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Abstract: Nano- and microparticles enter the body through the respiratory airways and the digestive
system, or form as biominerals in the gall bladder, salivary glands, urinary bladder, kidney, or
diabetic pancreas. Calcium, magnesium, and phosphate ions can precipitate from biological fluids
in the presence of mucin as hybrid nanoparticles. Calcium carbonate nanocrystallites also trap
mucin and are assembled into hybrid microparticles. Both mucin and calcium carbonate polymorphs
(calcite, aragonite, and vaterite) are known to be components of such biominerals as gallstones which
provoke inflammatory reactions. Our study was aimed at evaluation of neutrophil activation by
hybrid vaterite–mucin microparticles (CCM). Vaterite microparticles (CC) and CCM were prepared
under standard conditions. The diameter of CC and CCM was 3.3 ± 0.8 µm and 5.8 ± 0.7 µm, with
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Abstract: Nano- and microparticles enter the body through the respiratory airways and the diges-
tive system, or form as biominerals in the gall bladder, salivary glands, urinary bladder, kidney, or 
diabetic pancreas. Calcium, magnesium, and phosphate ions can precipitate from biological fluids 
in the presence of mucin as hybrid nanoparticles. Calcium carbonate nanocrystallites also trap 
mucin and are assembled into hybrid microparticles. Both mucin and calcium carbonate poly-
morphs (calcite, aragonite, and vaterite) are known to be components of such biominerals as gall-
stones which provoke inflammatory reactions. Our study was aimed at evaluation of neutrophil 
activation by hybrid vaterite–mucin microparticles (CCM). Vaterite microparticles (CC) and CCM 
were prepared under standard conditions. The diameter of CC and CCM was 3.3 ± 0.8 µm and 5.8 
± 0.7 µm, with ƺ-potentials of −1 ± 1 mV and −7 ± 1 mV, respectively. CC microparticles injured 
less than 2% of erythrocytes in 2 h at 1.5 mg mL−1, and no hemolysis was detected with CCM; this 
let us exclude direct damage of cellular membranes by microparticles. Activation of neutrophils 
was analyzed by luminol- and lucigenin-dependent chemiluminescence (Lum-CL and Luc-CL), by 
cytokine gene expression (IL-6, IL-8, IL-10) and release (IL-1β, IL-6, IL-8, IL-10, TNF-α), and by 
light microscopy of stained smears. There was a 10-fold and higher increase in the amplitude of 
Lum-CL and Luc-CL after stimulation of neutrophils with CCM relative to CC. Adsorption of 
mucin onto prefabricated CC microparticles also contributed to activation of neutrophil CL, unlike 
mucin adsorption onto yeast cell walls (zymosan); adsorbed mucin partially suppressed zymosan-
stimulated production of oxidants by neutrophils. Preliminary treatment of CCM with 0.1–10 mM 
NaOCl decreased subsequent activation of Lum-CL and Luc-CL of neutrophils depending on the 
used NaOCl concentration, presumably because of the surface mucin oxidation. Based on the re-
sults of ELISA, incubation of neutrophils with CCM downregulated IL-6 production but upregu-
lated that of IL-8. IL-6 and IL-8 gene expression in neutrophils was not affected by CC or CCM 
according to RT2-PCR data, which means that post-translational regulation was involved. Light 
microscopy revealed adhesion of CC and CCM microparticles onto the neutrophils; CCM in-
creased neutrophil aggregation with a tendency to form neutrophil extracellular traps (NETs). We 
came to the conclusion that the main features of neutrophil reaction to mucin–vaterite hybrid mi-
croparticles are increased oxidant production, cell aggregation, and NET-like structure formation, 
but without significant cytokine release (except for IL-8). This effect of mucin is not anion-specific 
since particles of powdered kidney stone (mainly calcium oxalate) in the present study or calcium 
phosphate nanowires in our previous report also activated Lum-CL and Luc-CL response of neu-
trophils after mucin sorption. 
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-potentials of −1 ± 1 mV and −7 ± 1 mV, respectively. CC microparticles injured less than 2% of
erythrocytes in 2 h at 1.5 mg mL−1, and no hemolysis was detected with CCM; this let us exclude
direct damage of cellular membranes by microparticles. Activation of neutrophils was analyzed
by luminol- and lucigenin-dependent chemiluminescence (Lum-CL and Luc-CL), by cytokine gene
expression (IL-6, IL-8, IL-10) and release (IL-1β, IL-6, IL-8, IL-10, TNF-α), and by light microscopy of
stained smears. There was a 10-fold and higher increase in the amplitude of Lum-CL and Luc-CL
after stimulation of neutrophils with CCM relative to CC. Adsorption of mucin onto prefabricated CC
microparticles also contributed to activation of neutrophil CL, unlike mucin adsorption onto yeast cell
walls (zymosan); adsorbed mucin partially suppressed zymosan-stimulated production of oxidants by
neutrophils. Preliminary treatment of CCM with 0.1–10 mM NaOCl decreased subsequent activation
of Lum-CL and Luc-CL of neutrophils depending on the used NaOCl concentration, presumably
because of the surface mucin oxidation. Based on the results of ELISA, incubation of neutrophils with
CCM downregulated IL-6 production but upregulated that of IL-8. IL-6 and IL-8 gene expression
in neutrophils was not affected by CC or CCM according to RT2-PCR data, which means that
post-translational regulation was involved. Light microscopy revealed adhesion of CC and CCM
microparticles onto the neutrophils; CCM increased neutrophil aggregation with a tendency to form
neutrophil extracellular traps (NETs). We came to the conclusion that the main features of neutrophil
reaction to mucin–vaterite hybrid microparticles are increased oxidant production, cell aggregation,
and NET-like structure formation, but without significant cytokine release (except for IL-8). This
effect of mucin is not anion-specific since particles of powdered kidney stone (mainly calcium oxalate)
in the present study or calcium phosphate nanowires in our previous report also activated Lum-CL
and Luc-CL response of neutrophils after mucin sorption.
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1. Introduction

Calcium carbonate is one of the most common compounds in nature, and its poly-
morphs—calcite; aragonite; and especially vaterite, which is known for its high porosity—
are becoming the most popular templates for drug encapsulation [1]. Nevertheless, crys-
tallization and aggregation of calcium carbonate in some tissues such as the gallbladder,
kidney, and bladder can contribute to the formation of stones [2]; for example, all CaCO3
polymorphs have been found in gallstones [3,4]. Vaterite is thermodynamically unstable
and easily transforms into calcite or aragonite [5]. A number of proteins from bodily fluids
are included in protein–mineral complexes during the course of biomineralization [6], and
vaterite can be stabilized in the presence of biopolymers, amino acids, and peptides [7]. The
major macromolecular components of mucus/mucin promotes aggregation of calcium salts
in vivo [8–10] and was identified as a component of gallstones [9]. Mucin is considered as
a good candidate for assembling microparticles due to its mucoadhesive properties [11],
and its loading into the crystals via co-synthesis was twice as effective as via adsorption
onto preformed crystals [12]. Mucins are highly glycosylated amphiphilic glycoproteins
with molecular weights up to 20 MDa which comprise both membrane-bound and secreted
subfamilies. A high proportion of their oligosaccharide chains terminates in negatively
charged sialic acids [13]. We hypothesized that mucin could influence the reaction of the im-
mune system to gallstones and others via effects on neutrophil activation. Reactive oxygen
species (ROS) and hypochlorous acid generated by activated neutrophils can induce lipid
peroxidation in host tissues and a cascade of pro-inflammatory mediators. Mineral–organic
particles can more strongly induce neutrophil extracellular traps (NETs) formation in a
ROS-dependent manner, especially microparticles of 1–2 µm in diameter, compared to
nanoparticles [14]. By use of chemiluminescence, superoxide and degranulation assay,
all three CaCO3 polymorphs were shown to cause rapid activation of neutrophils, with
the potency of the crystals as aragonite > vaterite > calcite [15], but the role of mucin
remained unclear. Our study was aimed at evaluation of neutrophil activation by hybrid
mucin–vaterite microparticles. Vaterite microparticles were fabricated without mucin (CC)
and with mucin (CCM) as described earlier [12,16]. Mucin from porcine stomach was used
in CCM fabrication and further experiments. Normal human neutrophils were activated
in vitro, and superoxide O2· and HOCl production by the cells were assayed by lucigenin-
chemiluminescence (Luc-CL) and by luminol-chemiluminescence (Lum-CL), respectively.
To exclude damaging effects of the microparticles on cellular membranes, a hemolysis
test [17,18] was used. Finally, a sample of human kidney stone was powdered and treated
with mucin to control effects of its mucin coating on neutrophils.

