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Abstract: The engineering of delivery systems for drugs and contrasting labels ensuring the simul-
taneous imaging and treatment of malignant tumors is an important hurdle in developing new
tools for cancer therapy and diagnosis. Polyelectrolyte microcapsules (MCs), formed by nanosized
interpolymer complexes, represent a promising platform for the designing of multipurpose agents,
functionalized with various components, including high- and low-molecular-weight substances,
metal nanoparticles, and organic fluorescent dyes. Here, we have developed size-homogenous MCs
with different structures (core/shell and shell types) and microbeads containing doxorubicin (DOX)
as a model anticancer drug, and fluorescent semiconductor nanocrystals (quantum dots, QDs) as
fluorescent nanolabels. In this study, we suggest approaches to the encapsulation of DOX at different
stages of the MC synthesis and describe the optimal conditions for the optical encoding of MCs with
water-soluble QDs. The results of primary characterization of the designed microcarriers, including
particle analysis, the efficacy of DOX and QDs encapsulation, and the drug release kinetics are
reported. The polyelectrolyte MCs developed here ensure a modified (prolonged) release of DOX,
under conditions close to normal and tumor tissues; they possess a bright fluorescence that paves the
way to their exploitation for the delivery of antitumor drugs and fluorescence imaging.

Keywords: polyelectrolyte microcapsules; doxorubicin encapsulation; quantum dots; optical encod-

ing; fluorescence imaging

1. Introduction

Finding efficient systems for the targeted delivery of drugs and contrast agents to
tumor growth areas and the stimulus-sensitive release of both drugs and agents is essential;
therefore, it is at the forefront of the development of theranostic agents for the combined
diagnosis and treatment of tumors [1,2].

Polyelectrolyte microcapsules (MCs) are versatile polymer microcontainers formed
from the interpolymer complexes of oppositely charged polyelectrolytes [3]. The main ad-
vantage of polyelectrolyte MCs as drug-delivery systems is their capacity for the controlled,
stimulus-sensitive release of their functional components in response to a specific trigger,
including physical (ultrasound, magnetic field, laser pulse, or optical radiation), chemical
(the pH and ionic strength of the microenvironment or solvent polarity), and biochemical
(receptors or target cells) triggers [4-10].

The technique of MC synthesis allows for controlling the size, structure and surface
characteristics of the resultant capsules [11]. Specifically, nano- and microsized calcium
carbonate (CaCO3) particles of the vaterite type (microbeads (MBs)) are widely used as
a substrate for the formation of the polyelectrolyte shell [9,10,12-15]. These particles are
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biocompatible and biodegradable [16-19]; their porous matrix structure is characterized
by a large specific surface that ensures the adsorption of both polymers (in the course of
microcapsule fabrication) and drugs or other biologically active substances [14,15,17,18],
which makes them also promising as core-type carriers [17-19]. The application of the
polyelectrolyte shell onto the surface of these cores yields core/shell MCs, and the subse-
quent dissolution of the cores results in the formation of soft shell-type MCs [14,20]. The
microcapsules obtained using calcium carbonate microparticles are typically from 0.5 to
6.0 pm in size and are spherically shaped [7,12,14,17,20].

The method of layer-by-layer adsorption of polyelectrolytes used for the formation
of the polymer shell allows magnetic [21,22] and fluorescent semiconductor [10,13,23]
nanoparticles and other fluorescent labels [24] to be incorporated into the shell, thus en-
suring magnetic resonance or fluorescence imaging of the MCs. These polyelectrolyte
structures can be efficiently optically encoded with fluorescent semiconductor nanocrystals
(quantum dots (QDs)) [23,25]. QDs have unique optical characteristics, including a wide ab-
sorption spectrum, a narrow, symmetrical fluorescence spectrum, and bright fluorescence,
the lifetime of which exceeds that of the traditionally used organic fluorescent labels [26,27].
The incorporation of QDs into the polymer shell also weakens their potential toxic effect
on live cells [4,28].

