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ARTICLE INFO ABSTRACT

Keywords: Co-precipitation of biopolymers into calcium carbonate crystals changes their physicochemical
Calcium carbonate (vaterite) and biological properties. This work studies hybrid microcrystals of vaterite obtained in the
Biocompatibility

presence of natural polysaccharides, as carriers for the delivery of proteins and enzymes. Hybrid
microcrystals with dextran sulfate, chondroitin sulfate, heparin, fucoidan, and pectin were ob-
tained and compared. The impact of polysaccharides on the morphology (particle diameter,
surface area, nanocrystallite and pore size), polysaccharide content and surface charge of hybrid
microcrystals was studied. Only microcrystals with fucoidan and heparin exhibited antioxidant
activity against *OH radical. The surface charge and pore size of the hybrid microcrystals affected
the sorption of albumin, catalase, chymotrypsin, mucin. A decrease in the catalytic constant and
Michaelis constant was observed for catalase sorbed on the hybrid crystals. The biocompatibility
of microcrystals depended on the nature of the included polysaccharide: crystals with sulfated
polysaccharides increased blood plasma coagulation but not platelet aggregation, and crystals
with dextran sulfate had the greatest cytotoxicity against HT-29 cells but not erythrocytes. Hybrid
microcrystals with all polysaccharides except chondroitin sulfate reduced erythrocyte lysis in

Antioxidant properties
Protein adsorption
Enzyme activity

Drug delivery
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vitro compared with vaterite crystals. The obtained results enable to create novel carriers based
on hybrid vaterite crystals with polysaccharides, beneficial for the delivery of protein drugs.

1. Introduction

Nowadays, special attention is paid to the development of alternative means of drug delivery with low cost and the necessary
biological activity. Mineral particles made of clay, halloysite, apatite, and calcium carbonate find use in various biomedical appli-
cations due to the presence of special physicochemical properties, low toxicity, biocompatibility, or biodegradability [1-5]. The
production costs of calcium carbonate are very low [2], and its vaterite modification differs from other polymorphic forms calcite and
aragonite by its special properties. The spherical shape and adjustable sizes in the range from submicron up to tens of micron [6], pH
sensitivity (better release of substances at lower pH) of vaterite crystals may be important for controlled drug and gene delivery as well
as targeted cancer therapy, since cancer cells have a lower pH environment compared to healthy cells [7,8]. The high affinity of
vaterite crystals for mucin [9] makes them promising carriers for drug delivery through mucous membranes [10,11], including
intranasal [12], pulmonary [13], oral [14] or ophthalmic [15] administration. Unlike other popular drug delivery vehicles in the form
of metal nanoparticles, synthetic copolymers, and cationic lipids, calcium carbonate has no potential material safety issues and is
marketed as an FDA-approved antacid (Section 331.11b), digestive, antidiarrheal, or weight control drug (Section 310.545) [1].

Vaterite crystals have a porous morphology and a well-developed internal structure but are the least stable polymorph of calcium
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carbonate. Vaterite has ideal mechanical, physical and chemical properties for incorporating substances of various nature, including
low and high molecular weight drugs, which can be loaded using coprecipitation during crystal fabrication or adsorption into prepared
crystals [16,17]. Among the disadvantages of vaterite are small inclusion and rapid release of positively charged molecules, low
stability in solutions, and rapid recrystallization into more thermodynamically stable calcite. These disadvantages can be eliminated
by additional introduction of polymers during the formation of crystals to obtain so-called "hybrid" crystals of vaterite. Modification of
the vaterite matrix with biopolymers (cellulose [18], chitosan and its derivatives [19-21], alginate [22], low molecular weight heparin
[23,24], dextran sulfate [25,26], pectin [27], mucin [28] changed the surface charge of the particles, increased the surface area and
porosity, and, as a result, not only increased incorporation and retention of cationic drugs (including proteins and enzymes), but also
produced additional therapeutic effects. In the body, carrier particles are inevitably exposed to the components of biological media and
may elicit a response from the immune system. In this regard, it is important to know to what extent the modification of vaterite
microcrystals by biopolymers affects the incorporation of therapeutically important proteins and enzymes. It is also necessary to study
the interaction of polysaccharide-modified vaterite with components of biological media and body cells.

Natural polysaccharides due to the availability and renewability of raw materials, biodegradability and biocompatibility attract
special attention for the creation of protein delivery vehicles [29]. It should be noted that most polysaccharides are polydisperse, and
their molecular weight and degree of sulfation depend on the source of raw materials and polymer extraction conditions. Poly-
saccharides are hydrophilic, non-toxic and can be degraded by enzymes of human body and gastrointestinal bacteria. In our work, well
known sulfated polysaccharides (dextran sulfate, chondroitin sulfate, heparin, and fucoidan) and non-sulfated polysaccharide pectin
(Table 1), negatively charged under physiologic conditions due to sulfo and carboxyl groups in their structure, which have a wide
range of biological properties (antioxidant, anticoagulative, anti-inflammatory, immunomodulating, antiviral, anticancer, etc.) were
selected for inclusion in vaterite microcrystals [30-45].

Dextran sulfate (DS) is produced by sulfation of dextran synthesized by bacteria [48]. Chondroitin sulfate (CS) from mammals and
invertebrates is a typical glycosaminoglycan and the proteoglycan component of the extracellular matrix [49]. Clinical study revealed
the safety of chondroitin sulfate administration and almost no side effects. Heparin (HE) is a highly sulfated polydispersed glycos-
aminoglycan whose polysaccharide chain consists of repeating dimers of r-iduronic acid (IdoA) or glucuronic acid (GlcA) and
N-acetylglucosamine (GlcNAc) [50]. Heparin is the most widely used anticoagulant drug in the world, and it is derived from bovine
lungs or pig intestinal mucosa. The main component of fucoidan (FU) from brown algae and echinoderms is sulfated a-i-fucose res-
idues, but it can also include other monosaccharides, such as galactose, mannose, xylose, and uronic acids [51]. This biopolymer has a
branched structure with an irregular alternation of sulfated/acetylated monosaccharides with a(1 — 3) glycosidic linkages or alter-
nating a(1 — 3), a(1 — 4) in the main chain. Pectin (PE) is a non-sulfated polysaccharide whose main chain consists of alternating links
of p-galacturonic acid and o-1,2-z-rhamnose connected by a(1 — 4) glycosidic bond, as well as various uncharged monosaccharides:
arabinose, galactose, etc. [52]. Pectin is part of the cell wall of higher plants, reaching up to one third of all dry substances contained in
the cell wall.

