcapsules and
cells (0.5 : 1, 1 : 1, and 1.5 : 1), followed by washing
from microcapsules and culturing for 1, 2, and 4 h.
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Fig. 2. (a) The amount of neutrophils in the leukocyte gate
and (b) the fraction of viable neutrophils from all neutrophils after 20-min precultivation of cells with microcapsules at different microcapsule/cell ratio followed by cultivation for 1, 2, and 4 h. Histograms from flow cytometry
results. C (white columns), control (in the absence of
microcapsules). Asterisk indicates the significance of differences relative to neutrophils cultured without microcapsules at each time point (p < 0.05, n = 5).

sules and remain viable during long-term cultivation in
the presence of microcapsules.
Interaction of Neutrophils
with FITC-Labeled Microcapsules
The interaction of fluorescence-labeled (FITC)
microcapsules with neutrophils was assayed by flow
cytometry, determining the proportion of FITC signals in the neutrophil gate simultaneously with fluorescence of 7AAD dye as an indicator of cell nonviability (Fig. 3). FITC-positive neutrophils have been evaluated as cells that are carriers of microcapsules either
on the surface or inside as a result of phagocytosis.
Microcapsules and cells were cultured at ratios of
0.5 : 1, 1 : 1 and 1.5 : 1 for 20 min, followed by washing
from the microcapsules and culturing for 1, 2, and 4 h.
The results show that the proportion of neutrophils
that are colocalized with microcapsules as a whole
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Fig. 3. The quadrant distribution of neutrophils depending on the fluorescence of the FITC (FL1-H) and 7AAD (FL3-P) dyes.
Flow cytometry scatter plots. The charts show the distribution of living cells with (7AAD–, FITC+) and not (7AAD–, FITC–)
attached microcapsules after cultivation with microcapsules in different ratios. Microcapsule/cell ratio: (a) 0.5 : 1, (b) 1 : 1, and
(c) 1.5 : 1. Quadrants: Q1, 7AAD- and FITC-negative (dead neutrophils without microcapsules); Q2, 7AAD and FITC positive
(dead neutrophils with microcapsules), Q3, 7AAD-negative and FITC-positive (live neutrophils with microcapsules); Q4,
7AAD- and FITC-negative (live neutrophils without microcapsules).

directly depends on the ratio of microcapsule/cell.
The difference is especially evident when comparing
the proportion of FITC-positive neutophils at ratios of
0.5 : 1 versus 1 : 1 and 1.5 : 1 (Fig. 4a). The fractions of
neutrophils associated with microcapsules at all studied ratios progressively decreased during cultivation,
which was probably due to the progressive destruction
of neutrophils that phagocytosed microcapsules
and/or the release of microcapsules from the cell surface.
Among neutrophils bound to microcapsules
(FITC-positive), the proportion of viable (7AADnegative) cells increased both with increasing cultivation time and increased microcapsule/cell ratio
(Fig. 4b). Thus, the amount of FITC-positive viable
neutrophils at different cultivation periods at the ratio
of 1.5 : 1 was about 1.5–2.5 times higher than at the
ratio of 0.5 : 1. This result is consistent with the data
presented in Fig. 2b and confirms that, during longterm cultivation, neutrophils that originally were present in the preparation but were insensitive to the toxic
effects of microcapsules maintained viability and
begin to prevail.
Phagocytosis of Synthetic Capsules by Neutrophils;
Their Intracellular Localization
and Impact on Cell Ultrastructure
Flow cytometry assay revealed that that some neutrophils cultivated with microcapsules physically
interact with them, while maintaining viability. To
verify that the microcapsules are indeed internalized
rather than attached to the cell surface, as well as to

