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 16 

Abstract: Microparticles are versatile carriers for controlled drug delivery in personalized targeted 17 

therapy of various diseases, including cancer. The tumor microenvironment contains different in-18 

filtrating cells, including immune cells, which can affect the efficacy of antitumor drugs. Here, 19 

prototype microparticle-based systems for the delivery of the antitumor drug doxorubicin (DOX) 20 

were developed and their cytotoxic effects on human epidermoid carcinoma cells and macrophages 21 

derived from human leukemia monocytic cells were compared in vitro. DOX-containing calcium 22 

carbonate microparticles with and without a protective polyelectrolyte shell and polyelectrolyte 23 

microcapsules about 2.4-2.5 μm in size were obtained through coprecipitation and spontaneous 24 

loading. All the microstructures exhibited prolonged release of DOX. Estimation of the cytotoxicity 25 

of the DOX-containing microstructures showed that the encapsulation of DOX decreased its toxicity 26 

to macrophages and delayed the cytotoxic effect against tumor cells. The DOX-containing calcium 27 

carbonate microparticles with a protective polyelectrolyte shell were more toxic to the cancer cells 28 

than DOX-containing polyelectrolyte microcapsules, whereas for the macrophages, the microcap-29 

sules were most toxic. It is concluded that DOX-containing core-shell microparticles are optimal 30 

drug microcarriers due to their low toxicity to immune cells, even upon prolonged incubation, and 31 

strong delayed cytotoxicity against tumor cells. 32 

Keywords : microparticles ; microcapsules ; doxorubicin ; cancer cells ; macrophages 33 

 34 

1. Introduction 35 

Cancer is the leading cause of death worldwide, accounting for almost 10 million 36 

deaths in 2020, or about one in six deaths [1]. A malignant tumor is a complex "ecosys-37 

tem" consisting of cancer cells, as well as infiltrating immune, endothelial, and stromal 38 

cells. There is increasing evidence that the tumor microenvironment is involved in many 39 

oncogenic processes, including tumor cell proliferation and survival, immune evasion, 40 

metastatic process, angiogenesis, and resistance to therapy. Thus, the tumor microenvi-41 

ronment plays a key role in tumor development and drug resistance [2–5]. Therefore, 42 

chemotherapy, one of the most effective treatments, has a number of inherent drawbacks 43 

and limitations, low selectivity of the drugs towards cancer cells being the most critical of 44 

them [6–7]. The development of controlled and targeted antitumor-drug delivery sys-45 

tems is one of the challenges of personalized cancer therapy. Controlled delivery and 46 

release could reduce side effects of antitumor drugs and their toxicity to normal cells 47 

while ensuring selectivity for cancer cells [8–10]. 48 
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Multilayer polymer microstructures have been shown to be promising candidate 49 

carriers for targeted delivery and modified release of drugs, as well as contrast and flu-50 

orescent detection probes for in vitro and in vivo imaging of the delivery system [11–15]. 51 

Currently, this is one of the most promising approaches in the field of personalized tu-52 

mor diagnosis and therapy. 53 

Optimal selection of the physicochemical properties of these microstructures, such 54 

as their shape, size, and structure (the number of polymer layers in the shell, the presence 55 

or absence of a core, integration of other functional components, etc.) [16] can contribute 56 

to prolonged release of the antitumor agent [17–19], an increased time of its circulation in 57 

the body, and decreased side effects on healthy tissues and organs [20], as well as ensure 58 

its targeted delivery to the tumor site without loss of its pharmacological properties [21]. 59 

Doxorubicin (DOX) is a common antitumor antibiotic of the anthracycline group 60 

widely used in the chemotherapy of various primary and metastatic cancers [22]. Specif-61 

ically, DOX can be used for chemotherapy of most types of invasive breast cancer, in-62 

cluding triple negative breast cancer. It can also be used together with targeted drugs, 63 

such as trastuzumab (Herceptin®), in the treatment of HER2-positive breast cancer. De-64 

spite its proven high efficacy in the treatment of cancer, DOX has a wide range of unde-65 

sirable side effects, including strong cardiotoxicity [23–24]. Due to its high amphiphilicity 66 

and its fluorescent properties, DOX may be a useful model anticancer drug for incorpo-67 

ration into microcarriers in order to obtain an effective delivery system. Encapsulation of 68 

DOX in microscarriers together with targeted delivery to the tumor site, can ensure con-69 

trolled release of the drug, thereby reducing its side effects on normal cells [25,19]. 70 

It is known that mechanical properties of particles, including their stiffness and 71 

surface properties, may influence their behavior and interaction with cells. [26,27]. 72 