2. Results
2.1. Characteristics of CC and CCM Microparticles

Incorporation of mucin into vaterite microparticles markedly altered their morphology
and physical–chemical properties. According to SEM (Figure 1a,b), microparticles of
CCM exceeded CC in diameter (5.8 ± 0.7 µm vs. 3.3 ± 0.8 µm), with nanocrystallites of
smaller size (47 nm vs. 109 nm) and smoother surface. As shown by the BET method, the
surface area of CCM was considerably superior to that of CC (37.6 m2 g−1 и 4.3 m2 g−1).
Mucin incorporation into CCM amounted to 1.3 ± 0.3% w/w. Based on DLS data, CCM
microparticles were more charged relative to CC (−7 ± 1 mV vs. −1 ± 1 mV), obviously
because of glycoprotein coating.

2.2. Hemolytic Activity of CC and CCM Microparticles

The hemolysis assay is widely used to detect cell membrane destruction by micropar-
ticles. Hemolysis was evaluated by release of hemoglobin after incubation of human
erythrocytes with microparticles for 2 h at 37 ◦C (Figure 1c). Even at a maximal ratio of par-
ticles to erythrocytes (5:1, corresponding to 1.67 mg mL−1), hemolysis by CC did not exceed
2%. Hemolytic activity of hybrid microparticles CCM was close to spontaneous values.
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Figure 1. SEM of CC (a) and CCM (b) microparticles (scale bar 1 µm); effect of CC and CCM con-
centration on hemolysis assessed by Hb release (c). Erythrocytes (0.8 × 109 cells mL−1) in 0.15 M 
NaCl were incubated with microparticles for 2 h at 37 °C. Dotted line corresponds to spontaneous 
erythrocytes lysis. All measurements were performed in triplicate. * p < 0.001 vs. CC. 
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Figure 2. Neutrophil CL response activated by CC (in orange) and CCM (in blue): time-course of 
neutrophil Luc-CL (a) and Lum-CL (b) at particle concentration of 1 mg mL−1; dose-dependence of 
CC and CCM effects on neutrophil Luc-CL (c) and Lum-CL (d) amplitude; effect of SOD on CCM-
induced Luc-CL (e) and effect of catalase on Lum-CL (f) peak values (%). Neutrophil concentra-
tion was 0.6 × 106 cells mL−1. Each value was measured in triplicate. 

The neutrophil membranes were not injured by contact with microparticles: after 
incubation of neutrophils with 5 mg mL−1 of CC or CCM at 37 °C for 30 min, no lysis was 
detected according to the data on extracellular LDH activity (Figure S1). Furthermore, 
within at least 30 min, there was no negative effect of particle concentration on the inte-
gral Luc-CL activity of neutrophils stimulated by CC or CCM followed by PMA (Figures 
S2 and S3), which was consistent with data of the LDH test and also confirmed cell via-
bility. 

Figure 1. SEM of CC (a) and CCM (b) microparticles (scale bar 1 µm); effect of CC and CCM
concentration on hemolysis assessed by Hb release (c). Erythrocytes (0.8 × 109 cells mL−1) in 0.15 M
NaCl were incubated with microparticles for 2 h at 37 ◦C. Dotted line corresponds to spontaneous
erythrocytes lysis. All measurements were performed in triplicate. * p < 0.001 vs. CC.

2.3. Neutrophil Chemiluminescence

Incorporation of mucin significantly increased the ability of CCM to activate both
Luc-CL and Lum-CL of neutrophils compared to CC (Figure 2a,b), in a dose-dependent
manner (Figure 2c,d).
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Figure 2. Neutrophil CL response activated by CC (in orange) and CCM (in blue): time-course of
neutrophil Luc-CL (a) and Lum-CL (b) at particle concentration of 1 mg mL−1; dose-dependence of
CC and CCM effects on neutrophil Luc-CL (c) and Lum-CL (d) amplitude; effect of SOD on CCM-
induced Luc-CL (e) and effect of catalase on Lum-CL (f) peak values (%). Neutrophil concentration
was 0.6 × 106 cells mL−1. Each value was measured in triplicate.

The neutrophil membranes were not injured by contact with microparticles: after
incubation of neutrophils with 5 mg mL−1 of CC or CCM at 37 ◦C for 30 min, no lysis
was detected according to the data on extracellular LDH activity (Figure S1). Further-
more, within at least 30 min, there was no negative effect of particle concentration on
the integral Luc-CL activity of neutrophils stimulated by CC or CCM followed by PMA
(Figures S2 and S3), which was consistent with data of the LDH test and also confirmed
cell viability.

When SOD was injected into a cuvette when the peak values of Luc-CL were reached,
the signal dropped (for curves, see Figure S4), indicating a key role of superoxide anion
in Luc-CL generation [19]. In the presence of 15 Un mL−1 of SOD, Luc-CL declined to
38 ± 2% compared with control values, and further addition of SOD up to 30 Un mL−1

did not affect CL intensity (Figure 2e). Hence, more than 50% of superoxide anion was
generated extracellularly.
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Lum-CL was inhibited by catalase, which decomposed hydrogen peroxide. As is
known, in the presence of hydrogen peroxide and chloride ions, neutrophil MPO generates
HOCl, which oxidizes luminol [20]. Catalase (10,000 Un mL−1) induced a drop of more
than 50% in Lum-CL intensity (Figure 2f; for curves, see Figure S5).

The difference observed between CC and CCM in their neutrophil activating effects
was surprising for us. One could expect that mucin would downregulate neutrophil
response, as shown for bacteria [21] and artificial polymers [22]. In our study, we used
mucin from porcine stomach, and to exclude eventual influence of its structural features, we
compared activation of neutrophils with CC, CCM, and CC and zymosan coated with mucin
by its adsorption (CC-M and Zym-M). In parallel, supernatants of particle suspensions
were also analyzed under the same conditions (Table 1).

Table 1. Amplitude of Lum-CL and Luc-CL neutrophil response activated by microparticles and
corresponding supernatant aliquots. Data of three independent experiments were normalized by
the value of neutrophil response to CC microparticles and are represented in conventional units as
average value and standard deviation. In each experiment, the values were measured in triplicate.

Samples Lum-CL Luc-CL

Suspension Supernatant Suspension Supernatant

CC 1.0 ± 0.03 0.9 ± 0.01 1.0 ± 0.7 0.6 ± 0.3
CCM 44.7 ± 1.3 * 3.9 ± 0.12 * 75.5 ± 0.5 * 4.1 ± 0.4 *
CC-M 15.4 ± 0.4 *# 2.2 ± 0.07 * 36.7 ± 11.5 *# 3.0 ± 0.5 *
Zym 120 ± 0.9 n.d. 48.0 ± 5.4 n.d.

Zym-M 81.4 ± 2.6 ** n.d. 36.2 ± 4.0 ** n.d.
Mucin 1 mg mL−1 2.2 ± 0.05 0.2 ± 0.01 6.2 ± 0.6 7.8 ± 0.4

NaCl 0.2 ± 0.01 0.2 ± 0.01 0.4 ± 0.3 0.4 ± 0.3

* p < 0.01 vs. CC. ** p < 0.01 vs. Zym. # p < 0.01 vs. CCM.

Mucin sorption by zymosan (0.31 mg g−1) was comparable to that of vaterite
(0.23 mg g−1) and insignificantly changed zymosan ζ-potential (from −15.9 ± 1.8 V to
−16.2 ± 0.8 V). Nevertheless, mucin sorption decreased neutrophil Lum-CL and Luc-CL
response relative to zymosan, unlike mucin sorption by vaterite (Table 1). Hybrid vaterite
microparticles (CCM) were more active than vaterite coated with mucin (CC-M). All stud-
ied vaterite suspensions activated neutrophils to a much greater extent compared to their
supernatant fluids; hence, the eventual contribution of calcium ions and unbound mucin
could be neglected.

The results of our previous investigations demonstrated that mucin was predominately
located on the edges of the crystals and partially penetrated inside the crystal pores, and the
presence of sialic acids in mucin most likely improved the loading and retention of mucin in
crystals. This effect can be explained by the interaction of the acids with Ca2+ of the crystals.
The loading efficiency of the desialylated mucin was found to be 33% and 36% lower
compared to that for the loading of commercial mucin using adsorption and co-synthesis,
respectively [12]. There was no linear dependence between mucin concentration in solution
used for CC coating by adsorption and neutrophil CL response to these mucin-coated
CC-M microparticles (Figure 3b). Thus, the decrease in loading efficiency in experiments
with adsorption of desialylated mucin by 30% should not significantly reduce activation of
neutrophils by CC-MD compared to CC-M. Nevertheless, vaterite microparticles coated by
desialylated mucin (CC-MD) were significantly less active compared to CC-M and CCM
(Figure 3a).