The MCs can be functionalized with high-molecular-weight compounds, includ-
ing capture molecules for the specific recognition of target tumor cells (e.g., monoclonal
anti-HER?2, anti-EGFR antibodies, bispecific anti-EGFR antibodies [4,10,29]), short interfer-
ing RNA recognizing programmed cell death protein 1 mRNA [30], and low-molecular-
weight antitumor agents (e.g., gemcitabine, 5-fluorouracil, phthalocyanines, and doxoru-
bicin [6,15,31,32]). Doxorubicin (DOX) is the most commonly used first-line drug for a
number of malignant tumors, such as ovarian, breast, and prostate cancers, as well as
lymphomas and leukemias [33]. In addition, DOX is fluorescent due to the central anthra-
cycline chromophore group, which makes it an attractive functional component to be used
as a fluorescent label for the imaging of theranostic agents and in vitro monitoring of DOX
release [34]. DOX encapsulation ensures its modified release, decreases its cytotoxic effect
and allows the imaging of MC interaction with tumor cells [12,17].

The effective incorporation of doxorubicin into delivery systems, including polyelec-
trolyte MCs, is a challenging task due to the hydrophilicity of the DOX hydrochloride
salt and amphiphilicity of the DOX base, respectively. Various approaches can be used
to incorporate DOX into the MCs, such as spontaneous loading [3] and encapsulation at
the stage of synthesis of the carrier using, e.g., the emulsion method [35], both of which
approaches are widely used for loading DOX into carriers. However, alternative methods
of DOX incorporation not requiring the preparation of an emulsion or the use of organic
solvents and special equipment for dispersing are more promising for the development of
approaches to the encapsulation of low-molecular-weight substances.

The versatility of layer-by-layer technology allows for multiple functionalization ap-
proaches that can be used at different stages of MC preparation. In the present study,
we have designed both polyelectrolyte-coated MBs and polyelectrolyte MCs, to demon-
strate the possibility of their use as delivery systems providing modified drug release
and fluorescent imaging. This study was aimed at designing polyelectrolyte MCs and
developing approaches to their functionalization with QDs that are water-solubilized us-
ing polyethylene glycol (PEG) derivatives, as well as using DOX as a model antitumor
agent that contains hydrophilic moieties. Here, we describe an approach to obtaining
size-homogeneous MBs and MCs with a mean size of 2-3 um and different structures
(core/shell and shell types). We present the data on the modification of the synthetized
small-sized MCs with QDs and DOX, as well as the results of the primary characterization
of these MBs and MCs obtained according to optimized protocols (their shape, size, surface
charge, fluorescence characteristics, and release of the active principle at the pH values
characteristic of normal and tumor tissues).
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2. Materials and Methods
2.1. Synthesis of CaCO3 Microbeads

The CaCO3 MBs were obtained by crystallization [13,16]. Then, 7.5 mL of 0.33 M
NayCO3 (Merck Group, Sigma-Aldrich, Saint-Quentin-Fallavier, France) and 7.5 mL of
0.33 M CaCl, (Merck Group, Sigma-Aldrich, Saint-Quentin-Fallavier, France) were mixed
with equivalent volumes of a 44 wt % aqueous solution of glycerol (Merck Group, Sigma-
Aldrich, Saint-Quentin-Fallavier, France), added to the reaction mixture as a thickening
agent [12,15,16]. The Nap,CO3 and CaCl, solutions were preliminarily passed through
filters with a pore size of 0.22 um (Merck Group, Sigma-Aldrich, Saint-Quentin-Fallavier,
France). The mixture was stirred for 60 min at 500 rpm using a magnetic bar stirrer. After
that, the stirring was stopped, and the mixture was incubated at room temperature for
10 min. The precipitated MBs were washed free of excess thickening agent four times by
successively centrifuging the suspension at 3000x g for 15 min and resuspending the pellet
in a fresh portion of ultrapure water. After the final washing, the MBs were dried on Petri
dishes in a drying oven at 90 °C overnight.