visualize changes in the ultrastructure of phagocytized
cells, we used transmission electron microscopy. Neutrophils were cultured with microcapsules in the ratios
of microcapsule/cells of 1 : 1, 1.5 : 1, and 3 : 1. Neutrophils cultured without capsules served as control.
Intact neutrophils had an average linear size of 9–
11 μm, small single pseudopodia, typical segmented
(lobed) nuclei with peripheral condensed heterochromatin. A large number of neutrophilic granules, differing in size and electron density, lytic vacuoles, glycogen granules, and single mitochondria were observed
in the cytoplasm (Fig. 5).
Figure 6 shows micrographs of cells cultured with
microcapsules in the ratio of 1 : 1. Microcapsules
located both in the intercellular space and inside the
cells ;are visible. Some cells have only one microcapsule, while in other cells the number of microcapsules
reaches four or five. The microcapsules look like
rounded particles with an irregular contour (an electron-dense envelope of microcapsules with an electron-transparent center, with loose contents inside the
microcapsules sometimes are visualized) (Figs. 6a, 7c,
7d). Most notably, the internalization of microcapsules at this ratio with cells almost did not change the
ultrastructure of cells compared to the control. Signs
of destruction and other pathological structural
changes in neutrophils were not seen. The neutrophil
ultrastructure was different with the microcapsule/cell
ratio increased to 1.5 : 1. No pseudopodia and no free
microcapsules were observed, microcapsules were
inside the cells (Figs. 7a, 7b). Visually, the number of
granules in the cytoplasm becomes smaller, which this
may indicate that the process of degranulation has
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Fig. 4. (a) The amount of all FITC-positive (FITC+) neutrophils bound with microcapsules and (b) FITC+ 7AAD– neutrophils
bound with microcapsules and preserving viability (V) after 20-min cultivation of cells with FITC-labeled microcapsules at different ratios and subsequent cultivation for 1, 2, and 4 h. Flow cytometry. The results are normalized by the values obtained after
20-min precultivation at a microcapsule/cell ratio of 0.5 : 1. * The difference is significant relative to the sample with a capsule/cell
ratio of 0.5 : 1 after a 20-min precultivation (p < 0.05, n = 5).

begun and some of the granules have merged with the
phagolysosome. Absorbed microcapsules are located
inside large autolytic vacuoles. It should be noted that
such changes are detected after a 20-minute cultivation with microcapsules.
To confirm that a microcapsule/cell ratio of 1.5 : 1
and higher was unfavorable for cells, we examined
neutrophils cultured with microcapsules at a microcapsule/cell ratio of 3 : 1 (Figs. 7c, 7d). Most of the
cells were dead or had pronounced signs of destruction. At a ratio of 1 : 1, cells had an amoeboid shape
with pseudopodia but at a ratio of 3 : 1, they were
round without pseudopodia, the cytoplasm became
denser with many small lytic vacuoles (Figs. 7c, 7d). In
a significant number of neutrophils, the integrity of
the plasma membrane was disrupted, and the cells
became fragmented (Fig. 7d). In the preserved cells, it
was possible to detect signs of nuclear pycnosis, the
absence of lobed nuclei, and a decrease in the total
volume due to compression and supercondensation of
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heterochromatin (Fig. 7d). In the preserved cells, it
was possible to detect signs of nuclear pycnosis, the
absence of lobed nuclei, and a decrease in the total
volume due to compression and supercompensation of
heterochromatin (Fig. 7d). Interestingly, at a microcapsule/cell ratio of 3 : 1, unlike other ratios, there
were no cells with microcapsules inside, free microcapsules were observed outside the cells. It is likely
that neutrophils overloaded with microcapsules are
destroyed and the microcapsules again occur in the
extracellular space.
The results of transmission electron microscopy
are consistent with flow cytometry data and confirm
that the microcapsule/cell ratio of 1 : 1 is optimal for
maintaining viability and structural integrity while
sustaining the capacity for efficient phagocytosis of
microparticles.
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Fig. 5. The ultrastructure of intact neutrophils. (a) General view of cells; (b) enlarged view of the cell cytoplasm. G, granules;
GG, glycogen granules; LV, lytic vacuole; LD, lipid drop; Mt, mitochondria; P, pseudopodia; N, nucleus. Transmission electron
microscopy (TEM). The scale bar is 2 μm. Magnification: (a) 4000× and (b) 6000×.
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Fig. 6. The ultrastructure of neutrophils after cultivation in the presence of microcapsules with a microcapsule/cell ratio of 1 : 1.
(a) General view, (b) enlarged view of cells with capsules. TEM. MC, microcapsule; the other designations are the same as in
Fig. 5. The scale bar is 1 μm. Magnification: (a) 2500× and (b) 10000×.
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Fig. 7. The ultrastructure of neutrophils after cultivation with microcapsules in the microcapsule/cell ratios of (a, b) 1.5 : 1 and
(c, d) 3 : 1. Designations are the same as in Fig. 5. The scale bar is 1 μm. Magnification: (a, b) 8000×, (c) 5000×, and (d) 2500×.