Since all experiments were carried out in the presence of 2% autologous serum, which
was closer to natural bodily fluid, opsonization of microparticles with serum proteins could
influence their activity towards neutrophils. The effects of opsonization of CC and CCM
microparticles were analyzed (Figure 3c). No increase in CL intensity was detected after
opsonization; in fact, opsonization reduced the amplitude of Lum-CL neutrophil response.
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Figure 3. Chemiluminescent response of activated neutrophils: (a) Time-course of Lum-CL re-
sponse to CC, CC-MD, CC-M (CC coated with mucin by adsorption), and CCM (prepared by CC
co-precipitation with mucin). The arrow indicates the time-point of sample addition. Sample concen-
tration was 1 mg mL−1; neutrophil concentration was 0.6 × 106 mL−1. (b) Effects of concentration
of mucin in solution for CC coating on Luc-CL amplitude. (c) Effects of opsonization of micropar-
ticles with autologous serum on Luc-CL and Lum-CL peak values normalized by response to CC
microparticles (* p < 0.05 vs. CCM). (d) Effects of concentration of NaOCl at incubation with CCM
on subsequent activation of neutrophils assessed as Luc-CL and Lum-CL peak values. Data are
represented as % to samples with untreated CCM (* p < 0.05 vs. untreated CCM). Each value was
measured in triplicate. Concentration of microparticles was 1 mg mL−1.

Lum-CL-response of neutrophils depends on MPO-catalyzed generation of highly
reactive hypochlorous acid. It is known that mucin can be oxidized with 100–160 mM
NaOCl, which destroys its protein core within a few minutes [23]. We incubated CCM
microparticles in NaOCl solutions of various concentrations (up to 10 mM), and after thor-
ough washing with NaCl, they were added to neutrophils. According to Luc-CL (Figure 3d)
and Lum-CL (Figure 3e) amplitude of neutrophil activation response, the activating effect
of CCM dropped depending on the NaOCl concentration used for their treatment.

2.4. Cytokine and Myeloperoxidase Release by Neutrophils

As shown by ELISA assay, incubation of neutrophils with CC or CCM for 1 h did not
induce release of cytokines IL-1β, IL-6, or IL-10 or TNF-α compared to control (without
particles), unlike suspension of E. coli (Table 2). Rather, CCM downregulated IL-6 release
but upregulated IL-8 generation by neutrophils compared to control. No direct sorption of
the studied cytokines by CC or CCM particles was detected. Since no significant changes in
IL-6 and IL-8 expression were registered by RT2-PCR (Table S1), ELISA-detected changes
in IL-6 and IL-8 release induced by CCM resulted from posttranslational regulation of
their synthesis.

There was a marked decrease in extracellular MPO concentration after incubation
of neutrophils with CCM relative to control samples and CC, while CC did not affect
MPO exocytosis.



Int. J. Mol. Sci. 2022, 23, 10579 6 of 16

Table 2. Extracellular concentration of cytokines and myeloperoxidase after incubation of neutrophils
with CC and CCM microparticles and bacteria E. coli for 1 h at 37 ◦C. All measurements were
performed in triplicate.

Samples Control
(0.15 M NaCl) CC CCM E. coli

IL-1β, pg mL−1 0.7 ± 0.2 0.3 ± 0.2 0.9 ± 0.5 1.7 ± 0.5 *
IL-6, pg mL−1 11.1 ± 3.0 6.9 ± 3.2 5.4 ± 0.7 * 12.9 ± 5.5
IL-8, pg mL−1 45.3 ± 5.5 51 ± 2.4 58 ± 5 * 51 ± 5

IL-10, pg mL−1 2.7 ± 0.7 2.1 ± 0.2 3.3 ± 1.5 5.9 ± 3.2 *
TNF-α, pg mL−1 1.4 ± 0.5 0.6 ± 0.3 2.4 ± 1.1 6.1 ± 1.1 *
MPO, ng mL−1 307 ± 78 313 ± 7 175 ± 41 * n.d.

* p < 0.05 vs. control.

MPO is a cationic protein of 150 kDa with pI 9.2 which favors its binding with neg-
atively charged mucin (at pH 7.4). In our previous study, the adsorption of positively
charged chymotrypsin onto hybrid vaterite–mucin microparticles was studied [24], and
the activity of the bound chymotrypsin was evaluated as being the same as that of the
free enzyme in solution. Thus, binding of the MPO which was released with stimulation
by CCM microparticles could result in a drop of its concentration in extracellular buffer
solution assayed for MPO by ELISA. At the same time, while adsorbed by CCM, MPO
could participate in Lum-CL generation.

The ELISA assay of binding of commercial MPO by CC and CCM has shown that in
the absence of blood serum proteins, MPO (120 ng mL−1) was totally adsorbed both by CC
and CCM microparticles (5 mg mL−1), while treatment of CC with human serum albumin
(HSA) blocked MPO adsorption (Figure S6). All experiments with neutrophils were carried
out in a medium with 2% serum (~1.2 mg mL−1 HSA). Apparently, HSA prevented binding
of MPO with CC, but not with CCM microparticles.

Evaluation of extracellular MPO activity showed a significant increase (~threefold)
after incubation of neutrophils with E. coli, but not with CC or CCM (Figure S7).

2.5. Light Microscopy

Light microscopy of smears prepared after incubation of neutrophils with CC or
CCM and control neutrophils (NaCl) showed that microparticles adhere to neutrophils
(Figure 4a,b) and to their aggregates (Figure 4e) and are captured by NET-like structures
(Figure 4f,g), as indicated by arrows. In the preliminary experiments, we compared staining
of the smears using Hoechst dye (which is specific to DNA) and Romanowsky dye; both
stains gave similar results (Figure S8).

We suppose that CCM microparticles adhere to neutrophil membranes and even cause
their invagination, but their phagocytosis was not decisively demonstrated (Figure S9a)
compared to zymosan (Figure S9b). Neutrophils incubated with CCM were more prone to
aggregation (Figure 4d,e) and forming NET-like structures (Figure 4f,g).

2.6. Analysis of Human Kidney Stones

The suspension of kidney stones (St) from a patient with urolithiasis was incubated
with mucin solution and washed with 0.15 M NaCl; this treated-with-mucin sample (St-M)
and St were used for neutrophil activation. The suspensions consisted of microparticles of
6 ± 5 µm, according to SEM. St-M suspension showed a much stronger activating effect
compared to St, according to data of Luc-CL (Table 3). Antibiotic polymyxin B sulfate
(PMB), which is a well-known agent for removal of endotoxins, was added to parallel
probes to test eventual effects of lipopolysaccharides. The same test was performed with
CC and CCM suspensions. Lipopolysaccharide O111:B4 (50 µg mL−1) was used as a
positive control.
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Table 3. Amplitude of Luc-CL response (V) of neutrophils stimulated with suspension of St or St-M
suspension and CC or CCM particles in the presence of 20 µM polymyxin B sulfate (PMB) or without
PMB (0.15 M NaCl was added). All measurements were performed in triplicate.

Samples 0.15 M NaCl 20 µM PMB

St 0.8 ± 0.4 1.0 ± 0.3
St-M 31.5 ± 0.8 * 37.3 ± 7.3 *

O111:B4 5.6 ± 1.3 0.5 ± 0.2 #

CC 1.2 ± 0.1 0.9 ± 0.2
CCM 46.7 ± 3.7 ** 60.4 ± 13.5
NaCl 0.7 ± 0.4 0.6 ± 0.2

* p < 0.001 vs. St. ** p < 0.001 vs. CC. # p < 0.001 vs. O111:B4, 0.15 M NaCl.

Obviously, PMB did not affect neutrophil response to the particles, unlike O111:B4
solution, and did not influence the effects of mucin.

3. Discussion

Polymorphonuclear neutrophils play a central role in host defense and inflammation
induced by infection and by both biomineral and non-biological particles. The binding
of particles to the plasma membrane of neutrophils results in the production of reactive
oxygen species (ROS) by the cells via activation of NADPH oxidase (respiratory burst);
reaction of hydrogen peroxide with chloride catalyzed by neutrophil myeloperoxidase,
with HOCl production; neutrophil degranulation; and cytokine secretion [15,25]. Activated
neutrophils can externalize their chromatin decorated with granular proteins in the process
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of NET formation [26], driven mainly by ROS [14,27]. Biomineral nanoparticles which form
spontaneously in human bodily fluids may become pro-inflammatory and contribute to
pathological processes once they aggregate and form larger mineral and protein–mineral
particles [14,28]. For example, NET formation induced by such nano- and micro-objects
is considered to be a potent factor provoking formation of gallstones [29], pancreatic
stones [26], and salivary stones [30], while excessive ROS and HOCl can cause damage to
lipids, proteins, and DNA [31].