So far, the comprehensive comparison of the effect of the nature of polysaccharides on the physicochemical and antioxidant
properties, biocompatibility, and cytotoxicity of hybrid microcrystals of vaterite, and on their interaction with biologically active
substances is important for further progress in the development of drug delivery systems [53,54].

The adsorption of human serum albumin and high molecular weight glycoprotein mucin, which is the main component of all
mucosal surfaces, was studied when analyzing the interaction of hybrid microcrystals of vaterite as drug carriers in delivery vehicles
with components of biological media.

Since vaterite modified with natural polysaccharides can be of interest as carrier for the delivery of therapeutically important
proteins and enzymes, the adsorption of anionic antioxidant enzyme catalase (500 kDa, pI 5.4) and cationic pancreatic proteolytic
enzyme chymotrypsin (25 kDa, pl 8.8) onto hybrid microparticles was compared. In order to evaluate efficacy of inclusion of the
enzymes, also their activity was assessed. Kinetic parameters of the immobilized enzyme in the hydrogen peroxide decomposition
reaction were determined for the adsorbed catalase.

So, our work aims to compare the properties of hybrid vaterite microcrystals with polysaccharides and to predict their possible use
as carriers in drug delivery vehicles. The hybrid microcrystals were prepared and characterized by: (1) their physical-chemical
properties (particle diameter, surface area, nanocrystallite and pore size, polysaccharide content, surface charge, antioxidant activ-
ity); (2) biocompatibility with respect to blood plasma coagulation, platelet aggregation, blood erythrocytes and HT-29 cells related to
intestinal epithelium; (3) their protein-adsorbing capacity towards mucin and albumin which are the major proteinaceous components
of mucosa and blood plasma; (4) adsorbing capacity towards therapeutically important enzymes catalase and chymotrypsin as
perspective candidates for delivery with hybrid microcrystals. Among the studied polysaccharides there were dextran sulfate, chon-
droitin sulfate, heparin, fucoidan, and pectin.

X-ray phase analysis, thermogravimetric analysis and electrophoretic laser light scattering and nitrogen sorption-desorption, and
iron binding capacity and hydroxyl-scavenging activity in Fenton reaction were used for physicochemical characterization of the
hybrid crystals. To analyze the biocompatibility of vaterite microcrystals we studied their effect on blood plasma coagulation and
platelet aggregation in platelet-rich plasma (PRP). In addition, we evaluated cytotoxicity in a hemolysis model [55] and, given the
possibility of oral administration, against the HT-29 cell line. The colorectal cancer cell line HT-29 is related to the intestinal
epithelium [56] and has been used in colitis models in vitro [57].
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2. Materials and methods
2.1. Materials

Anhydrous calcium chloride, >93.0 % (C1016), anhydrous sodium carbonate, >99.0 % (S7795), CS type A sodium salt from bovine
trachea, 10-30 kDa (C8529), FU from Fucus vesiculosus, 30-100 kDa (F-5631), PE from apple, 6.7 % for Methoxy groups,74.0 % for
Galacturonic Acid (P-8471), mucin from porcine stomach, ~600 kDa, Type III (M), bovine liver catalase, albumin from human serum
(Fraction V), hydrogen peroxide solution, N-benzoyl-i-tyrosine-p-nitroanilide, luminol, lucigenin (Sigma—-Aldrich, USA, China); DS
Leucononostoc ssp. M; ~500 kDa, containing 2.3 sulfo groups per unit (31395), chymotrypsin from bovine pancreas (Fluka, Germany);
HE, 10-20 kDa (Spofa, Czech Republic). The Olvex-LDH kit, Iron-4-Olvex kit were purchased from LLC (Olveks Diagnosticum, SPb,
Russia).

All chemicals used for the preparation of buffer solutions were at least laboratory grade and purchased from Sigma-Aldrich. All
other chemicals were used without further purification. Double distilled water was used in all experiments.

2.2. Fabrication of CC and hybrid microcrystals

Microcrystals of vaterite (CC) and hybrid microcrystals with all polysaccharides were obtained according to the method [28] with
some modifications. For the fabrication of hybrid microcrystals, 3 mL of 1 M GaCly, 7.5 mL 10 mg mL " of polysaccharide in 0.1 M Tris
buffer, 1.5 mL water was stirred for 10 min followed by the addition of 3 mL of 1 M NayCOs. Stirring was continued for 45 s, then the
suspension was left for 15 min without stirring for precipitation. CC microcrystals were fabricated following the same procedure
without addition of polysaccharide into the CaCly solution. After precipitation of the crystals, the supernatant solutions were separated
by centrifugation for 1 min at 1000 rpm; the precipitates were washed three times with double distilled water and lyophilized.

2.3. Characterization of the microcrystals

For scanning electron microscopy (SEM) microcrystals were deposited onto silicon wafers and characterized using a Zeiss Merlin
microscope (Zeiss, Miinchen, Germany). SEM accelerating voltage was 1-2 kV. The statistical image processing was performed through
ImageJ when counting 100 microcrystals for each preparation and microcrystals diameter (Dcrystq1) Was assayed. Diameter of nano-
crystallines (Dnanocrystatiine) Was calculated using Gwiddion software.

The sulfur content in microcrystals was analyzed by energy disperse X-ray spectroscopy during SEM measurements using an
additional module Oxford Instruments INCAx-act. Elevated accelerating voltage of 10-15 kV was used to record the data.