Therefore, we prepared calcium carbonate-based microbeads (MB), MB coated with lay-73 

ers of oppositely charged polyelectrolytes, and polyelectrolyte microcapsules (MC) con-74 

taining DOX and studied how the structure of the microcarriers affect their cytotoxicity 75 

against human tumor cells and immune cells (macrophages) in vitro. 76 

2. Materials and Methods 77 

2.1. Materials 78 

Sodium chloride (NaCl), sodium carbonate (Na2CO3), calcium chloride (CaCl2), 79 

glycerol, poly(allylamine hydrochloride) (PAH, Mw ≈ 17,500 Da), 80 

poly(sodium-4-styrenesulfonate) (PSS, Mw ≈ 70,000 Da), phorbol 12-myristate 13-acetate 81 

(PMA), dimethylsulfoxide (DMSO), and doxorubicin (suitable for fluorescence, 82 

98.0–102.0%) were purchased from Sigma-Aldrich Chimie S.a.r.l. (Merck), 83 

Saint-Quentin-Fallavier, France. UltraPure™ 0.5 M EDTA (pH 8.0) was purchased from 84 

Thermo Fischer Scientific, Illkirch, France.  85 

All polymer and buffer solutions were prepared using Milli-Q water (18.2 mΩ·cm) 86 

and additionally filtered through sterile Millex-GV filters (0.22 μm) obtained from Sig-87 

ma-Aldrich Chimie S.a.r.l. (Merck), Saint-Quentin-Fallavier, France. 88 

Roswell Park Memorial Institute (RPMI) 1640 medium with phenol red and without 89 

L-glutamine, heat-inactivated fetal bovine serum (FBS), 10,000 U/ml solution of penicil-90 

lin–streptomycin, 100 mM solution of sodium pyruvate, 200 mM solution of L-glutamine, 91 

Dulbecco's phosphate-buffered saline (DPBS), sterile PBS (pH 7.4), 92 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT), and 0.05% solu-93 

tion of Trypsin-EDTA were purchased from Thermo Fischer Scientific, Illkirch, France.  94 

The A-431 human epidermoid carcinoma cell line was obtained from ATCC. The 95 

THP-1 human leukemia monocytic cell line was kindly provided by Prof. Halima 96 

Kerdjoudj (EA-4691 BIOS, Université de Reims Champagne-Ardenne, Reims, France). 97 

2.2. Methods 98 

2.2.1. Fabrication of Microstructures of Different Types 99 
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2.2.1.1. Synthesis of calcium carbonate microbeads 100 

Calcium carbonate MB further used as cores for the assembly of core/shell micro-101 

structures and microcapsules were obtained by mixing 7.5 ml of 0.33 M Na2CO3 and 7.5 102 

ml of 0.33 M CaCl2 with an equivalent volume of a 44 wt% aqueous solution of glycerol 103 

serving as a thickening agent, as described earlier [28]. The reaction mixture was placed 104 

onto a magnetic stirrer at 500 rpm for 60 min. The obtained MB were washed from excess 105 

glycerol four times with ultrapure water by sequential centrifugation at 3000 g for 15 min. 106 

After the final centrifugation, the resultant MB precipitate was dried at 90°C overnight. 107 

2.2.1.2. Preparation of core/shell microparticles and microcapsules 108 

Core/shell microparticles consisting of the MB coated with eight-layer polymer 109 

shells (MB(+8L)) and MC consisting of the polymer shell alone (MC(8L)) were obtained 110 

by means of layer-by-layer adsorption of oppositely charged polyelectrolytes (the 111 

polycation PAH and the polyanion PSS) onto the MB surface [16, 28, 29]. 112 

About 108 MB dried after the synthesis were resuspended in 0.5 ml of ultrapure 113 

water. The suspension was sonicated on an ultrasonic bath to separate aggregated parti-114 

cles. Then, 0.5 ml of a PAH solution (2 mg/ml) in 0.5 M NaCl was added to 0.5 ml of the 115 

suspension. The resulting mixture was stirred on a vortex and sonicated on an ultrasonic 116 

bath for 60 s. The suspension was incubated on a rotary shaker for 20 min at room tem-117 

perature and then centrifuged at 1377 g for 3 min. The supernatant was withdrawn, and 118 

the pellet was resuspended in 0.5 ml of water. To apply the next layer, 0.5 ml of a PSS 119 

solution (2 mg/ml) in 0.5 M NaCl was added to 0.5 ml of the mixture. The suspension was 120 

sonicated and incubated under the conditions described above. The microstructures were 121 

washed from excess polyelectrolyte three times with ultrapure water by centrifugation at 122 