The interaction of neutrophils and other phagocytes with biomineral particles de-
pends on the particle size, shape, hydrophilicity, surface charge, surface coating, and
roughness [32]. Elongated CaCO3 microparticles are internalized by HeLa cells with a
higher frequency than spherical particles [33], and submicron needle-shaped aragonite par-
ticles trigger pro-inflammatory response of THP-1 macrophages, unlike cuboidal-shaped
calcite particles [34]. As shown with polystyrene particles, it is the local particle shape, mea-
sured by tangent angles, at the point of initial contact which dictates whether macrophages
initiate phagocytosis or simply spread on particles [35]. The effect of particle size remains
disputable. The ability of CaCO3 nanoparticles to stimulate the production of ROS lead-
ing to oxidative stress, inflammation, genotoxicity, metabolic changes, and potentially
carcinogenesis was recently reviewed [36]. As for the microparticles, neutrophils and
other phagocytes specifically internalize particulate targets (typically > 0.5 µm in diam-
eter) by actin-dependent phagocytosis processes via diverse mechanisms [37]. The pro-
inflammatory potential of hydroxyapatite crystals towards macrophages in vitro decreased
with an increase in particle diameter from 1µm to 10 µm and in surface pore size [38].
Crystalline calcium phosphate-based mineral–organic particles of a few micrometers in
diameter elicit neutrophil pro-inflammatory reactions and NET formation, unlike particles
of small sizes (<100 nm) [14]. Particle hydrophilicity, surface charge, and roughness depend
on their coating with other molecules, especially in bodily fluids.

Orally administered calcium carbonate nanoparticles can rapidly interact with compo-
nents of biological fluids, with formation of corona composed of proteins [39]. Endogenous
nanoparticles in blood trap plasma proteins [28,40] and co-precipitate with mucin in the
gastrointestinal tract [3,10]. As was shown in the model studies, mucin is easily adsorbed
by calcium carbonate microparticles (vaterite) and is also incorporated into vaterite by
co-precipitation [12]. Nevertheless, the effects of mucin—both incorporated into biomineral
particles or coating them—is still unclear; in the present study, we investigated effects of
vaterite–mucin microparticles.

We activated neutrophils in vitro with vaterite (CC), vaterite–mucin hybrid (CCM),
and mucin-coated vaterite (CC-M) microparticles. The porcine gastric mucin used in the
present study (as in our previous studies [11,12,16,41–43]) has been shown to be structurally
related to human gastric mucin [44] and is, therefore, a decent substitute for human gastric
mucin because of its high availability and reduced number of ethical issues required for
the research.

Mucin increased the negative charge of microparticles as follows: CC < CCM < CC-
M, where CC-M charge exceeded that of CCM by 1.4 times [12]. None of the samples
demonstrated marked hemolytic activity, which is consistent with available data of other
researchers for CaCO3 microparticles [17]. This allows us to exclude direct membrane
damage of blood cells by the microparticles. Chemiluminescent response of activated
neutrophils dependent on superoxide anion production (Luc-Cl) [19] and hypochlorous
acid production (Lum-Cl) [20] induced by microparticles increased as CC < CC-M < CCM,
unlike their surface charge. Neither dissolved mucin nor supernatants of the microparticle
suspensions activated neutrophils to the same degree as microparticles. All these results
indicated that calcium or mucin elution from the microparticles or their surface charge
were not the main factors in neutrophil activation.

Production of ROS by neutrophils could be influenced by opsonization of microparti-
cles with blood serum immunoglobulins [15,39], but there was no serum-derived increase
in chemiluminescent in our study. The pro-inflammatory effect of mucin incorporated
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into or adsorbed onto vaterite microparticles, detected as increased oxidant production,
is consistent with data of our previous study concerning activation of neutrophils with
polydisperse calcium phosphate nanowires coated with mucin [43]. A pilot experiment
with a kidney stone also showed that mucin adsorption enhanced Lum-CL and Luc-CL
response of neutrophils induced by the powdered sample. Since calcium oxalate is the
major component of kidney stones [45], it becomes obvious that the neutrophil-activating
role of mucin in mucin-coated or hybrid biomineral particles is not anion-specific. These
results contradict the data of experiments with bacteria. Mucin was shown to protect
Gram-negative bacteria from neutrophil attack, preventing complement deposition on
bacteria surface [41,42], by direct suppression of reactive oxygen species (ROS) produc-
tion [21]. In the present study, we demonstrated that mucin sorption by zymosan (yeast cell
walls) downregulated CL response of neutrophils to this activator. Hence, the difference
between CC and zymosan in mucin effects did not result from eventual mucin structural
features [46].

Surface mucin can facilitate activation of neutrophils via morphologic change of va-
terite surface from rough to smooth, as shown by SEM. Mucins are decorated with epitopes
whose ligands can be found on neutrophils. Mucin sialylated and fucosylated O-glycans
can be recognized by neutrophil sialic acid-binding immunoglobulin-like lectins (Siglec
receptors) [47] and L-selectin [48]. Neutrophil Siglecs suppress neutrophil activation [49,50],
but in our study, desialylation of mucin did not enhance ROS production by neutrophils
stimulated by CC-MD relative to CC-M. Moreover, the amplitude of chemiluminescent
response to CC-MD was lower than that to CC-M and CCM, so the direct role of Siglecs in
neutrophil activation by vaterite–mucin is not obvious.

Such oligosaccharide determinants of mucin as sialylLex (NeuAcα2→ 3Galβ1→
4[Fucα1→ 3]GlcNac) are recognized by neutrophil L-selectin [51]. Both density and cluster-
ing of these carbohydrate ligands affect neutrophil contact with microparticles [52]. Thus,
highly porous vaterite–mucin microspheres CCM composed of smaller nano-crystallites
could provide preferential conditions for neutrophil activation compared to CC and even
CC-M. Oxidation of mucin in mucin–vaterite microparticles with 0.2–10 mM NaOCl re-
sulted in reduction of their neutrophil-activating capacity, presumably because of protein
core oxidative damage [23]. This result proves that it is mucin in hybrid particles that
participates in activation of neutrophils. Neutrophils that accumulate in the interstitial
fluid of inflamed tissues have been reported to produce HOCl at concentrations of up to
25–50 mM/h [53]. Considering that pKa of HOCl is close to 7.5 [54] and that, at physio-
logical pH values, about half of the acid is in the molecular form and the rest of the acid
in the form of anions, the HOCl/OCl- mixture is usually present in the cell media. Thus,
our result also shows that mucin covering the hybrid microparticles could be oxidized by
neutrophil-derived HOCl/OCl-, at least partially. One could assume that mucin–vaterite
microparticle-induced production of oxidants by neutrophils is aimed at surface mucin
damage to prevent further precipitation of calcium carbonate (or calcium phosphate) by
this glycoprotein.

The neutrophil activation by CCM was characterized not only by an increase in ROS
and HOCl generation, but also by cell aggregation and formation of NET-like structures.
Unlike E. coli, CCM did not stimulate any significant cytokine release except for a slight
increase in IL-8 production and decrease in IL-6 secretion, both due to posttranslational
regulation. Our results are consistent with data of other researchers concerning activation
of human dendritic cells by intestinal mucin [55]. Despite the ability of intestinal mucin to
induce IL-8, there was no effect on production of other pro-inflammatory cytokines (TNF-α,
IL-6, and IL-23) or the anti-inflammatory IL-10.

NETosis is considered as a regulated process [56]. NADPH oxidase function is crucial
for the formation of NETs [57], and inhibition of peptydilarginine deiminase type 4 or abro-
gation of reactive oxygen species inhibits NET-dependent gallstone formation in vivo [29].
MPO-derived reactive halogen species also participate in NETosis [57]. Thus, activation of
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ROS production registered by Luc-CL and RHS registered by Lum-CL induced by CCM
could be considered as potential triggers for NET-like structure formation.

In summary, the regulation of neutrophil activity is aimed at triggering oxidant produc-
tion and specific autocrine and paracrine signaling mechanisms via IL-8 secretion, but fur-
ther work is required to determine how this scenario is realized, especially in patients with
urolithiasis or gallstone disease. Indeed, there is an interplay between mucus, microbiome,
and immunity in such patients, dependent also on the patient’s age. Age is considered
as an independent risk factor for cholesterol gallstone formation [58,59]. Decreases in bu-
tyrate, lactate, acetate/propionate, and methane producers; mucin-degrading bacteria; and
increases in lipopolysaccharide positive bacteria were registered in patients with cholesterol-
rich gallstones, triggering chronic and acute inflammation [59,60]. Inflammation-induced
biliary mucin production promotes cholesterol crystallization [61], and mucin exposed on
the gallstones can enhance inflammation via reaction with granulocytes.

4. Materials and Methods
4.1. Reagents

CaCl2 (≥93.0%), Na2CO3 (≥99.0%), mucin from porcine stomach (type III, with
0.5–1.5% bound sialic acid), NaOCl, zymosan, Histopaque (1.077, 1.119), Krebs–Ringer
solution, luminol, lucigenin, SOD (3000 U mg−1), catalase (24,640 U mg−1, solid), and
polymyxin B sulfate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hemoglobin
standard solution (68 g L−1) was manufactured by OOO Agat, Moscow, Russia. ELISA kits
for cytokines IL-1b, IL-6, and IL-8 and TNF-alpha detection (Cytokine, Sankt-Petersburg,
Russia); MPO ELISA kit (Cloud-Clone Corp, Katy, TX, USA); OT-PCR kits “Proba-NK”
(DNA-technology, Moscow, Russia); and “Reverta-L” (AmpliSens, Moscow, Russia) were
purchased from manufacturers. Liquid culture of E. coli Mg1655 was kindly provided by
Dr. O.V. Pobeguts (laboratory of proteome analysis, Federal Research Clinical Center of
Physical-Chemical Medicine, Moscow, Russia).