2.2. Formation of Core/Shell and Shell Polyelectrolyte Microcapsules

The microcapsules of the core/shell (MB(+8L)) and shell (MC(8L)) types were ob-
tained by means of layer-by-layer adsorption of oppositely charged polyelectrolytes,
the polycation poly(allylamine hydrochloride) (PAH) and the polyanion poly(sodium
4-styrenesulfonate) (PSS) [12,15,23], onto the surface of CaCO3; MBs being used as a sub-
strate. Initially, ~108 MBs were dispersed in 0.5 mL of MilliQ water and sonicated on an
ultrasound bath to obtain single particles in the suspension. Then, 0.5 mL of a 2 mg/mL
PAH polycation (Mw ~ 17,500 Da, Merck Group, Sigma-Aldrich, Saint-Quentin-Fallavier,
France) solution in 0.5 M NaCl (Merck Group, Sigma-Aldrich, Saint-Quentin-Fallavier,
France) was added to 0.5 mL of the suspension. The mixture was sonicated on an ultra-
sound bath for 60 s and incubated on an orbital shaker for 20 min at room temperature
while stirring. Excess polyelectrolyte was removed by centrifugation at 1377 x ¢ for 3 min.
To apply the next, polyanion layer, the MBs were resuspended in 0.5 mL of a 2 mg/mL
PSS (Mw =~ 70,000 Da, Merck Group, Sigma-Aldrich, Saint-Quentin-Fallavier, France)
solution in 0.5 M NaCl, and the suspension was sonicated and incubated as described
above. After the incubation, the particles were washed free of excess polyelectrolyte
three times, each time with a fresh portion of ultrapure water, by centrifugation. The
polyelectrolytes were applied onto the surface of the CaCO3 MBs in the following order:
PAH/PSS/PAH/PSS/PAH/PSS/PAH/PSS. After the outermost layer was applied and
the resultant core/shell MCs were washed, they were resuspended in a fresh portion of
ultrapure water (0.5 mL) and used in subsequent experiments.

In order to obtain shell MCs(8L), the CaCOj3 cores were dissolved by incubating
the suspension in 0.5 M EDTA (pH 8.0). Approximately 107 microparticles were placed
into 5 mL of 0.5 M EDTA (pH 8.0) (Merck Group, Sigma-Aldrich, Saint-Quentin-Fallavier,
France) and incubated for 4 h [10]. After that, the resultant MCs were sedimented by
centrifugation, and the supernatant was replaced with ultrapure water. The washing of
MCs to remove the products of core dissolution was repeated three times. After the last
washing, the MCs were resuspended in 0.5 mL of ultrapure water.

2.3. Functionalization of the Microbeads and Microcapsules with Doxorubicin

The DOX-containing MBs were obtained by means of coprecipitation in the course of
the microparticle synthesis [20]. Then, 1 mL of a 10 mg/mL DOX (Merck Group, Sigma-
Aldrich, Saint-Quentin-Fallavier, France) solution was preliminarily added to a mixture
containing 7 mL of 0.33 M CaCl, and 7.5 mL of 44 wt % glycerol. The mixture was then
placed onto a magnetic bar stirrer, and a mixture of 7 mL of 0.33 M Na,COs3 and 7.5 mL
of 44 wt % glycerol was poured in under stirring at 500 rpm. The resultant mixture was
stirred for 60 min in the dark, after which the stirring was stopped, and the incubation was
continued for another 10 min at room temperature. The obtained DOX-containing MBs
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were washed free of residual reaction mixture two times. Then, the MBs were dried on
Petri dishes in a drying oven at 90 °C overnight.

The synthesized MBs were used as a substrate for obtaining core/shell MCs (MBs(+8L)).
The technique of layer-by-layer adsorption of polyelectrolytes described in Section 2.2 was
used to apply the polyelectrolyte shell, according to the following scheme: MB/PSS/PAH/
PSS/PAH/PSS/PAH/PSS/PAH/PSS.