Effect of Synthetic Microcapsules on the Migration
Activity of Neutrophils
To assess the effect of microcapsules on the ability
of neutrophils to migrate, the cells were cultivated with
or without microcapsules for 20 min. The ell/microcapsule ratio was 1 : 1. The cells migrated along the
gradient of the IL-8 chemoattractant from the upper
chamber to the lower one through a porous membrane
for 1 h. The amount of migrating neutrophils without
capsules was 25 ± 7% after cultivation for 1 h. It is
about twice as high as cell migration without a chemoattractant (12 ± 2% during same time). In the presence of microcapsules, the number of migrated cells
along the IL-8 gradient dropped to 11 ± 2% (p < 0.01),
i.e. to the level of cell migration in the absence of chemoattractant. Flow cytometry assay showed that the
amount of FITC-positive and viable cells was 16 ±
3%. A decrease in migration activity after culturing
neutrophils with microcapsules confirms that microCELL AND TISSUE BIOLOGY

Vol. 14
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2020

capsules have a cytotoxic effect, although some neutrophils associated with microcapsules retain their
ability to migrate. To confirm that neutrophils loaded
with microcapsules are able to migrate, we studied the
ultrastructure of cells that migrated from the upper
chamber along the chemoattractant gradient to the
lower one. Electron microscopy revealed that a significant number of migrating neutrophils were cells containing microcapsules (Fig. 8). Unlike in the case of
intact freshly isolated neutrophils (Fig. 5), a large
number of pseudopodia around the entire cell surface
was observed in all neutrophils after migration which
was an indication on activated cell migration. Pseudopodia formation and activation were observed both in
cells without capsules and in neutrophils with capsules
(Fig. 8). The content of lytic vacuoles in migrating
cells significantly increased, while the number of electron dense granules decreased (Figs. 5–7). It is
important to note that the migrating neutophils contained one microcapsule per cell, while the number of
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Fig. 8. Ultrastructure of neutrophils after migration for 1 h from the upper chamber to the lower along the gradient of IL-8 chemoattractant. (a, b) Neutrophils without microcapsules, (c, d) neutrophils containing microcapsules. Designations are the same
as in Fig. 5. The scale bar is 1 μm. Magnification: (a, c) 10000×, (b) 5000×, and (d) 12000×.

microcapsules absorbed by one neutrophil before
migration could reach four (Figs. 6b, 7b). Apparently,
phagocytosis of more than one microcapsule suppresses the migration activity of neutrophils. Our findings confirm that it is possible to use neutrophils as
carriers of encapsulated substances.
CONCLUSIONS
Taken together, our findings demonstrated the
possibility of neutrophil loading with synthetic microcapsules while maintaining cell viability, structural
integrity, and, most importantly, migration activity. It

highlights the potential use of neutrophils as natural
carriers for the delivery of encapsulated bioactive substances to foci of inflammation. However, during the
process of interaction with microcapsules, the vitality
and migration activity of neutrophils was significantly
reduced. It indicates the cytotoxic effect of microcapsules, although some neutrophils are resistant to the
adverse effects of microcapsules. Thus, the possibility
of using neutrophils for transporting encapsulated
substances requires further study, primarily from the
point of view of increasing the biocompatibility of synthetic microcapsules and optimizing the conditions
for their interaction with cells in vitro.
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