An X-ray diffraction analysis of the microparticles was performed using a Miniflex 600 (Rigaku, Japan) with a silicon drift detector
on powdered samples using Cu Ka 1.5418 A radiation and a Ni filter with 26 from 20° to 60°. The molar percentages of vaterite and
calcite polymorphs were determined using the equations derived from the research conducted by Ref. [58]: using Eq. (1):

1%/ 1119 = 7,691 X /X, 1)

where 7.691 is the proportionality constant of the calcite and vaterite polymorph mixture, IC 104 represents the intensity of the calcite
diffraction plane (104), while IV 110 represents the intensity of the vaterite diffraction plane (110). XC represents the molar fraction of
calcite, and XV represents the molar fraction of vaterite (XC + XV = 1).

Thermogravimetric analysis (TGA) was carried out using a TGA/DSC analyzer (SDT Q600, Thermo Fisher Scientific, TA In-
struments). The samples (30 mg) were heated from 30 to 1000 °C at a heating rate of 10 °C min ! under an air flow with the rate of 100
mL min .

The porosity of microcrystals was studied by low-temperature nitrogen adsorption—desorption on ASAP-2000 setup (Micromeritics,
Norcross, GA, USA). The specific surface area was estimated by Brunauer-Emmett-Teller (BET) method, the pore size was calculated
using Barrett-Joyner-Halenda method. The porosity of the vaterite microparticles was studied by low-temperature No adsorp-
tion—desorption by the BET method on ASAP-2000 setup (Micromeritics, USA). The samples were preliminarily subjected to vacuum
treatment at room temperature to a residual pressure of 2 x 107 bar. The isotherms were recorded at 196 °C as the dependences of the
volume of the sorbed Ny (cm® g™!) on the relative pressure p/po, where pg is the pressure of saturated Ny vapor at 196 °C. The
characteristics of the samples — crystal area (S), pore volume (Vyores), and pore size (Dpores) — Were calculated using a standard software
package.

The {-potential of biopolymers and microcrystals and hydrodynamic diameter of mucin and proteins was measured using Zetasizer
(Nano ZS, Malvern, UK) and estimated using Smoluchowski equation and Stokes-Einstein equation, respectively.

2.4. Sorption of proteins and mucin on microcrystals

The suspension containing 40 mg mL~! microcrystals and 1.0 mg mL~! of proteins or mucin in 0.05 M Tris buffer (pH 7.0) was
incubated under the stirring at 300 rpm for 30 min and centrifuged for 2 min at 2000 rpm. The precipitates were washed twice with
0.05 M Tris buffer. Control suspensions of the microcrystals did not contain protein. The content of the catalase immobilized on the
microcrystals was calculated based on the concentration of the catalase in the supernatant and washing solutions, which were
determined in comparison with the control suspensions at a wavelength of 280 nm for protein or 260 nm for mucin. The equilibrium
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adsorption capacity of the microcrystals (g, mg g~ ) was calculated using Eq. (2):
de = (o - c)*V/m, (2)

where ¢, and ¢, are the initial and equilibrium concentrations of catalase, respectively (mg mL™}), V is the volume of the suspension
(mL), and m is the mass of the microparticles (g).

2.5. Catalase activity

Catalase activity was assayed as described earlier [59]. Catalase solution or suspension of the microcrystals loaded with catalase
was diluted with 0.05 M Tris buffer (pH 7.0 to the same protein concentration 0.005-0.010 mg mL ™! [59]. An aliquot of 820-870 pL of
0.05 M Tris buffer (pH 7.0) was mixed with 30-80 pL of diluted catalase solution and 100 pL of 176 mM H50» solutions reaching the
total volume of the reaction mixture of 1000 pL. For the measurement of the activity of immobilized catalase, a control experiment was
always set up with the same concentration of CC or hybrid microcrystals, which did not contain catalase. Optical density at a
wavelength of 240 nm was recorded for 60 s.

K and vy for catalase were determined using Linuiver-Burke coordinates, the catalytic constant (k¢q, s™1) was calculated using
Eq. (3):

keat = Vmax /Ccan 3

where v,y is the maximum reaction rate (M s, ccat is the concentration of catalase active centers, M; 60 is the measurement time (s).
The concentration of catalase active centers was determined after measuring the absorbance in solutions at 280 and 410 nm using
Eq. (4):

Ccat = Aq10 * o /Az280, 4

where Ay;¢ is absorbance at 410 nm; A,gg, absorbance at 280 nm, and ¢y is concentration of protein in solution (M).
2.6. Chymotrypsin activity

Chymotrypsin activity was assayed as described earlier [60]. Chymotrypsin or suspension of microcrystals loaded with chymo-
trypsin were diluted to the same protein concentration. 0.1-0.2 mg mL™'. Then 950 mL of 0.05 M Tris buffer (pH 7.8) and 20 pL of
chymotrypsin solution (pH 3.0 or 7.4) diluted to a concentration of 0.1-0.2 mg mL ™" or a suspension of microcrystals in 0.05 M Tris
buffer (pH 7.8) were mixed with 30 pL of a 0.8 mg mL ™! solution of N-benzoyl-r-tyrosine-p-nitroanilide in acetonitrile. In control
samples, instead of chymotrypsin solutions, 0.05 M Tris buffer or suspensions of pristine CC microcrystals, diluted similarly to the
microcrystals with the enzyme, were added. The obtained samples were incubated for 20 min at 25°C and stirring at 550 rpm. The
suspensions were centrifuged for 1 min at 3000 rpm, the supernatant solution was separated, and the optical density was measured at a
wavelength of 410 nm. The relative activity of chymotrypsin in solutions and in suspensions of microcrystals, equalized by protein
content, was calculated as the ratio of the optical density in the samples (minus the optical density in control experiments) to the
optical density of the samples of the chymotrypsin solution with pH 3.0.

2.7. Anticoagulant activity

For the analysis of anticoagulant properties of the microcrystals, rabbit blood was used (approved by the ethical committee of
Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine (Protocol No. 2022/10/05-1). Experiments were
performed on platelets contained in PRP, withdrawn from the rabbit’s marginal ear vein. The blood was stabilized with 3.8 % sodium
citrate solution at a ratio 9 : 1 by volume and centrifuged for 15 min at 460 g and the supernatant was collected. To 270 pL of su-
pernatant, 30 pL of microcrystal suspension in 0.15 M NaCl was added and incubated for 3 min. Platelet aggregation was induced by
administration of 3 pM adenosine diphosphate and recorded by the Born turbidimetric method on a Biola analyzer (Biola, Russia). The
quantitative indicator of platelet aggregation ability was the maximum change in light transmission of their suspension 5-7 min after
agonist administration. Platelet aggregation was expressed as % of control samples.