1377 g for 3 min. The polyelectrolytes were applied onto the MB surface in the following 123 

order: PAH/PSS/PAH/PSS/PAH/PSS/PAH/PSS. 124 

After the last layer was applied and the last washing step was performed, the ob-125 

tained MB(+8L) were resuspended in 0.5 ml of ultrapure water and stored at +4°C until 126 

use. 127 

The hollow MC(8L) were obtained by incubating 107 MB(+8L) in 0.5 M EDTA (pH 128 

8.0) for 4 h to remove the calcium carbonate core. The resulting MC(8L) were sedimented 129 

by centrifugation for 5 min at 8609 g and resuspended in ultrapure water. The washing 130 

with ultrapure water was repeated three more times; after the last washing, the MC(8L) 131 

were resuspended in 0.5 ml of water. 132 

The size distributions of the prepared microstructures were analyzed by means of 133 

dynamic light scattering using a Zetasizer NanoZS (Malvern Panalytical, Palaiseau, 134 

France). The deposition of polyelectrolytes was controlled by means of laser Doppler 135 

electrophoresis using a Zetasizer NanoZS. Each measurement was made at least five 136 

times, and the results were estimated using the standard statistical methods. 137 

2.2.1.3. Loading of doxorubicin into the microstructures 138 

The DOX-containing MB were obtained by coprecipitation at the step of MB syn-139 

thesis. First, 1 ml of a 10 mg/ml DOX solution was added to 14.5 ml of a mixture of 0.33 M 140 

CaCl2 and 44 wt% glycerol. The resulting mixture was stirred on a magnetic stirrer, and 141 

then 14.5 ml of a mixture of 0.33 M Na2CO3 and 44 wt% glycerol was added. The reaction 142 

mixture was stirred for 60 min at 500 rpm. The synthesized MB-DOX were washed from 143 

the residual reaction mixture two times with ultrapure water. The obtained MB-DOX 144 

precipitate was dried at 90°C overnight. 145 

The MB-DOX were subsequently used as substrates to obtain core/shell 146 

microparticles containing DOX (MB(+8L)-DOX). They were also obtained through lay-147 

er-by-layer adsorption of polyelectrolytes as described above. The polyelectrolytes were 148 

applied in the order PAH/PSS/PAH/PSS/PAH/PSS/PAH/PSS. 149 

The DOX-containing microcapsules (MC(8L)-DOX) were obtained via spontaneous 150 

loading of the anticancer drug into the MC(8L). For this purpose, 0.5 ml of a mixture of 151 

0.05 M phosphate buffer solution (pH 8.0) containing 0.5 M NaCl and 0.032 mg/ml DOX 152 
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was added to a precipitate containing ~6 × 106 previously obtained MC(8L). The suspen-153 

sion was incubated for 16 h at 25°C on a rotary shaker, in test tubes wrapped in foil. After 154 

incubation, the sample was centrifuged at 8609 g for 5 min, the supernatant was with-155 

drawn, and the resulting MC(8L)-DOX were resuspended in 0.5 ml of ultrapure water. 156 

The amount of DOX loaded into MB, MB(+8L), and MC(8L) was determined 157 

spectrophotometrically at the wavelength of the maximum absorption of DOX (485 nm) 158 

using a SparkTM 10M multimode microplate reader as described earlier [28]. 159 

The release of DOX from the obtained microstructures was analyzed under the 160 

physiological conditions: a temperature of 37°C and pH 7.4. For this purpose, samples 161 

containing 6 × 106 microstructures in the release medium (0.05 M phosphate buffer solu-162 

tion, pH 7.4) were incubated at 37°C under constant stirring on a shaker at 500 rpm, the 163 

supernatants were collected at fixed time intervals (45 min, 1.5 h, 3 h, 6 h, 12 h, 24 h, 48 h 164 

and 72h) by centrifugation at 1900 g for 10 min and the DOX content of the samples was 165 

determined by spectrophotometry at the wavelength of the maximum absorbance of 166 

DOX (485 nm). 167 

The size distributions of the DOX-containing microstructures were analyzed by 168 

dynamic light scattering using a Zetasizer NanoZS (Malvern Panalytical, Palaiseau, 169 

France). The deposition of polyelectrolytes was monitored by the laser Doppler electro-170 

phoresis using a Zetasizer NanoZS. Each measurement was made at least five times, and 171 

the results were estimated using the standard statistical methods. 172 

2.2.2. Scanning Electron Microscopy 173 

A scanning electron microscope with an SU8030 field emission gun (Hitachi, Japan) 174 

at the NANO'MAT platform (University of Technology of Troyes, France) was used. The 175 

powder of dried microstructures was applied onto a conductive carbon adhesive tape 176 

and scanned at an accelerating voltage of 3.0 kV, a working distance of 8.5–8.6 mm, and 177 

an emission current of 9000 nA. 178 

2.2.3. Cell Culture 179 

Human epidermoid carcinoma A-431 cells were cultured in complete RPMI-1640 180 

medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 1% penicil-181 

lin–streptomycin solution, and 0.1% sodium pyruvate at 37°C in a 5%CO2 atmosphere 182 

under sterile conditions. THP-1 macrophages were obtained by incubating THP-1 human 183 

monocytic leukemia cells in complete RPMI-1640 medium supplemented with 150 ng/ml 184 