DOX was loaded into the prepared MCs(8L) via diffusion, stimulated by a change in
the permeability of the polyelectrolyte shell, which was caused by varying the pH of the
dispersant and increasing the NaCl content of the MC(8L) microenvironment [8,35]. For
this purpose, ~6 x 10° MCs were placed into 0.5 mL of a 0.05 M phosphate buffer solution
containing 0.5 M of NaCl and 16 ug of DOX. The MCs(8L) were incubated at 25 °C for 16 h
under constant stirring. After the incubation, the MCs(8L) were centrifuged at 8609 x g for
5 min, the supernatant was removed, and the pellet was finally resuspended in 0.5 mL of
MilliQ water.

2.4. Modification of the Microcapsule Shell with Quantum Dots

CdSe/ZnS core/shell QDs with a fluorescence peak at a wavelength of 593 nm were
used to optically encode the polyelectrolyte shell. The QDs were preliminarily transferred
into the aqueous phase by means of ligand exchange and solubilized using thiol- and
carboxyl-containing PEG derivatives, as described earlier [23,25]. They were embedded
into the MC shell through adsorption onto the surface of the MBs with a preliminarily
applied layer of the PAH polycation [13,36], to ultimately obtain the following sequence of
layers: MB/PAH/PSS/PAH/QD/PAH/PSS/PAH/PSS.

Specifically, 3.8 x 10° or 1.6 x 10°® QDs were added to 0.5 mL of a suspension of ~108
DOX-free or DOX-containing MBs coated with a PAH/PSS/PAH shell, which was prelimi-
narily sonicated on an ultrasound bath. The mixture was incubated at room temperature
for 1.3 h under constant stirring and 30-s sonication every 20 min. When the QDs had been
adsorbed, the microparticles were washed thrice with ultrapure water by centrifugation
and resuspension. After that, the covering (PAH/PSS); layers were applied. To prepare
hollow QD-encoded MCs, the calcium carbonate template was removed, as described in
Section 2.2. Optical encoding of the MBs containing DOX was performed using the same
procedure of layer-by-layer deposition of polyelectrolytes and QDs. The QD-encoded
MCs with encapsulated DOX were prepared using primarily obtained QD-encoded MCs,
which were subsequently incubated in a DOX solution under the conditions described in
Section 2.3.

2.5. Characterization of Microbeads and Microcapsules with Different Structures

The shape and structure of the microparticles, as well as their size distribution, were
analyzed by means of optical and fluorescence microscopies using an Axio Observer 3
microscope equipped with an XF115-2 FITC long-pass filter, which consisted of a 505DRLP
dichroic filter, a 475AF40 excitation filter, and a 510ALP emission filter. For this purpose,
5 pL of an MB/MBs(+8L)/MC(8L) suspension was fixed in 10 uL of an 80% glycerol
aqueous solution on a glass slide. The microscopic images were processed to estimate the
size distribution using the ZEISS Zen, version 2.5 (blue edition); Software For Modular
Image Acquisition, Processing and Analysis; Carl Zeiss: Jena, Germany, 2021, and Iimage],
version 1.53¢c; Software For Image Analysis; Rasband, W.S.: U. S. National Institutes of
Health, Bethesda, Maryland, USA, 2020.

Scanning electron microscopy (SEM) was performed using an SU8030 field emission
gun scanning electron microscope (Hitachi, Tokyo, Japan). The powder of dried microbeads
was applied onto a conducting carbon adhesive tape and scanned at an accelerating voltage
of 3.0 kV, a working distance of 8.5-8.6 mm, and an emission current of 9000 nA.

The MB and MC surface charges, as well as the charges from the polyelectrolytes and
functional components (DOX and water-soluble QDs), were estimated by Doppler microelec-
trophoresis using a Zetasizer NanoZS instrument (Malvern Panalytical, Palaiseau, France).
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2.6. Efficiency of the Incorporation of Quantum Dots into the Polyelectrolyte Shell

The efficiency of QD incorporation into the polyelectrolyte shell of the MCs was
estimated as the difference between the initial amount of QDs used for encoding and the
amount of QDs in the supernatant after adsorption. The amount of QDs adsorbed on the
microparticle surface was calculated as:

QD,ps= QDo — QD;, €))

where QD is the initial amount of QDs in the aliquot used for encoding and QD; is the
amount of QDs in the supernatant withdrawn after the encoding.