To determine the value of activated partial thromboplastin time (APTT), 20 pL of microcrystal suspension was added to 80 pL of
rabbit blood plasma, the mixture was incubated for 1 min at 37 °C, 100 pL of a mixture of soybean phospholipids and ellagic acid was
added, incubated for 2 min at 37 °C, 100 pL of 0.025 M CaCl; was added, and the time of clot formation was recorded. Measurement of
plasma clotting time under particle action was performed on a Minilab-701 coagulometer (Unimed, Russia) and referred to the control
value.

2.8. Haemolysis

Blood samples were withdrawn from healthy volunteers (n = 10), with their informed consent, in accordance with the protocol
approved by the ethical committee of Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine (protocol No.
2022/10/05). Erythrocytes were obtained by centrifugation of the blood for 10 min at 1000 rpm and washed with 0.15 M NaCl. A 160
pL-aliquot of 0.15 M NaCl was mixed with 40 pL of washed erythrocytes and 40 pL of a suspension of microcrystals, 20 mg mL™. A
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sample containing 200 pL of H20 and 40 pL of red blood cells was used as a positive control. The samples were incubated for 2 h at 37°
C and centrifuged for 10 min at 1000 rpm, then 150 pL of supernatant was taken and the absorbance was measured at 540 nm using
Ascent plate spectrophotometer (Thermo Electron Corporation, USA). The results were presented as % of positive control.

2.9. Cytotoxicity towards HT-29 cells

Cells HT-29 (cell line HTB-38™, obtained from the ATCC cell repository) were cultured according to the standard technique in
culture medium of the following composition: Dulbecco’s modified Eagle medium (DMEM, PanEco, Russia), 10 % fetal bovine serum
(FBS, Himedia, India), and 100x penicillin—streptomycin mixture (PanEco, Russia). The medium was changed twice a week. One day
before the test, cells were removed from the substrate using 0.25 % trypsin—-EDTA solution (Servicebio, China) and seeded into 96-well
culture plates at 125000 cells per well. The next day, a suspension of microcrystals at a concentration of 3 pg mL ™! in the Cytotox med
medium, containing DMEM without phenol red (PanEco, Russia) and 2 % FBS, was added to the cells and they were incubated for 4 h.
Lysis of HT-29 by vaterite microcrystals was determined by lactate dihydrogenase (LDG) release using Olvex-LDG kit (Olvex, Russia)
and cytotoxicity was calculated in % using Eq. (5):

Cytotoxicity = (Aexp — Ao)/ (Ays — Ag) * 100, ®)

where A is optical absorbance at 340 nm; lower indices denote: Aey,, experimental samples; Ao, intact cells, and Ay, cells lysed by
Triton X-100.

2.10. Antioxidant properties of polysaccharides, microcrystals, and biopolymers

Antioxidant properties of the samples were determined using the Fenton reaction with hydroxyl radical detection by luminol
chemiluminescence (LCL). To 100 L of 5-40 pug mL ™! microcrystal suspension 17 pM FeSO4 in 0.01 M K-phosphate buffer (pH 7.4) was
added and the reaction was initiated by addition of 17 pM H20,. The amplitude of the LCL response was measured in control samples
without additives and in the presence of 0.8 mg mL ™" polysaccharides or particles. Results were presented as the amplitude of the LCL
response, % of control.

2.11. Iron binding capacity of vaterite microcrystals

The iron binding capacity (IBC) of the samples was determined using the Iron-4-Olvex kit (Olvex, Russia). To 100 pL of a suspension
of 5-40 pg mL ™! microcrystals 100 pL of 63 uM FeSO4 was added, incubated for 5 min, and centrifuged for 5 min at 5000 rpm. A 40-pL
aliquot of supernatant solution was taken from each well of the plate, 200 pL of working reagent was added, incubated for 10 min at
37 °C, and absorbance was measured at 620 nm.

2.12. Data processing and statistical analysis

Calculations and statistical processing of the results were performed using Excel, Origin and Statistica 12.0 programs. The results
are presented as Mean + SD, where Mean is arithmetic mean, SD is standard deviation. Statistical significance of differences between
groups was assessed using Student’s t-test for independent variables and Mann-Whitney test. A difference was considered significant at
p < 0.05.
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Fig. 1. Scheme of the synthesis of CC and hybrid vaterite microcrystals. ACC, amorphous calcium carbonate.



N.G. Balabushevich et al. Heliyon 10 (2024) 33801

3. Results and discussion
3.1. Preparation and characterization of hybrid microcrystals

Microcrystals (CC) as well as hybrid microcrystals with polysaccharides with dextran sulfate (CCDS), chondroitin sulfate (CCCS),
heparin (CCHE), fucoidan (CCFU), and pectin (CCPE) were obtained by spontaneous crystallization in the absence or presence of
biopolymers, respectively (Fig. 1). The yield of microcrystals in three independent cycles of preparation was as follows: for CC 95 + 6
%, CCDS 96 + 9 %, CCCS 83 + 9 %, CCHE 77 + 9 %, CCFU 85 £ 9 %, CCPE 80 + 15 %.

The preparation process included: (A) formation of amorphous calcium carbonate; (B) crystallization, and (C) Ostwald maturation
of microcrystals, in which the nanocrystallite size changes, followed by washing from unbound polysaccharides and lyophilic drying.
The morphology of the formed microcrystals was influenced by the increase in viscosity of the reaction medium due to the presence of
biopolymers and the interactions of sulfo- or carboxyl groups of polysaccharides with calcium ions and the formed nanocrystallites
[28]. Physicochemical properties of all hybrid and CC microcrystals of vaterite are presented in Table 2.