PMA for 48 h at 37°C in a 5%CO2 atmosphere. After PMA stimulation, the THP-1 cells 185 

were cultured in complete RPMI-1640 medium. When the cells had formed a monolayer, 186 

they were detached from culture flasks with 0.05% Trypsin–EDTA solution. The cell 187 

suspension was centrifuged at 1500 rpm for 5 min, the cell pellet was resuspended in 188 

complete growth medium, and the cells were counted in a KOVA™Glasstic™ Slide 189 

(Thermo Fisher Scientific, Waltham, MA, USA) and placed into a fresh culture flask. Both 190 

cell lines were cultured for no more than 20 passages. 191 

2.2.4. МТТ Assay 192 

Cell viability was estimated using the MTT assay according to the manufacturer's 193 

instructions (Thermo Fischer Scientific, Illkirch, France). The cells were seeded into a 194 

96-well microplate, ~3.2 × 104 cells per well (in 0.18 ml of complete working medium) in 195 

the case of A-431 cells and ~5.3 × 104 cells per well in the case of differentiated THP-1m 196 

cells. These amounts were so selected that confluence would be achieved within 24 h of 197 

incubation. The cells were incubated under sterile conditions at 37°C in an atmosphere of 198 

5% CO2. 199 

After the 80% confluence was reached, 0.2 ml of the sample suspension in the com-200 

plete medium was added to the microplate wells. The samples tested are listed below. 201 

- Microstructures containing DOX in the final concentration range from 0 to 9 µM: 202 

MB-DOX; MB(+8L)-DOX; MC(8L)-DOX. 203 
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- Microstructures not containing DOX (control samples) at a ratio from 0 to 50 mi-204 

crostructures per cell: MB; MB(+8L); MC(8L). 205 

- A DOX solution in the concentration range from 0 to 9 µM in the complete medium. 206 

Wells containing only 0.2 ml of the complete working medium and empty (blank) wells 207 

were also used as controls. Each experiment was repeated three times in three replicates. 208 

After incubation for 24h, 48h, 72h, or 96h, 0.02 ml of a 12 mM MTT solution was 209 

added to the microplate wells, and the microplates were incubated for 4 h in an incubator 210 

under sterile conditions at 37°C in an atmosphere of 5% CO2. After incubation, the 211 

microplates were centrifuged at 1500 g for 10 min at room temperature. Then, the su-212 

pernatant was carefully withdrawn, with the pipette tip not touching the bottom of the 213 

well, 0.15 ml of DMSO was added to each well, and the microplates were incubated for 10 214 

min at 37°C in an atmosphere of 5% CO2. The microplates were then incubated on a 215 

microplate shaker for 20 min with stirring at 200 rpm until the formazan crystals were 216 

completely dissolved. The optical density was estimated in each well at the formazan 217 

absorbance peak wavelength of 540 nm using a SparkTM 10M multimode microplate 218 

reader (Tecan, Männedorf, Switzerland) according to the manufacturer's protocol. 219 

The cell survival rate was calculated by the equation: 220 

                
  

  
     , (1) 

where Ai is the average optical density in the wells containing cells and the sample sus-221 

pension; A0 is the average optical density in the control wells containing only cells, with 222 

the optical densities in the control wells containing the complete medium and the blank 223 

ones taken into account.  224 

2.2.5. Statistical Analysis. 225 

The Origin Pro 8.5.0 SR1 software (OriginLab Corporation, Northampton, MA, USA, 226 

2010) was used for statistical analysis of the data. The results are presented as the means 227 

and standard deviations for three independent experiments, if not indicated otherwise. 228 

3. Results and Discussion 229 

3.1. Preparation and Characterization of Microstructures of Different Types 230 

In order to use microstructures for targeted drug delivery, their size should be no 231 

more than several micrometers, and they should have well-defined shape and surface 232 

properties ensuring optimal distribution, release kinetics, degradation rate, and elimina-233 

tion time [30,31]. In addition, the microstructure material should allow their loading with 234 

drug substances. Here, we engineered DOX-containing core microbeads with a regular 235 

spherical shape (MB-DOX), core/polymer-shell structures (MB(+8L)-DOX), and soft 236 

shell-type hollow microcapsules (MC(8L)-DOX). In addition, similar microstructures not 237 

containing DOX were synthesized and used as controls (Figure 1). 238 

The size of the obtained microparticles was determined by the size of the synthe-239 