4.2. Analytical Determination of Mucin

The concentration of the glycoprotein mucin in solution was determined using analyt-
ical size exclusion chromatography in the Biofox 17 SEC 8 × 300 mm column (Bio-Works,
Uppsala, Sweden), utilizing the Smartline chromatographic system (Knauer, Berlin, Ger-
many) in a solution of 0.15 M NaCl [12]. Preliminarily, the column was calibrated by
solutions of purified mucin with different concentrations (0.01–1.00 mg mL−1). A total of
0.02 mL of the mucin solution was used for the chromatography analysis at an elution rate
of 0.5 mL min−1. Absorbance of the eluted solutions was measured using a UV detector at
wavelengths 214 and 260 nm.

4.3. Desialylation of Mucin

A 50 mg amount of mucin was dissolved in 50 mL of 0.01 M HCl and incubated for
3 h at 80 ◦C [11]. The solution was chromatographed at the column filled with Sephadex
G-200 (dimensions 2.5 × 35 cm), using the chromatographic system Bio-Logic LP (Bio-
Rad, Hercules, CA, USA) in a solution of ammonia (pH of 9.0) [41]. The elution rate was
0.5 mL min−1; collection time for one fraction of eluted solution was 12 min. Absorbance
was determined in the obtained fractions at wavelengths of 214 and 260 nm. The fractions
containing mucin, as identified by absorbance and specific determination by the Schiff
method, were combined and freeze-dried.

The sialic acid content, determined by Hess’s method [62] using the calibration curve
for N-acetylneuraminic acid, was found to be 2.30 ± 0.10 and 0.41 ± 0.05% for commercial
and desialylated mucin (MD), respectively.

4.4. Fabrication of Vaterite Microparticles

Vaterite microparticles (CC) were synthesized as described earlier [16]. The mixture
of 9 mL of 0.05 M Tris buffer (pH 7.0) with 0.3 mL 1M CaCl2 (pH 7.0) and 3 mL 0.1 M
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Na2CO3 was stirred at RT, and the formed crystals were washed twice with pure water
and lyophilized. For fabrication of hybrid microparticles with mucin, 3 mL of 1 M CaCl2
containing 8.3 mg mL−1 of mucin in 0.05 M Tris buffer (pH 7.0) was stirred for 10 min,
followed by addition of 3 mL of 1 M Na2CO3 water solution. The precipitate was separated
by centrifugation for 2 min at 1000 × g, washed twice with double-distilled water, and
lyophilized. To calculate the mucin content of CCM microparticles, its concentration in the
supernatant and the washing solutions was assayed as described above.

4.5. Mucin Adsorption onto CC and Zymosan Particles

A suspension of CC or zymosan (Zym) (10 mg mL−1) in 0.15 M NaCl was mixed with
an equal volume of mucin solution (10 mg mL−1) and incubated for 30 min at 37 ◦C under
periodic shaking. The precipitate was separated by centrifugation for 10 min at 1000 × g,
washed twice with 0.15 M NaCl, and resuspended to 10 mg mL−1 (CC-M or Zym-M).

4.6. Opsonisation

Equal volumes of the CC or CCM suspension (10 mg mL−1) in 0.15 M NaCl and
normal human serum were thoroughly mixed and incubated at 37 ◦C for 30 min with
periodic shaking. Then, the mixtures were centrifuged (10 min at 1000 × g), washed twice
with 0.15 M NaCl, and resuspended to 10 mg mL−1 (CC-ops or CCM-ops).

4.7. Treatment of Microparticles with NaOCl

A suspension of CC or CCM microparticles (10 mg mL−1) in 0.15 M NaCl was
mixed with an equal volume of NaOCl water solution—so that its final concentration
was 0.1–10 mM, in accordance with the study design—and incubated at 37 ◦C for 30 min.
Then, the microparticles were precipitated with centrifugation, washed thrice with 0.15 M
NaCl, and resuspended to 10 mg mL−1.

4.8. Scanning Electron Microscopy (SEM)

Immediately before sample deposition, silicon wafers were treated in plasma cleaner
Electronic Diener (Plasma Surface Technology, Regensburg, Germany). The CC particles
were then deposited onto them and characterized using a Zeiss Merlin microscope equipped
with GEMINI II Electron Optics (Zeiss, München, Germany). SEM parameters were
accelerating voltage (1–3 kV) and probe current (30–80 pA).

4.9. ζ- Potential Measurement

The ζ-potentials of microparticles and mucin was measured using Zetasizer (Nano
ZS, Malvern, UK) and estimated using the Smoluchowski equation. Mucin ζ-potential
measured in water was −6 ± 1 мB.

4.10. Nitrogen Adsorption–Desorption by the Brunauer–Emmett–Teller (BET) Method

The porosity of vaterite microspheres was studied by low-temperature nitrogen
adsorption–desorption by the Brunauer–Emmett–Teller (BET) method on an ASAP-2000
setup (Micromeritics, Norcross, GA, USA). The samples were preliminarily subjected to vac-
uum treatment at room temperature to a residual pressure of 2 × 10−6 bar. The isotherms
of N2 sorption were recorded at −196 ◦C as the dependences of the volume of sorbed nitro-
gen (cm3/g) on the relative pressure p/p0, where p0 is the pressure of saturated nitrogen
vapours at −196 ◦C. The porous characteristics of the samples were calculated using a
standard software package. The specific surface area was estimated by the BET method;
the pore size was calculated using the Barrett–Joyner–Halenda (BJH) method.

4.11. Blood Cell Isolation

Human erythrocytes and neutrophils were isolated from the normal blood of 4 vol-
unteers aged 35–60 years without inflammatory diseases, on the basis of their informed
consent and agreement. Erythrocytes were sedimented by centrifugation of each blood
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sample collected (at 400× g, with EDTA as anticoagulant) and then washed thrice with
0.15 M NaCl. Another blood volume was layered over the double gradient of Histopaque
1.077/1.119 g L−1, and after centrifugation for 45 min, neutrophils were collected and
washed with Krebs–Ringer solution. Cell concentration was assayed by direct counting
using a Goryaev chamber, with a neutrophil purity of >95%.

4.12. Hemolytic Activity Assay

A 40 µL amount of of CC or CCM suspension (10 mg mL−1) was diluted with 180 µL of
0.15 M NaCl and mixed with 40 µL of erythrocytes (5–10× 109 cell mL−1). The mixture was
incubated for 2 h at 37 ◦C. Then erythrocytes and particles were separated by centrifugation,
and supernatants were collected for further hemoglobin (Hb) assay by absorbance at
540 nm using a standard Hb solution. The total hemolysis was induced by distilled
H2O; to assay spontaneous hemolysis, 0.15 M NaCl was added to erythrocytes instead of
particles. The results are expressed in %: HA = (Hbx −Hbsp)/(Hbt −Hbsp) × 100%, where
HA—hemolytic activity (%); Hbx, Hbt, Hbsp—hemoglobin concentration (mg mL−1) in
supernatants of the probes with particles, H2O or NaCl, respectively.

4.13. Chemiluminescent Assay (CL)

CL was measured using the luminometer Lum1200 (DiSoft, Moscow, Russia) in 0.5 mL
of Krebs–Ringer solution (pH 7.4) with 0.2 mM luminol (Lum-CL) or lucigenin (Luc-CL),
2% of autologous blood serum, neutrophils (0.5–0.7 × 106 cells mL−1), and particles
(1 mg mL−1). Spontaneous CL was measured before the addition of particles; then, the
sample was added and CL was registered until maximum values were reached. the CL
amplitude (V) was calculated as the difference between peak and spontaneous values. If
necessary, superoxide dismutase (SOD) or catalase (Cat) was added just when the peak
values were achieved.

4.14. Cytokine RNA Expression

Cytokine RNA were detected by means of reverse transcription with subsequent real-
time PCR (RT2-PCR) with fluorescent hydrolysis probes. Total nucleic acids were isolated
from 50 µL of control intact and experimental neutrophils after their incubation with CC
or CCM for 1 h at 37 ◦C, by using “Proba-NK” kit (DNA-technology, Moscow, Russia).
Control neutrophils were incubated with 0.15 M NaCl. Then, the reverse transcription was
performed using “Reverta-L” kit (AmpliSens, Moscow, Russia). To detect mRNA of human
interleukines with specific primers and probes, RT2-PCR was performed as previously
described [63].