Using X-ray diffraction analysis (Fig. 1S and Tables 1S and 2), it was found that the crystals were predominantly vaterite, and the
proportion of calcite in all samples was less than 3 %. The highest calcite content was observed in CCDS crystals and the lowest, in
CCHE. According to energy disperse X-ray spectroscopy data, the presence of sulfur was detected in all hybrid crystals with sulfated
polysaccharides (Table 2).

According to the curves obtained using TGA (Fig. 2 A, 2S, Table 2S) the content of each polysaccharide was calculated by mass loss
(Fig. 2B-Table 2) owing to thermic decomposition of polymer [23]. The lowest content of polysaccharide of 2 % was registered in
CCCS microcrystals, and the highest in CCPE (6.9 %) while other values ranged from 4.7 to 6.0 %. These results are consistent with data
of energy disperse X-ray spectroscopy (Table 2) on sulfur in hybrid microcrystals with sulfated polysaccharides, and in CCCS it was the
lowest.

According to the electrophoretic laser light scattering data, all used polysaccharides in solutions had negative {-potential
(Table 3S). Consequently, all hybrid crystals in suspensions had negative {-potential (Table 2), which indicated the presence of pol-
yanionic biopolymers on the surface of particles, in contrast to practically uncharged CC with {-potential of 2 + 1 mV.

All hybrid crystals, as well as CC, had a spherical shape according to SEM data, and their diameter varied in the range of 2-4 ym, CC
and CCDS were the largest in size (Fig. 3 and S). Most of the CCDS microcrystals had through cracks (Fig. 3 B, H), which could affect
their properties. The size of nanocrystallites within the microcrystals ranged from 15 to 46 nm (Table 2). Microcrystals CCDS and CC
had the largest nanocrystallite size. CCPE nanocrystallites were the smallest in size, presumably, because of the high viscosity of pectin
solution and the formation of its stable gels in the presence of Ca* ions [61,62]. Nitrogen adsorption/desorption isotherms were
obtained on microcrystals (Fig. 3) and the main characteristics of the preparations were determined (Table 2).

Nitrogen adsorption isotherms on CC and hybrid crystals had a hysteresis loop and a convex initial section (Fig. 4), which cor-
responded to type IV according to the IUPAC classification and indicated the presence of mesopores in the samples under study
(Table 2). The hysteresis shape for CCPE belonged to E type, for other hybrid crystals and CC corresponded to mixed type A and E
(cylindrical and blind pores). The hybrid crystals had larger pore volume than CC and their surface area increased from CCDS to CCPE
(Table 2), while the pore size decreased (Fig. 5), except for CCCS. The smallest pore size and narrowest microcrystal size distribution
was observed for CCPE (Fig. 5). The correlation between nanocrystallite size and pore size was found for all hybrid microcrystals
(Fig. 48), except for CCDS, which seems to be due to the presence of a large number of particles with cracks (Fig. 2 B).

We suppose that significant increase in viscosity of the reaction medium could influence the rate of Ca?* diffusion and decreased
rate of crystals growth, as it was registered at high concentrations of glycerol or ethylene glycol [63].

Thus, the analysis of physicochemical properties of hybrid vaterite microcrystals obtained by spontaneous crystallization at 5 mg
mL! polysaccharide in the reaction mixture (except for CCDS with cracks) has shown that all microcrystals were characterized by: 1)
high content of vaterite; 2) smaller diameter compared to vaterite; 3) smaller diameter of nanocrystallites and of pores, and larger
surface area; 4) content of biopolymers of 2-7 %; 5) negative charge unlike vaterite, due to polysaccharide exposure on the surface.

Table 2
Physicochemical characteristics of vaterite microcrystals.
Micro- Content of Content of poly- Content of Derystab Dranocrystallines S, Vioress Dyoress {-potential,
crystals calcite, % saccharide, % sulfur, % pm nm m?g! ecm®g ! nm mvV
CC 2.5 0 0 3.6 £ 38 £ 12 22+ 3 0.04 18.4 2+1
0.7
CCDS 2.9 6.0+ 0.3 5 3.8+ 46 + 17 37+4 0.07 5.5 -13+2
0.8
CCCS 2.6 2.0+ 0.1 Trace 1.9+ 26 +12 52+5 0.12 8.5 -12+2
0.5
CCHE 1.7 5.7+0.2 5 2.0+ 207 62+6 0.16 5.0 -9+2
0.3
CCFU 2.6 4.7 £ 0.2 2 2.1+ 18+ 8 60 £ 6 0.08 3.8 —-12+2
0.5
CCPE 2.0 6.9 +0.3 0 23+ 15+ 4 95 + 0.08 3.4 -12+2
0.7 10

Derystal, Dnanocrystattines and Dpores denote the diameter of crystals, nanocrystallites, and pores, respectively.
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Fig. 2. TGA results: TGA curves of control CC and hybrid microcrystals of vaterite (A); content of polysaccharides in microcrystals (B).

Table 3
The influence of polysaccharides and vaterite microcrystals on luminol chemiluminescence (LCL) in the Fenton system and the iron
binding ability (IBC) of microcrystals.

Microcrystals LCL in the Fenton system®, % IBC, nmol pg~*
Polysaccharide Microcrystals Microcrystals
cc - 115+ 7 0.8 +0,1
CCDS 123 +5 95 +10 0.97 £0.23
CCCs 98 +2 115+ 7 0.69 £+ 0.15
CCHE 98+ 6 75+ 7" 0.63 + 0.15
CCFU 106 + 15 75+ 7" 1.4 +0.19"
CCPE 105+ 7 112 +£ 10 0.8 +0.16

? Effects are presented as a percentage of control values (0.15 M NaCl solution).
Y The value is significantly different from a respective value for pristine CC, p < 0.05.

These results are consistent with earlier published data upon hybrid vaterite microcrystals with heparin (at the same concentration)
[23,25], alginate [22], chitosan [19], cellulose [18], mucin [28] and others.

One of the important properties of some polysaccharides is their antioxidant activity towards hydroxyl radical which can non-
specifically damage protein, lipid and DNA molecules. Fenton reaction can be used for model studies on hydroxyl radical-
scavenging effects of natural biopolymers [64].