sized calcium carbonate matrix core, which had good biocompatibility, biodegradability, 240 

and apyrogenicity. 241 

The core MB represented calcium carbonate microparticles obtained by crystalliza-242 

tion from mixed sodium carbonate and calcium chloride solutions. Glycerol was added 243 

to the reaction mixture as a thickener [28,32]. This approach yielded spherical 244 

microparticles (of the vaterite type) that were smaller than those synthesized without a 245 

thickener. The MB obtained in this study had a porous structure, a narrow size distribu-246 

tion (~2.4 ± 0.5 μm), and a negative surface charge (–16.3 ± 0.8 mV); they were used as a 247 

matrix for obtaining highly homogeneous MB(+8L). 248 

The subsequent layer-by-layer adsorption of oppositely charged polyelectrolytes 249 

onto the core yielded microparticles with several protective layers of polymers on the 250 

surface, as well as, after an additional procedure of core removal, hollow MC. The 251 
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core/shell microstructures MB(+8L) were formed via layer-by-layer adsorption of oppo-252 

sitely charged polyelectrolytes, PAH and PSS, onto calcium carbonate MB. This tech-253 

nique allowed obtaining microstructures of uniform size, which is important in terms of 254 

their passive transport, because carriers of the same size are transported and accumu-255 

lated in the body uniformly. The size of the synthesized MB(+8L) was 2.5 ± 0.3 μm, and 256 

the surface charge was more negative (–32.1 ± 2.2 mV). Soft hollow microstructures 257 

(MC(8L)) were obtained by treating MB(+8L) with 0.5 M EDTA to dissolve the calcium 258 

carbonate core while preserving the polymer shell, the size and surface properties re-259 

maining unchanged. However, the obtained MC(8L) lost the regular spherical structure, 260 

although they remained rounded. 261 

The main advantage of the obtained microstructures is the possibility of controlled 262 

modification of the release of the loaded compounds, as well as the protection of these 263 

compounds from external factors that can cause their degradation. 264 

 265 

 266 

Figure 1. Synthesized microstructures. Designations: core microbeads – MB; doxorubicin 267 

(DOX)-containing core MB with a regular spherical shape - MB-DOX; core/shell MB with eight 268 

polyelectrolyte layers shell - MB(+8L); DOX-containing MB(+8L) – MB(+8L)-DOX; soft hollow mi-269 

crocapsules with eight polyelectrolyte layers shell - MC(8L), and MC(8L) loaded with doxorubicin - 270 

MC(8L)-DOX.  271 

The amphiphilicity of the anticancer drug DOX and the hydrophilicity of its salt 272 

form, DOX hydrochloride, preclude using standard approaches for its loading into the 273 

microcarriers. Currently, the most common approaches are spontaneous loading of DOX 274 

[33] and its encapsulation at the stage of synthesis of these microcarriers, e.g., by 275 

coprecipitation method [34]. It should be noted that DOX loading methods that use only 276 

the aqueous phase are of particular interest because they do not require organic solvents, 277 

an oil phase, and special equipment for dispersion and emulsification.  278 

We used different microstructures, for which the optimal methods of DOX loading 279 

were also different. Specifically, the coprecipitation method was optimal for loading 280 

DOX into MB and MB(+8L), whereas the spontaneous loading ensured the highest load-281 

ing efficiency in the case of MC(8L). Loading the same quantities of DOX into all 282 

microcarriers was also important for our subsequent experiments on cell viability using 283 

the same number of microstructures per cell with a normalized DOX concentration.  284 
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The synthesized MB-DOX had a porous structure (Figures 2a, 2d), a narrow size 285 

distribution (2.7 ± 0.5 μm), and a negative ζ-potential (–11.3 ± 1.8 mV). The efficiency of 286 

DOX loading by this method was 76.4 ± 2.9% (Table 1). 287 

The MB-DOX were used as a matrix for the engineering of MB(+8L)-DOX. The re-288 

sultant MB(+8L)-DOX (Figures 2b, 2e) were within the same size range as the original 289 

MBs (p > 0.05, Student's t test), 2.7 ± 0.3 μm. In order to obtain MB(+8L)-DOX with a 290 

standardized amount of DOX per microcarrier, it was necessary to take into account the 291 

loss of DOX during the application of the polyelectrolyte shell. However, experimental 292 

estimation showed that the loss of DOX was negligible (2–6%). The efficiency of DOX 293 

loading by this method was 74.3 ± 4.8 (Table 1). 294 

Preliminarily fabricated control MC(8L) (2.7 ± 0.4 μm) were used for obtaining 295 

MC(8L)-DOX by the spontaneous loading. The mean size of the MC(8L)-DOX (Figures 296 