4.15. Cytokine and Myeloperoxidase ELISA Assay

Neutrophils (2 × 106 cells mL−1) were incubated with 1 mg mL−1 of particles or with
E. coli Mg1655 (2.5 × 108 CFU mL−1) in Krebs–Ringer solution with 2% blood serum for 1 h
at 37 ◦C. Supernatants after centrifugation for 20 min at 900× g were collected and stored at
−60 ◦C until analysis. Cytokines (IL-1β, IL-6, IL-8, and IL-10) and myeloperoxidase (MPO)
were assayed using ELISA kits according to manufacturer instructions.

4.16. Light Microscopy

The standard smears of neutrophils incubated with particles were prepared in au-
tologous blood plasma without any cell centrifugation, fixed with methanol, and stained
according to the Romanovskii–Giemsa technique; then, they were analyzed using a light
Motic BA223 microscope (Motic, Kowloon Bay, Hong Kong) equipped with a 3CCD KYF32
digital camera. Image processing was performed with a MECOS-C image analysis system
(MECOS, Russia) in semi-automatic mode (400×).
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4.17. Kidney Stone Collection and Processing

Stones of the right kidney were obtained from a patient diagnosed with urolithiasis,
on the basis of their informed consent and agreement. Stone samples were collected after
surgical procedure for removal (percutaneous nephrolithotomy), with a portion of the
sample sent for clinical analysis of composition. Remaining stone samples were rinsed
with sterile PBS to remove potential host bacteria contamination. Stones were fractionated
with a sterile mortar and scalpel and stored at −80 ◦C before future use.

Stones were powdered in 0.15 M NaCl with Potter S homogenizer (Sartorius, Göttingen,
Germany) until a homogeneous suspension (10 mg mL−1) was achieved. The processing
of further samples with mucin solution (St-M) or 0.15 M NaCl (St) was performed as
described above (“Mucin adsorption” section). The precipitation was washed twice with
20-fold excess 0.15 M NaCl and resuspended to 10 mg mL−1 or subsequent activation of
isolated human normal blood neutrophils, according to the procedure described above
(“Chemiluminescent assay” section).

4.18. Statistics

Statistical significance levels were calculated with the Student’s t-test using Statistics 12
(StatSoft). p values < 0.05 were assumed to be significant. Data are represented as mean
value ± standard deviation.

5. Conclusions

The main features of neutrophil reaction to mucin–vaterite hybrid microparticles are
increased oxidant production, cell aggregation, and NET-like structure formation, but
without significant cytokine release (except for IL-8).
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Abbreviations

SOD superoxide dismutase
SEM scanning electron microscopy
CC vaterite microparticles
CCM vaterite microparticles co-precipitated with mucin
CC-M vaterite microparticles coated with mucin by adsorption
CL chemiluminescent assay
ROS reactive oxygen species
RHS reactive halogen species
Zym zymosan
MPO myeloperoxidase
NET neutrophil extracellular trap
St kidney stone
Lum luminol
Luc lucigenin
PMB polymyxin sulphate B

References
1. Volodkin, D. CaCO3 templated microbeads and-capsules for bioapplications. Adv. Coll. Interface Sci. 2014, 207, 306–324. [CrossRef]

[PubMed]
2. Yu, J.K.; Pan, H.; Huang, S.M.; Huang, N.L.; Yao, C.C.; Hsiao, K.M.; Wu, C.W. Calcium content of different compositions of

gallstones and pathogenesis of calcium carbonate gallstones. Asian J. Surg. 2013, 36, 26–35. [CrossRef] [PubMed]
3. Sayers, C.; Wyatt, J.; Soloway, R.D.; Taylor, D.R.; Stringer, M.D. Gallbladder mucin production and calcium carbonate gallstones

in children. Pediatr. Surg. Int. 2007, 23, 219–223. [CrossRef] [PubMed]
4. Mashina, E.V.; Shanina, S.N. Amino acid composition of gallstones and its connection with the mineral component. Proc. Russ.

Mineral. Soc. 2019, 148, 95–109.
5. Konopacka-Łyskawa, D. Synthesis methods and favorable conditions for spherical vaterite precipitation: A review. Crystals 2019,

9, 223. [CrossRef]
6. Miura, Y.; Iwazu, Y.; Shiizaki, K.; Akimoto, T.; Kotani, K.; Kurabayashi, M.; Kurosu, H.; Kuro-O, M. Identification and quantifi-

cation of plasma calciprotein particles with distinct physical properties in patients with chronic kidney disease. Sci. Rep. 2018,
8, 1256. [CrossRef] [PubMed]

7. Lu, H.; Hood, M.A.; Mauri, S.; Baio, J.E.; Bonn, M.; Muñoz-Espí, R.; Weidner, T. Biomimetic vaterite formation at surfaces
structurally templated by oligo(glutamic acid) peptides. Chem. Commun. (Camb). 2015, 51, 15902–15905. [CrossRef]

8. Yamasaki, T.; Chijiiwa, K.; Endo, M. Isolation of mucin from human hepatic bile and its induced effects on precipitation of
cholesterol and calcium carbonate in vitro. Dig. Dis. Sci. 1993, 38, 909–915. [CrossRef]

9. Van den Berg, A.A.; Van Buul, J.D.; Tytgat, G.N.J.; Groen, A.K.; Ostrow, J.D. Mucins and calcium phosphate precipitates additively
stimulate cholesterol crystallization. J. Lipid Res. 1998, 39, 744–1751. [CrossRef]

10. Gelli, R.; Martini, F.; Geppi, M.; Borsacchi, S.; Ridi, F.; Baglioni, P. Exploring the interplay of mucin with biologically-relevant
amorphous magnesium-calcium phosphate nanoparticles. J. Coll. Interface Sci. 2021, 594, 802–811. [CrossRef]

11. Balabushevich, N.G.; Kovalenko, E.A.; Mikhalchik, E.V.; Filatova, L.Y.; Volodkin, D.; Vikulina, A.S. Mucin adsorption on vaterite
CaCO3 microcrystals for the prediction of mucoadhesive properties. J. Coll. Interface Sci. 2019, 545, 330–339. [CrossRef] [PubMed]

12. Balabushevich, N.G.; Sholina, E.A.; Mikhalchik, E.V.; Filatova, L.Y.; Vikulina, A.S.; Volodkin, D. Self-assembled mucin-containing
microcarriers via hard templating on CaCO3 crystals. Micromachines 2018, 9, 307. [CrossRef] [PubMed]

13. Bansil, R.; Turner, B. Mucin structure, aggregation, physiological functions and biomedical applications. Curr. Opin. Colloid
Interface Sci. 2006, 11, 164. [CrossRef]

14. Peng, H.H.; Liu, Y.J.; Ojcius, D.M.; Lee, C.M.; Chen, R.H.; Huang, P.R.; Martel, J.; Young, J.D. Mineral particles stimulate innate
immunity through neutrophil extracellular traps containing HMGB1. Sci. Rep. 2017, 7, 16628. [CrossRef]

15. Burt, H.M.; Jackson, J.K.; Taylor, D.R.; Crowther, R.S. Activation of human neutrophils by calcium carbonate polymorphs.
Dig. Dis. Sci. 1997, 42, 1283–1289. [CrossRef]

16. Balabushevich, N.G.; Kovalenko, E.A.; Le-Deygen, I.M.; Filatova, L.Y.; Volodkin, D.; Vikulina, A.S. Hybrid CaCO3-mucin crystals:
Effective approach for loading and controlled release of cationic drugs. Mater. Des. 2019, 12, 108020. [CrossRef]

17. Memar, M.Y.; Adibkia, K.; Farajnia, S.; Kafil, H.S.; Maleki-Diza, S.; Ghotaslou, R. Biocompatibility, cytotoxicity and antimicrobial
effects of gentamicin-loaded CaCO3 as a drug delivery to osteomyelitis. J. Drug Del. Sci. Technol. 2019, 54, 101307. [CrossRef]

18. Posiedelik, M.; Markowicz-Piasecka, M.; Sikora, J. Erythrocytes as model cells for biocompatibility assessment, cytotoxicity
screening of xenobiotics and drug delivery. Chem. Biol. Inter. 2020, 332, 109305. [CrossRef]

19. Gyllenhammar, H. Lucigenin chemiluminescence in the assessment of neutrophil superoxide production. J. Immunol. Methods
1987, 97, 209–213. [CrossRef]

http://doi.org/10.1016/j.cis.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24794739
http://doi.org/10.1016/j.asjsur.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23270822
http://doi.org/10.1007/s00383-006-1867-5
http://www.ncbi.nlm.nih.gov/pubmed/17225180
http://doi.org/10.3390/cryst9040223
http://doi.org/10.1038/s41598-018-19677-4
http://www.ncbi.nlm.nih.gov/pubmed/29352150
http://doi.org/10.1039/C5CC05830A
http://doi.org/10.1007/BF01295919
http://doi.org/10.1016/S0022-2275(20)32161-1
http://doi.org/10.1016/j.jcis.2021.03.062
http://doi.org/10.1016/j.jcis.2019.03.042
http://www.ncbi.nlm.nih.gov/pubmed/30901672
http://doi.org/10.3390/mi9060307
http://www.ncbi.nlm.nih.gov/pubmed/30424240
http://doi.org/10.1016/j.cocis.2005.11.001
http://doi.org/10.1038/s41598-017-16778-4
http://doi.org/10.1023/A:1018870511257
http://doi.org/10.1016/j.matdes.2019.108020
http://doi.org/10.1016/j.jddst.2019.101307
http://doi.org/10.1016/j.cbi.2020.109305
http://doi.org/10.1016/0022-1759(87)90461-3