In a preliminary study of antioxidant properties in the Fenton system, none of the polysaccharides used at concentrations up to 0.8
mg mL~! inhibited chemiluminescence (LCL), and only for dextran sulfate an increase in the amplitude of the LCL response was
observed (Table 3).

The decrease in LCL as compared to the control experiment (0.15 M NaCl solution) was recorded only for CCHE and CCFU mi-
crocrystals (up to a concentration of 0.8 mg mL™1). Since this effect could be due to both scavenging of hydroxyl radicals and binding of
Fe?* ions, IBC of microcrystals was additionally evaluated (Table 3). Only in the case of CCFU microcrystals the IBC increased as
compared to CC.

The iron-binding capacity of CCFU microparticles can be attributed to the exposure of fucoidan moieties, according to the data of
other researchers [64,65]. Some polysaccharides with chelating ability towards ferrous ions are poor effective hydroxyl radical
scavengers [64] while some are hydroxyl radical scavengers with no iron-chelating activity [66]. Chelation of Fe* ions depends
mostly on sulfate groups and their distribution in the molecules [67] while radical scavenging is affected also by monosaccharide
composition [68].

Conformation of polysaccharides moieties on the surface of microparticles could favour scavenging of radicals by fucoidan and
heparin. They resemble each other in chain structure, but heparin in solution has no iron-chelating and hydroxyl-scavenging activity
[69]. It should be noted that not only hydroxyl radicals but also carbonate-anion-radicals are likely formed in Fenton reaction with
vaterite microcrystals due to the presence of HCOg3, at neutral pH values [70]. So, interaction of carbonate anions with polysaccharides
[71] is another probable mechanism of radical scavenging by hybrid vaterite microcrystals.

Thus, the nature of the co-precipitated polysaccharide influenced the physicochemical, antioxidant and iron-binding properties of
hybrid vaterite crystals.

3.2. Study of interaction of protein preparations with hybrid microcrystals

Negatively charged high-molecular mucin with hydrodynamic diameters of 30-50 nm and 200-300 nm [8], ellipsoid human serum
albumin with 3.8 nm and 15 nm diameters [72], catalase of 10 + 2 nm in diameter, and positively charged chymotrypsin were
adsorbed into hybrid microcrystals (Table 4). Negatively charged hybrid microparticles (Table 2) adsorbed a less amount of negatively
charged proteins, compared to microcrystals CC with {-potential of 2 + 1 mV, with exception for CCCS with the largest among hybrid
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Fig. 3. SEM of CC (A, G) and hybrid microcrystals of vaterite with dextran sulfate CCDS (B, H), chondroitin sulfate CCCS (C, I), heparin CCHE (D,
K), fucoidan CCFU (E, L), and pectin CCPE (F, M). Scale bar: A-E, 2 pm; G-M, 200 nm.

microparticles pore diameter.

During adsorption of albumin and catalase, a correlation between the pore size of hybrid microcrystals (except for CCDS with
cracks) and the amount of incorporated protein was observed (Fig. 5S).

After adsorption of albumin (pI 4.7) which is negatively charged at pH 7, {-potential of practically neutral microcrystals CC
(Table 4) became negative, while {-potential of hybrid vaterite-polysaccharide microparticles remained unchanged. Additional
comparison of albumin adsorption isotherms (Table 4S) on CC and CCFU crystals revealed that the maximum adsorption on the hybrid
microcrystals was about 2.5 times lower (qm, 5.5 and 13.8 mg g}, respectively), and the value of the inverse of the adsorption
equilibrium constant and equal to the polymer concentration at adsorption corresponding to half of g, was 1.8 times larger (K * is
0.038 and 0.021 mg mL ™, respectively).

Sorption of positively charged chymotrypsin with an effective hydrodynamic diameter of 6 &+ 1 nm on hybrid crystals of CCCS and
CCDS with negative {-potential was greater than on practically uncharged CC (Table 4).

Immobilization of proteins should not lead to a decrease in enzyme activity. The specific activity of chymotrypsin sorbed on hybrid
crystals of CCCS and CCDS was less than the same value for that sorbed on CC (Table 4). For adsorbed catalase (Table 5), a decrease in
the specific activity value of the enzyme relative to control (native enzyme) was observed, similarly to the effect of catalase sorption
onto mucin-loaded vaterite [59,60].

The decrease in the activity of enzymes adsorbed on microcrystals may be related to the influence of polysaccharides and to
diffusion limitations for substrate and reaction products. Each of these factors was investigated separately. Chondroitin sulfate,
heparin, and fucoidan up to a concentration of 5 mg mL~! had no significant effect on enzyme activity in solution (Fig. 6). With
increasing dextran sulfate concentration higher than 0.05 mg mL™!, an increase in catalase activity was observed. And only at pectin
concentration higher than 1 mg mL™! a significant decrease in catalase activity was observed, which is apparently due to the high
viscosity of this non-sulfated biopolymer.
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Fig. 5. Pore distributions in microcrystals according to the Barrett-Joyner-Halenda method.

effect of hydrogen peroxide concentration on the rate of its decomposition by catalase adsorbed on hybrid mi-
has shown that the catalytic constant (k.qr = Vimax/Eo), calculated from the content of active centers of the enzyme,

is lower than that of native (dissolved) catalase, but higher than that of catalase adsorbed on pristine CC crystals (Table 5). The