2c, 2f) did not differ significantly from that of the original MCs (2.7 ± 0.4 μm) (p > 0.05, 297 

Student's t test). The efficiency of DOX encapsulation by this method was 73.9 ± 3.9% 298 

(Table 1). 299 

 300 

Figure 2. Scanning electron microscopy images of the microstructures loaded with doxorubicin 301 

(DOX). (a, d): core microbeads - MB-DOX; (b, e): microbeads coated with eight polyelectrolyte 302 

layers - MB(+8L)-DOX; (c, f): microcapsules with eight polyelectrolyte layers shell - MC(8L)-DOX. 303 

Table 1. Efficiency of doxorubicin loading into the engineered microcarriers. 304 

Sample1 Loading efficiency, % 
Amount of DOX  

per microcarrier, µg 

MB-DOX 76.4 ± 2.9 

74.3 ± 4.8 

73.9 ± 3.9 

2×10–6 ± 5.8×10–7 

1.96×10–6 ± 1.3×10–7 

1.9×10–6  1×10–7 

MB(+8L)-DOX 

MC(8L)-DOX 
1 Microstructures loaded with doxorubicin (DOX): MB-DOX, microbeads; MB(+8L)-DOX, 305 

microbeads coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with eight 306 

polyelectrolyte layers shell. 307 

3.2. Release of Doxorubicin from the Microcarriers 308 

To further analyze the synergistic effect of the microcarrier structure and released 309 

DOX on cell viability, the rate of DOX release from the prepared microcarriers under the 310 

conditions used for cell culture, at 37°C and pH 7.4, was preliminarily evaluated (Figure 311 

3). As seen in Figure 3, prolonged release of DOX from all microcarriers was demon-312 
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strated. In the case of MBs, explosive release was observed, but the cumulative release of 313 

DOX did not exceed 75% within 72 h, as we have already shown earlier [28]. The plots 314 

shown in Figure 3 demonstrate that the polyelectrolyte shell inhibited the explosive re-315 

lease of the drug from MB(+8L) and MC(8L), at the initial stages. The cumulative release 316 

of DOX from MB(+8L) and MC(8L) did not exceed 40% within 72 h. Slow release of the 317 

anticancer compound at the physiologic pH may facilitate the preservation of the func-318 

tional properties of the compound, as well as reduce the toxicity to healthy cells of the 319 

human body. Apparently, the core/shell microstructures and MCs are the most promis-320 

ing drug carriers, because they exhibited longer release of DOX compared to MBs. 321 

 322 

Figure 3. Profiles of doxorubicin release from microcarriers at pH 7.4 during 72 h. Designations: 323 

MB-DOX, core microbeads containing doxorubicin; MB(+8L)-DOX, core microbeads containing 324 

doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with eight 325 

polyelectrolyte layers shell, containing doxorubicin. 326 

3.3. Cell Viability in the Presence of the Microstructures 327 

The main objective in the preparation of microcarriers for antitumor therapy is to 328 

reduce the toxic effect on healthy cells while preserving or enhancing the toxic effect on 329 

tumor cells. Thus, cell viability analysis is essential to assess the applicability of 330 

microcarrier for in vitro drug delivery, as well as to evaluate the functional activity of the 331 

compound loaded into the microcarriers. We analyzed the cytotoxicity of 332 

DOX-containing microstructures in comparison with the cytotoxicity of DOX-free mi-333 

crostructures by the MTT method using tumor cells (epidermoid carcinoma A-431 cells) 334 

and immune cells (THP-1 human peripheral blood monocytes differentiated into mac-335 

rophages). 336 

The viability of cells in the presence of different microcarriers was assessed under 337 

the same conditions by varying the microcarrier-to-cell ratio from 1:1 to 50:1. The loading 338 

conditions of different types of microcarriers were preliminarily determined in order to 339 

load the same amounts of DOX into different types of microcarriers. 340 

The results showed that control DOX-free microstructures insignificantly affected 341 

the proliferation rate of both tumor and immune cells. A slight decrease in cell viability 342 

after prolonged incubation to 70–80%, depending on the type of microcarriers, was ob-343 

served. It is also of interest that spherical microparticles with a regular structure (MBs) 344 

had the highest cytotoxic effect on tumor cells, while the maximum cytotoxic effect on 345 

immune cells was exerted by soft hollow MCs whose wall consisted of eight polyelec-346 

trolyte layers. At the same time, spherical microparticles with a regular structure of the 347 
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core coated with eight polyelectrolyte layers (MB(+8L)) were practically nontoxic for 348 

immune cells (Figures 4, 5; Tables 2, 3). 349 

 350 

Figure 4. Viability of A-431 cells as estimated by the MTT assay. Designations: MB, core 351 