Int. J. Mol. Sci. 2022, 23, 10579 15 of 16

20. Brestel, E.P. Co-oxidation of luminol by hypochlorite and hydrogen peroxide implications for neutrophil chemiluminescence.
Biochem. Biophys. Res. Commun. 1985, 126, 482–488. [CrossRef]

21. Cantin, A.M.; Ouellet, C.; Cloutier, A.A.; McDonald, P.P. Airway mucins inhibit oxidative and non-oxidative bacterial killing by
human neutrophils. Front. Pharmacol. 2020, 11, 554353. [CrossRef]

22. Sandberg, T.; Carlsson, J.; Ott, M.K. Interactions between human neutrophils and mucin-coated surfaces. J. Mater. Sci. Mater. Med.
2008, 20, 621–631. [CrossRef]

23. Song, X.; Ju, H.; Lasanajak, Y.; Kudelka, M.R.; Smith, D.F.; Cummings, R.D. Oxidative release of natural glycans for functional
glycomics. Nat. Methods 2016, 13, 528–534. [CrossRef]

24. Balabushevich, N.G.; Kovalenko, E.A.; Filatova, L.Y.; Kirzhanova, E.A.; Mikhalchik, E.V.; Volodkin, D.; Vikulina, A.S. Hybrid
mucin-vaterite microspheres for delivery of proteolytic enzyme chymotrypsin. Macromol. Biosci. 2022, 22, 2200005. [CrossRef]

25. Schoonen, M.A.A.; Cohn, C.A.; Roemer, E.; Laffers, R.; Simon, S.R.; O’Riordan, T. Mineral-induced formation of reactive oxygen
species. Rev. Mineral. Geochem. 2006, 64, 179–221. [CrossRef]

26. Leppkes, M.; Maueröder, C.; Hirth, S.; Nowecki, S.; Günther, C.; Billmeier, U.; Paulus, S.; Biermann, M.; Muñoz, L.E.;
Hoffmann, M.; et al. Externalized decondensed neutrophil chromatin occludes pancreatic ducts and drives pancreatitis.
Nat. Commun. 2016, 7, 10973. [CrossRef]

27. Parker, H.; Winterbourn, C.C. Reactive oxidants and myeloperoxidase and their involvement in neutrophil extracellular traps.
Front. Immunol. 2013, 3, 424. [CrossRef]

28. Peng, H.H.; Wu, C.Y.; Young, D.; Martel, J.; Young, A.; Ojcius, D.M.; Lee, Y.H.; Young, J.D. Physicochemical and biological
properties of biomimetic mineralo-protein nanoparticles formed spontaneously in biological fluids. Small 2013, 9, 2297–2307.
[CrossRef]

29. Muñoz, L.E.; Boeltz, S.; Bilyy, R.; Schauer, C.; Mahajan, A.; Widulin, N.; Grüneboom, A.; Herrmann, I.; Boada, E.; Rauh, M.; et al.
Neutrophil extracellular traps initiate gallstone formation. Immunity 2019, 51, 443–450. [CrossRef]

30. Schapher, M.; Koch, M.; Weidner, D.; Scholz, M.; Wirtz, S.; Mahajan, A.; Herrmann, I.; Singh, J.; Knopf, J.; Leppkes, M.; et al.
Neutrophil extracellular traps promote the development and growth of human salivary stones. Cells 2020, 9, 2139. [CrossRef]

31. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, 453–462. [CrossRef]
32. Batool, F.; Özçelik, H.; Stutz, C.; Gegout, P.Y.; Benkirane-Jessel, N.; Petit, C.; Huck, O. Modulation of immune-inflammatory

responses through surface modifications of biomaterials to promote bone healing and regeneration. J. Tissue Eng. 2021,
12, 20417314211041428. [CrossRef]

33. Parakhonskiy, B.; Zyuzin, M.V.; Yashchenok, A.; Carregal-Romero, S.; Rejman, J.; Möhwald, H.; Parak, W.J.; Skirtach, A.G. The
influence of the size and aspect ratio of anisotropic, porous CaCO3 particles on their uptake by cells. J. Nanobiotechnology 2015,
13, 53. [CrossRef]

34. Tabei, Y.; Sugino, S.; Eguchi, K.; Tajika, M.; Abe, H.; Nakajima, Y.; Horie, M. Effect of calcium carbonate particle shape on
phagocytosis and pro-inflammatory response in differentiated THP-1 macrophages. Biochem. Biophys. Res. Commun. 2017, 490,
499–505. [CrossRef]

35. Champion, J.A.; Mitragotri, S. Role of target geometry in phagocytosis. Proc. Natl. Acad. Sci. USA 2006, 103, 4930–4934. [CrossRef]
[PubMed]

36. Senchukova, M.A. Brief review about the role of nanomaterials, mineral-organic nanoparticles, and extra-bone calcification in
promoting carcinogenesis and tumor progression. Biomedicines 2019, 7, 65. [CrossRef]

37. Underhill, D.M.; Goodridge, H.S. Information processing during phagocytosis. Nat. Rev. Immunol. 2012, 12, 492–502. [CrossRef]
38. Nadra, I.; Boccaccini, A.R.; Philippidis, P.; Whelan, L.C.; McCarthy, G.; Haskard, D.O.; Landis, R.C. Effect of particle size

on hydroxyapatite crystal-induced tumor necrosis factor alpha secretion by macrophages. Atherosclerosis 2008, 196, 98–105.
[CrossRef]

39. Lee, J.A.; Kim, M.K.; Kim, H.M.; Lee, J.K.; Jeong, J.; Kim, Y.R.; Oh, J.M.; Choi, S.J. The fate of calcium carbonate nanoparticles
administered by oral route: Absorption and their interaction with biological matrices. Int. J. Nanomed. 2015, 10, 2273–2293.

40. Peng, H.H.; Martel, J.; Lee, Y.H.; Ojcius, D.M.; Young, J.D. Serum-derived nanoparticles: De novo generation and growth in vitro,
and internalization by mammalian cells in culture. Nanomedicine 2011, 6, 643–658. [CrossRef]

41. Vakhrusheva, T.V.; Baikova, Y.P.; Balabushevich, N.G.; Gusev, S.A.; Lomakina, G.Y.; Sholina, E.A.; Moshkovskaya, M.A.;
Shcherbakov, P.L.; Pobeguts, O.V.; Mikhalchik, E.V. Binding of mucin by E. coli from human gut. Bull. Exp. Biol. Med. 2017, 165,
235–238. [CrossRef]

42. Mikhalchik, E.; Balabushevich, N.; Vakhrusheva, T.; Sokolov, A.; Baykova, J.; Rakitina, D.; Scherbakov, P.; Gusev, S.; Gusev, A.;
Kharaeva, Z.; et al. Mucin adsorbed by E. coli can affect neutrophil activation in vitro. FEBS Open Bio. 2020, 10, 180–196.
[CrossRef]

43. Mikhalchik, E.V.; Boychenko, O.P.; Moskalets, A.P.; Morozova, O.V.; Klinov, D.V.; Basyreva, L.Y.; Gusev, S.A.; Panasenko, O.M.;
Filatova, L.Y.; Balabushevich, N.G. Stimulation of neutrophil oxidative burst by calcium phosphate particles with sorbed mucin.
Rus. Open Med. J. 2021, 10, CID e0428. [CrossRef]

44. Turner, B.S.; Bhaskar, K.R.; Hadzopoulou-Cladaras, M.; LaMont, J.T. Cysteine-rich regions of pig gastric mucin contain von
Willebrand factor and cystine knot domains at the carboxyl terminal. Biochim. Biophys. 1999, 1447, 77–92. [CrossRef]

45. Marangella, M.; Vitale, C.; Bagnis, C.; Bruno, M.; Ramello, A. Idiopathic calcium nephrolithiasis. Nephron 1999, 81, 38–44.
[CrossRef] [PubMed]

http://doi.org/10.1016/0006-291X(85)90631-X
http://doi.org/10.3389/fphar.2020.554353
http://doi.org/10.1007/s10856-008-3595-y
http://doi.org/10.1038/nmeth.3861
http://doi.org/10.1002/mabi.202200005
http://doi.org/10.2138/rmg.2006.64.7
http://doi.org/10.1038/ncomms10973
http://doi.org/10.3389/fimmu.2012.00424
http://doi.org/10.1002/smll.201202270
http://doi.org/10.1016/j.immuni.2019.07.002
http://doi.org/10.3390/cells9092139
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1177/20417314211041428
http://doi.org/10.1186/s12951-015-0111-7
http://doi.org/10.1016/j.bbrc.2017.06.069
http://doi.org/10.1073/pnas.0600997103
http://www.ncbi.nlm.nih.gov/pubmed/16549762
http://doi.org/10.3390/biomedicines7030065
http://doi.org/10.1038/nri3244
http://doi.org/10.1016/j.atherosclerosis.2007.02.005
http://doi.org/10.2217/nnm.11.24
http://doi.org/10.1007/s10517-018-4137-3
http://doi.org/10.1002/2211-5463.12770
http://doi.org/10.15275/rusomj.2021.0428
http://doi.org/10.1016/S0167-4781(99)00099-8
http://doi.org/10.1159/000046297
http://www.ncbi.nlm.nih.gov/pubmed/9873213