10



N.G. Balabushevich et al. Heliyon 10 (2024) 33801

Table 4
The adsorption of drugs on microcrystals.
Micro- g, mg g ! ¢-Potential of crystals after inclusion of Chymo-trypsin
tal Ibumin, mV tivity, %
crystais Mucin, Albumin, Catalase, Chymotrypsin, albumin, m activity, %
600 kDa, 68 kDa, 250 kDa, pl 25 kDa, pI 8.8,
pl 3-4, pl 4.7, 5.4, 4-7 M
30 - 50 and 200-300 3.8x15 10.5 nm
nm nm
cC 7+2 14+ 2 19+5 4+2 -19+2 156 + 24
CCDS 1+1 12+ 3 15+ 4 16 + 5 —-12+12 69 £ 10
Cccs 8+2 13+ 2 18+ 5 8+3 -12+1 137 +£ 22
CCHE. 241 11 +2 11+3 n.d. ~10+1 n.d.
CCFU 3+1 741 4+1 n.d. ~10+1 nd.
CCPE 441 8+1 842 nd. —11+1 nd.
Table 5
Catalase immobilization on the microcrystals. The adsorption is performed in 0.05 M Tris buffer pH 7.0 followed by washing twice
at 25 °C.
Sample Catalase activity, K, mM keaqr#1077, 571
U mg ™! protein
Catalase 1239 + 149 74 £33 5.6 +£24
CcC 515 + 62 4+1 0.7 £ 0.2
CCDSs 521 + 61 15+6 4.2+ 2.4
CCCs 539 + 65 16 +7 2.7+ 0,9
CCHE 466 + 56 23+6 47 +1.9
CCFU 876 + 105 5+2 39+1.5
CCPE 728 + 109 2.0+0.3 2.7 +£0.2
160
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Fig. 6. Dose dependence of the effect of polysaccharides on catalase activity in solution. Conditions: 0.05 M Tris buffer, pH 7.0, 25°C.

decrease in k¢, indicated the presence of diffusion difficulties for the substrate in the microcrystals compared to the dissolved enzyme,
but the Michaelis constant K, for the adsorbed catalase also decreased. It should be noted that an objective assessment of the decrease
in Ky, is difficult due to the irreversibility of the first stage of hydrogen peroxide decomposition by catalase (see Egs. (1S) and (25)).
Additionally, using CCDS as an example, we demonstrated that enzyme activity decreased with increasing amount of adsorbed
catalase, which presumably was/could be associated with steric hindrance (Table 5S).

Our hypothesis was that cationic proteins should be loaded into hybrid microcrystals with anionic polysaccharides better than
anionic ones. In fact, hybrid microcrystals with polysaccharides are designed in order to increase their loading capacity for cationic
proteins which are poorly adsorbed by vaterite microcrystals [17]. In the current study we have confirmed this hypothesis by the data
on positively-charged chymotrypsin adsorption: it increased with CCDS and CCCS compared to CC, unlike sorption of negatively
charged proteins (Table 4).

Proteins which have negative charge at pH over pl value nevertheless have some positively charged sites capable to interact with
negatively charged sites in polysaccharides. As we have shown earlier on the example of catalase, if the pore size is comparable to the
size of protein molecules, its penetration inside CC microcrystals is observed [17], while if it is smaller, protein sorption occurs on the
surface of microcrystals [59]. Both hydrogen and hydrophobic interactions can play an important role here as we have shown for
hybrid mucin-vaterite microparticles [28].

Non-proteinaceous drugs can be also successfully loaded into hybrid microcrystals of vaterite with biopolymers via co-precipitation
or sorption, as we have shown earlier for anticancer anthracycline class medication doxorubicin (544 Da, pKa 8.6). The co-loading of
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mucin and doxorubicin into microcrystals of vaterite significantly improved inclusion of the drug and its prolonged release [28].

We did not study proteolytic degradation of the proteins adsorbed on the hybrid microcrystals in the current research, but we
suppose that polysaccharides exposed on the surface would sterically hinder the contact of the proteases with adsorbed proteins.
Earlier we have studied proteolysis of catalase adsorbed on mucin-vaterite hybrid microcrystals [59] and found that incorporation of
mucin resulted in drop in pore size to 8 nm, shift of the surface charge to —7 mV and stabilization of catalase upon lyophilisation and
storage compared to catalase adsorbed on vaterite (CC). Treatment of microcrystals for 3 h with trypsin decreased activity of catalase
adsorbed on mucin-vaterite microcrystals to 60 % while activity of catalase in solution or loaded into CC microparticles was no more
than 40 % of initial values.

Thus, the study of adsorption on hybrid microcrystals with polysaccharides revealed a greater inclusion of positively charged
chymotrypsin, as well as a decrease in the inclusion of negatively charged albumin, catalase, and mucin with a decrease in the pore
diameter of the crystals. For catalase adsorbed on CC and hybrid microcrystals, a protein concentration-dependent decrease in specific
activity relative to native enzyme was observed, as well as a decrease in K, and k.4, which suggests possible advantageousness of the
inclusion of an antioxidant enzyme for local delivery to inflammation foci. Mucin adsorption on all tested hybrid microcrystals, except
for CCCS with the largest pore size, decreased relative to CC microcrystals.

3.3. Study of biocompatibility of hybrid microcrystals

Micro particulate carriers are found to have lots of applications in inflammatory bowel diseases patients [73,74]. Pectin [75] and
fucoidan [76] showed protective effects in bowel diseases. Vaterite is biocompatible and biodegradable and its’s worth mentioning
that calcium may have a prebiotic effect [77]. Incorporation of polysaccharides can significantly influence properties of vaterite
microcrystals.

Biocompatibility of microcrystals depends on their ability to damage the cell membrane through direct physicochemical in-
teractions or cellular reactions to the particles, including those mediated by proteins of the biological medium (e.g., blood plasma).

Polysaccharides included in microcrystals may have a nonspecific effect by shielding the vaterite surface and thus preventing
protein adsorption or crystal-cell interactions. On the other hand, polysaccharides exposed on the surface of hybrid microcrystals may
retain their own specific biological activity. In terms of blood biocompatibility, interaction between microparticles and blood cells
could induce membrane damage while protein adsorption can be followed by activation of coagulation cascade and formation of blood
clot. To characterize the potential biological effects due to the presence of polysaccharides, we analyzed the effects of hybrid mi-
crocrystals on blood plasma coagulation in vitro and on adenosine diphosphate (ADP)-induced platelet aggregation in rabbit PRP. To
assess cytotoxicity, a hemolysis model was used.

Under conditions of standard contact (kaolin) and phospholipid (kefalin) activation of plasma coagulation, microcrystals of CC,
CCCS, and CCPE (0.5 mg mL™!) slightly increased the APTT, while CCDS, CCHE, and CCFU increased the clotting time about 10-fold
(Fig. 7A). This means that they are effective inhibitors of factors of the intrinsic coagulation mechanism (factors XII, XI, IX, or VIII).