microbeads; MB(+8L), core microbeads coated with eight polyelectrolyte layers; MC(8L), micro-352 

capsules with eight polyelectrolyte layers shell. 353 

 354 
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Figure 5. Viability of THP-1 cells as estimated by the MTT assay. Designations: MB, core 355 

microbeads; MB(+8L), core microbeads coated with eight polyelectrolyte layers; MC(8L), micro-356 

capsules with eight polyelectrolyte layers shell. 357 

Table 2. Inhibitory concentrations of microcarriers for A-431 cells. 358 

Sample1 IC values, µM 

Agent type 24 h 48 h 72 h 96 h 

MB IC20 = 5.5±0.03 IC20 = 3.5±0.06 IC20 = 3.25±0.05 IC20 = 0.5±0.2 

MB(+8L) IC20 – IC20 = 33.3±0.04 IC20 = 10.8±0.08 IC20 = 11.01±0.03 

MC(8L) IC20 – IC20 – IC20 – IC20 = 22.2±0.05 
1 MB, core microbeads; MB(+8L), core microbeads coated with eight polyelectrolyte layers; MC(8L), 359 

microcapsules with eight polyelectrolyte layers shell. 360 

Table 3. Inhibitory concentrations of microcarriers for THP-1 cells. 361 

Sample1 IC values, µM 

Agent type 24 h 48 h 72 h 96 h 

MB IC20 – IC20 = 42.4±0.08 IC20 = 22.5±0.06 IC20 = 7.2±0.02 

MB(+8L) IC20 – IC20 – IC20 – IC20 – 

MC(8L) IC20 = 32.3±0.03 IC20 = 31.2±0.05 IC20 = 6.2±0.09 IC20 = 0.6±0.03 
1 MB, core microbeads; MB(+8L), core microbeads coated with eight polyelectrolyte layers; MC(8L), 362 

microcapsules with eight polyelectrolyte layers shell. 363 

Unencapsulated DOX was highly toxic for both A-431 and THP-1 cells, the survival 364 

rate of the macrophages in the presence of free DOX being lower than that of the tumor 365 

cells (Figures 6, 7, Tables 4, 5). 366 

 367 

Figure 6. Viability of A-431 cells as estimated by the MTT assay. Designations: DOX, doxorubicin; 368 

MB-DOX, core microbeads containing doxorubicin; MB(+8L)-DOX, core microbeads containing 369 
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doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with eight 370 

polyelectrolyte layers shell, containing doxorubicin. 371 

 372 

Figure 7. Viability of THP-1 cells as estimated by the MTT assay. Designations: DOX, doxorubicin; 373 

MB-DOX, core microbeads containing doxorubicin; MB(+8L)-DOX, core microbeads containing 374 

doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules with eight 375 

polyelectrolyte layers shell, containing doxorubicin. 376 

It was found that the encapsulation of DOX in microcarriers considerably increased 377 

the survival rate of both tumor and immune cells. At the same time, the toxic effect of 378 

encapsulated DOX on the cancer cells was delayed, but it was stronger than that on im-379 

mune cells. This can be explained by its more rapid transport into cancer cells and the 380 

lack of attenuation of the toxic effect of the transported DOX by the drug resistance 381 

mechanisms of cancer cells. The differences between the cancer cell cytotoxicities of free 382 

DOX and DOX encapsulated in different microcarriers increased with time, which was 383 

due to the difference between the rates of DOX release from different types of 384 

microcarriers (Figures 6, 7, Tables 4, 5). On the other hand, the delayed toxic effect of 385 

encapsulated DOX on tumor cells was comparable to the effect of unencapsulated DOX 386 

(Figure 6, Table 4). 387 

Table 4. Inhibitory concentrations of doxorubicin and doxorubicin-containing microcarriers for 388 

A-431 cells. 389 

Sample1 IC values, µM 

Agent type 24 h 48 h 72 h 96 h 

DOX 
IC20 = 0.06±0.017 

IC50 – 

IC20 = 0.03±0.02 

IC50 = 1.09±0.07 

IC20 = 0.018±0.04 

IC50 = 0.17±0.03 

IC20 = 0.01±0.05 

IC50 = 0.085±0.04 

MB-DOX 
IC20 = 0.08±0.03 

IC50 – 

IC20 = 0.04±0.02 

IC50 – 

IC20 = 0.02±0.04 

IC50 = 3.22±0.03 

IC20 = 0.005±0.002 

IC50 = 0.15±0.015 

MB(+8L)-DOX 
IC20 = 0.36±0.06 

IC50 – 

IC20 = 0.08±0.05 

IC50 = 7.56±0.43 

IC20 = 0.04±0.025 

IC50 = 1.71±0.02 

IC20 = 0.02±0.003 

IC50 = 0.12±0.07 
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MC(8L)-DOX 
IC20 = 5.14±0.04 