Int. J. Mol. Sci. 2022, 23, 10579 16 of 16

46. Aknin, M.L.; Berry, M.; Dick, A.D.; Khan-Lim, D. Normal but not altered mucins activate neutrophils. Cell Tissue Res. 2004, 318,
545–551. [CrossRef] [PubMed]

47. Bornhöfft, K.F.; Rebl, A.; Gallagher, M.E.; Viergutz, T.; Zlatina, K.; Reid, C.; Galuska, S.P. Sialylated cervical mucins inhibit the
activation of neutrophils to form neutrophil extracellular traps in bovine in vitro model. Front. Immunol. 2019, 10, 2478. [CrossRef]
[PubMed]

48. Domínguez-Luis, M.J.; Armas-González, E.; Herrera-García, A.; Arce-Franco, M.; Feria, M.; Vicente-Manzanares, M.;
Martínez-Ruiz, A.; Sánchez-Madrid, F.; Díaz-González, F. L-selectin expression is regulated by CXCL8-induced reactive oxygen
species produced during human neutrophil rolling. Eur. J. Immunol. 2019, 49, 386–397. [CrossRef] [PubMed]

49. Lin, C.H.; Yeh, Y.C.; Yang, K.D. Functions and therapeutic targets of Siglec-mediated infections, inflammations and cancers.
J. Formos Med. Assoc. 2021, 120, 5–24. [CrossRef]

50. Lizcano, A.; Secundino, I.; Döhrmann, S.; Corriden, S.; Rohena, C.; Diaz, S.; Ghosh, P.; Deng, L.; Nizet, V.; Varki, A. Erythrocyte
sialoglycoproteins engage Siglec-9 on neutrophils to suppress activation. Blood 2017, 129, 3100–3110. [CrossRef]

51. Green, P.J.; Yuen, C.-T.; Childs, R.A.; Chai, W.; Miyasaka, M.; Lemoine, R.; Lubineau, A.; Smith, B.; Ueno, H.; Nicolaou, K.C.; et al.
Further studies of the binding specificity of the leukocyte adhesion molecule, L-selectin, towards sulphated oligosaccharides-
suggestion of a link between the selectin- and the integrin-mediated lymphocyte adhesion systems. Glycobiology 1995, 5, 29–38.
[CrossRef] [PubMed]

52. Crottet, P.; Kim, Y.J.; Varki, A. Subsets of sialated, sulfated mucins of diverse origins are recognized by L-selectin. Lack of evidence
for unique oligosaccharide sequences mediating binding. Glycobiology 1996, 6, 191–208. [CrossRef] [PubMed]

53. Weiss, S.J. Tissue destruction by neutrophils. N. Engl. J. Med. 1989, 320, 365–376. [PubMed]
54. Morris, J.C. The acid ionization constant of HOCl from 5 to 35◦. J. Phys. Chem. 1966, 70, 3798–3805. [CrossRef]
55. Melo-Gonzalez, F.; Fenton, T.M.; Forss, C.; Smedley, C.; Goenka, A.; MacDonald, A.S.; Thornton, D.J.; Travis, M.A. Intestinal

mucin activates human dendritic cells and IL-8 production in a glycan-specific manner. J. Biol. Chem. 2018, 293, 8543–8553.
[CrossRef]

56. Desai, J.; Foresto-Neto, O.; Honarpisheh, M.; Steiger, S.; Nakazawa, D.; Popper, B.; Buhl, E.M.; Boor, P.; Mulay, S.R.; Anders, H.-J.
Particles of different sizes and shapes induce neutrophil necroptosis followed by the release of neutrophil extracellular trap-like
chromatin. Sci. Rep. 2017, 7, 15003. [CrossRef]

57. Kirchner, T.; Möller, S.; Klinger, M.; Solbach, W.; Laskay, T.; Behnen, M. The impact of various reactive oxygen species on the
formation of neutrophil extracellular traps. Mediat. Inflamm. 2012, 2012, 849136. [CrossRef]

58. Wang, D.Q.-H. Aging per se is an independent risk factor for cholesterol gallstone formation in gallstone susceptible mice.
J. Lipid Res. 2002, 43, 1950–1959. [CrossRef]

59. Georgescu, D.; Ionita, I.; Lascu, A.; Hut, E.-F.; Dragan, S.; Ancusa, O.-E.; Ionita, M.; Calamar-Popovici, D.; Georgescu, L.-A.;
Lighezan, D.-F. Gallstone disease and bacterial metabolic performance of gut microbiota in middle-aged and older patients. Int. J.
Gen. Med. 2021, 15, 5513–5531. [CrossRef]

60. Verdier, J.; Luedde, T.; Sellge, G. Biliary mucosal barrier and microbiome. Viszeralmedizin 2015, 31, 158–161. [CrossRef]
61. Hu, F.-L.; Chen, H.-T.; Guo, F.-F.; Yang, M.; Jiang, X.; Yu, J.-H.; Zhang, F.-M.; Xu, G.-O. Biliary microbiota and mucin 4 impact the

calcification of cholesterol gallstones. Hepatobiliary Pancreat Dis Int. 2021, 20, 61–66. [CrossRef]
62. Hess, E.L.; Coburn, A.F.; Bates, R.C.; Murphy, P.A. New method for measuring sialic acid levels in serum and its application to

rheumatic fever. J. Clin. Investig. 1957, 36, 449–455. [CrossRef]
63. Morozova, O.V.; Sokolova, A.I.; Pavlova, E.R.; Isaeva, E.I.; Obraztsova, E.A.; Ivleva, E.A.; Klinov, D.V. Protein nanoparticles:

Cellular uptake, intracellular distribution, biodegradation and induction of cytokine gene expression. Nanomedicine 2020,
30, 102293. [CrossRef]

http://doi.org/10.1007/s00441-004-0957-8
http://www.ncbi.nlm.nih.gov/pubmed/15490242
http://doi.org/10.3389/fimmu.2019.02478
http://www.ncbi.nlm.nih.gov/pubmed/31781090
http://doi.org/10.1002/eji.201847710
http://www.ncbi.nlm.nih.gov/pubmed/30443903
http://doi.org/10.1016/j.jfma.2019.10.019
http://doi.org/10.1182/blood-2016-11-751636
http://doi.org/10.1093/glycob/5.1.29
http://www.ncbi.nlm.nih.gov/pubmed/7539644
http://doi.org/10.1093/glycob/6.2.191
http://www.ncbi.nlm.nih.gov/pubmed/8727791
http://www.ncbi.nlm.nih.gov/pubmed/2536474
http://doi.org/10.1021/j100884a007
http://doi.org/10.1074/jbc.M117.789305
http://doi.org/10.1038/s41598-017-15106-0
http://doi.org/10.1155/2012/849136
http://doi.org/10.1194/jlr.M200078-JLR200
http://doi.org/10.2147/IJGM.S350104
http://doi.org/10.1159/000431071
http://doi.org/10.1016/j.hbpd.2020.12.002
http://doi.org/10.1172/JCI103442
http://doi.org/10.1016/j.nano.2020.102293

	Introduction 
	Results 
	Characteristics of CC and CCM Microparticles 
	Hemolytic Activity of CC and CCM Microparticles 
	Neutrophil Chemiluminescence 
	Cytokine and Myeloperoxidase Release by Neutrophils 
	Light Microscopy 
	Analysis of Human Kidney Stones 

	Discussion 
	Materials and Methods 
	Reagents 
	Analytical Determination of Mucin 
	Desialylation of Mucin 
	Fabrication of Vaterite Microparticles 
	Mucin Adsorption onto CC and Zymosan Particles 
	Opsonisation 
	Treatment of Microparticles with NaOCl 
	Scanning Electron Microscopy (SEM) 
	- Potential Measurement 
	Nitrogen Adsorption–Desorption by the Brunauer–Emmett–Teller (BET) Method 
	Blood Cell Isolation 
	Hemolytic Activity Assay 
	Chemiluminescent Assay (CL) 
	Cytokine RNA Expression 
	Cytokine and Myeloperoxidase ELISA Assay 
	Light Microscopy 
	Kidney Stone Collection and Processing 
	Statistics 

	Conclusions 
	References