18 - 180 - B
161 A * 160 1
14 - 140 -
12 - * 120
s c
§ 10 4 2100
e . [
~ 8 4 2 80 -
T o6 S o0
8 e
4 - 40 -
2 4 20 -
0- 0
GCCEDS “CCCS: CCHE. CCFU: CCRE CC CCDS CCCS CCHE CCFU CCPE
6
* 40 -
& D
5 35 -
30 - {
=4 "
) =25 -
g 3 X 5
) % 20 4
§ 3
T2 <15
o
10 -
1 oL
| e oxllmm
0- o I+I
CC CCDS CCCS CCHE CCFU CCPE CC CCDS CCCS CCHE CCFU CCPE

Fig. 7. Effect of microcrystals on (A) plasma coagulation as assessed by the estimation of APTT at 0.5 mg mL " particles in the sample (control
values, 20 s); (B) ADP-induced platelet aggregation in rabbit PRP (0. 5 mg mL ™! particles in the sample); (C) erythrocyte lysis (3.3 mg mL~?
particles, 2 h), and (D) LDH release by HT-29 cells (3 mg mL ! particles, 10° cells, 4 h).

12



N.G. Balabushevich et al. Heliyon 10 (2024) 33801

These results are supported by literature data on the anticoagulant activity of sulfated dextran sulfate [78], heparin and fucoidan [79].
Indeed, fucoidan is considered as an alternative anticoagulant without the hemorrhage drawback compared to heparin [80].

When CC and all hybrid microcrystals were added at the same concentration as in the APTT test (0.5 mg mL 1) to rabbit PRP, no
change in light transmission corresponding to a change in the degree of ADP-induced cell aggregation was observed (Fig. 7B).

Negatively charged hybrid microcrystals CCDS, CCHE, CCFU, and CCPE induced less erythrocyte lysis compared with control CC
and hybrid CCCS, which had the largest pore size (Fig. 7C-Table 2). The increase in hemolytic activity of CCCS microcrystals compared
to CC may be due to increased erythrocyte adhesion in the presence of chondroitin sulfate [80]. These data show low non-specific
cytotoxicity of native and hybrid vaterite microcrystals towards cellular membrane but the specific effects of some polysaccharides
should be taken in account as was shown for CS.

Moreover, effects of microcrystals can be significantly influenced by the adsorption of the biological fluid components [81,82].
Assayed in our research mucin-binding capacity of microcrystals (Table 4) witnesses their potential mucosal biocompatibility [83].

The damage to HT-29 cell membranes was assessed by the activity of released LDH (Fig. 7D). Microcrystals of CC, as well as CCHE
with the lowest negative charge modulus did not cause cell membrane damage, whereas CCCS, CCFU, and CCPE increased LDH release
by no more than 10 %. Also, in experiments with HeLa cells porous spherical CaCO3 microcrystals had only a little cytotoxicity: even at
the concentration of 400 pg mL !, the viabilities of the treated cells were 89.6 % [84]. Only microcrystals of CCDS had the greater
cytolytic effect, which is consistent with the data on the toxicity of dextran sulfate to intestinal epithelial cells [85].

Thus, it was shown for the first time that the presence of co-precipitated natural polysaccharides in hybrid microcrystals of vaterite
significantly changes the nature and degree of cellular responses in vitro. Moreover, modification of vaterite with fucoidan rendered
microcrystals both iron-chelating and hydroxyl-scavenging, and these antioxidant effects can be enhanced via sorption of antioxidant
enzymes such as catalase.

4. Conclusions

In this work, the properties of hybrid microcrystals of vaterite with natural polysaccharides from different sources (sulfated dextran
sulfate, chondroitin sulfate, heparin, fucoidan and non-sulfated pectin) were investigated, which due to the presence of antioxidant,
anti-inflammatory, immunomodulatory and anticancer properties (Table 1) are of interest for the development of drug delivery
carriers.

The results obtained in this work show that co-precipitation of polysaccharides into vaterite microcrystals can be used to modify
their properties. The incorporation of polysaccharides into hybrid microcrystals allows us to vary their morphology (pore and
nanocrystallite diameter, surface area, pore volume) and change the {-potential of the surface (Table 2). Due to these features, hybrid
microcrystals acquire the ability to interact differently with proteins depending on the molecule size and charge of the latter (Table 4).
This is demonstrated both with respect to adsorption of target proteins, as exemplified by enzymes catalase and chymotrypsin, and
with respect to components of biological media such as blood plasma albumin and mucin, which is the major glycoprotein of the
mucus.

The nature of the incorporated polysaccharide significantly affects the enzyme activity in solution and during adsorption on the
hybrid microcrystals; however, no complete loss of enzyme activity was observed for any of the crystals studied (Tables 4 and 5). In
contrast, an increase in the specific activity of adsorbed catalase was found for hybrid microcrystals with pectin CCPE and fucoidan
CCFU as compared to CC microcrystals. (Table 5).

Co-precipitation with polysaccharides can influence the antioxidant properties of hybrid microcrystals (Table 3) and modulate
their effects on the proteins and cells (Fig. 7). An anticoagulant effect was observed for microcrystals with heparin CCHE, fucoidan
CCFU, and dextran sulfate CCDS (Fig. 7A). Only microcrystals with dextran sulfate CCDS showed a pronounced cytotoxic effect against
HT-29 cells (Fig. 7D) unlike other microcrystals. Co-precipitation of polysaccharides did not increase the nonspecific cytotoxicity of
hybrid microcrystals towards red blood cells (Fig. 7C) and platelets (Fig. 7B).

Taken together, the results obtained show the possibility of creating polyfunctional hybrid microcrystals of vaterite by modifying
them with polysaccharides and incorporating target proteins, including those with enzymatic activity. The use of polysaccharides of
different nature allows optimizing the biocompatibility of the hybrid vaterite microcrystals.

Incorporation of therapeutically important proteins and enzymes into cheap hybrid microcrystals of vaterite with polysaccharides
is important for the development of new delivery vehicles, and further obtaining of crystals with polysaccharides of nano size can open
additional areas of their use.
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