IC50 – 

IC20 = 0.75±0.35 

IC50 – 

IC20 = 0.47±0.08 

IC50 = 6.24±0.52 

IC20 = 0.08±0.04 

IC50 = 5.33±0.07 
1 DOX, doxorubicin; MB-DOX, microbeads containing doxorubicin; MB(+8L)-DOX, microbeads 390 

containing doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, microcapsules 391 

with eight polyelectrolyte layers shell, containing doxorubicin. 392 

Table 5. Inhibitory concentrations of doxorubicin and doxorubicin-containing microcarriers for 393 

THP-1 cells. 394 

Sample1 IC values, µM 

Agent type 24 h 48 h 72 h 96 h 

DOX 
IC20 = 0.54±0.05  

IC50 = 2.83±0.06 

IC20 = 0.38±0.08  

IC50 = 0.91±0.04 

IC20 = 0.19±0.06  

IC50 = 0.35±0.05 

IC20 –  

IC50 = 0.17±0.04 

MB-DOX 
IC20 = 4.89±0.03  

IC50 – 

IC20 = 4.81±0.03  

IC50 – 

IC20 = 1.78±0.1  

IC50 – 

IC20 = 0.81±0.06  

IC50 – 

MB(+8L)-DOX 
IC20 –  

IC50 – 

IC20 –  

IC50 – 

IC20 = 3.45±0.04  

IC50 – 

IC20 = 3.44±0.34  

IC50 – 

MC(8L)-DOX 
IC20 = 1.54±0.2  

IC50 – 

IC20 = 1.61±0.03  

IC50 – 

IC20 = 1.25±0.04  

IC50 = 4.05±0.01 

IC20 = 0.94±0.02  

IC50 = 2.55±0.6 
1 DOX, doxorubicin, MB-DOX, core microbeads containing doxorubicin; MB(+8L)-DOX, core 395 

microbeads containing doxorubicin and coated with eight polyelectrolyte layers; MC(8L)-DOX, 396 

microcapsules with eight polyelectrolyte layers shell, containing doxorubicin. 397 

An interesting finding was that the microcarriers themselves influenced the cyto-398 

toxic effect of DOX. MC(8L)-DOX were less toxic for tumor cells compared to MB-DOX 399 

and MB(+8L)-DOX. The cytotoxic effect of MB(+8L)-DOX during the first 24 h was 400 

slightly weaker than that of MC(8L)-DOX. However, the cytotoxicity of MB(+8L)-DOX 401 

was similar to that of MB-DOX after 48 h of incubation and became stronger than the 402 

cytotoxicities of all other microstructures after 96 h of incubation. This was probably be-403 

cause their core/polymer shell structure favored biphasic release of encapsulated DOX 404 

and was more rigid compared to MC(8L)-DOX [26]. 405 

In contrast, MB-DOX and MB(+8L)-DOX exhibited lower cytotoxicity towards 406 

macrophages than MC(8L)-DOX did, even upon prolonged incubation. This can be ex-407 

plained by the soft structure of MC(8L)-DOX, which determined their more rapid uptake 408 

by macrophages compared to cancer cells [35]. 409 

Thus, the study of the viability of A-431 tumor cells and differentiated TNR-1 hu-410 

man macrophages in the presence of the microstructures loaded with DOX has shown 411 

that encapsulation of this antitumor drug decreases its cytotoxicity against normal cells 412 

and delays its toxic effect against tumor cells. The DOX-containing microstructures can 413 

provide a longer action of DOX on tumor cells comparable in strength to that of 414 

unencapsulated DOX, thus reducing its nonselective side effects on the body while pre-415 

serving its pharmacological activity. The MB(+8L)-DOX microstructures are the most at-416 

tractive among the microstructures studied because they exhibit a lower cytotoxicity 417 

against normal human cells even upon prolonged incubation and a strong delayed cy-418 

totoxic effect against tumor cells. 419 

4. Conclusions 420 

The results of this study show that the microcarrier structural characteristics, such as 421 

the stiffness and regularity of the microcarrier structure, should be taken into account in 422 

the development of delivery systems for antitumor drugs. It has been demonstrated that 423 

regular spherical microcarriers containing an additional protective shell of oppositely 424 

charged polyelectrolyte layers on the surface are promising drug delivery tools that can 425 

be adapted for use as antitumor therapeutic agents. Conversely, softer hollow micro-426 
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capsules of the same size are highly cytotoxic for human macrophages and may induce 427 

undesirable effects on the immune system. The microstructures designed in this study 428 

represent a promising platform for further development of theranostic agents for the 429 

diagnosis and treatment of tumors. 430 
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