The number of QDs per MC was determined from the light absorption spectra using
the following equation [23]:

mop X No A x Np xV
NMCXMQD_NMst x 17

@)

Nop/mc =

where mqp is the weight of QDs in the solution, N is the Avogadro number, Ny is the
number of MCs in the solution, Mgp is the QD molar weight, A is the optical density, V is
the volume of the solution, 1 is the thickness of the absorbing layer, and ¢ is the QD molar
extinction coefficient.

The amount of DOX loaded into MBs/MBs(+8L)/MCs(8L) was determined spec-
trophotometrically at the wavelength of the peak of DOX absorbance (485 nm) using
a Spark™ 10M multimode microplate reader (Tecan, Mannedorf, Switzerland). It was
calculated as the difference between the initial amount of DOX used for encapsulation
into the microcapsules and the residual amount of DOX left after the encapsulation. The
encapsulation efficiency was calculated as:

~ Qpox, — Qpox;

EE
Qpox,

x100%, 3)

where Qpoy, is the initial amount of DOX added to MBs/MCs and Qpoy; is the amount of
DOX in the supernatant after incubation.

2.7. Analysis of the Kinetics of Doxorubicin Release

The release of DOX from MBs/MBs(+8L)/MCs(8L) was analyzed in a 0.05 M phos-
phate buffer solution (pH 6.0/7.4) at a temperature of 37 °C. Approximately 6 x 10° MBs
or MCs containing DOX and the same amount of placebo MBs/MBs(+8L)/MCs(8L) not
containing DOX were placed into Eppendorf test tubes and suspended in 2.0 mL of the
release medium. The samples were incubated under the conditions specified above, under
constant stirring in a shaker (500 rpm). After fixed intervals of time (45 min, 1.5h,3 h, 6 h,
12 h, 24 h, and 48 h), the test tubes were centrifuged at 1900 g for 10 min at a temperature
of 37 °C. The DOX content of the samples was estimated by means of spectrophotometry
of the supernatant samples at the wavelength of the maximum DOX absorbance (485 nm).
The proportion of DOX released from the microcarriers was calculated as:

Apox,
DOXst

DOX = x 100%, @)

where Apoy, is the optical density of the release medium containing DOX at that moment,
t, and Apox,, is the optical density of the reference DOX solution in the release medium.

2.8. Statistical Analysis

The Origin Pro, version 8.5.0 SR1; Data Analysis and Graphing Software; OriginLab
Corporation: Northampton, MA, USA, 2010 was used for statistical analysis. The data
are presented as the mean values and standard deviations obtained from at least three
experiments, if not indicated otherwise.
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3. Results and Discussion
3.1. Obtaining Doxorubicin-Free and Doxorubicin-Containing Microbeads and Microcapsules with
Different Structures

The synthesis of CaCO3; MBs using equimolar CaCl, and Na;COj3 solutions in equiv-
alent volumes yields the final product in the form of microparticles of the vaterite type
(CaCO3 microparticles with a matrix structure) with a mean diameter from 3.8 to 6.5 pm [13].
For obtaining smaller microparticles with a narrow size distribution, thickening agents
are added to the reaction mixture [12,16,37]. In the given case, the use of a water—glycerol
mixture as a thickening agent ensures the stabilization of the vaterite polymorph formed
and promotes a decrease in the CaCO3; MB size by facilitating the oversaturation of the
reaction mixture and decreasing the rate of crystal formation [12,16,38].

The MBs obtained upon addition of the 44 wt % aqueous solution of glycerol to the
reaction mixture at a 1:1 ratio between glycerol and the other components were character-
ized by a spherical shape and a narrow size distribution (Figure 1a). Table 1 shows the
mean size of the obtained MBs. The prepared particles had a shape close to spherical and
a porous structure, as seen in the SEM image (Figure 1b). Because vaterite is known to
have a spherical shape and a porous inner matrix, with a particle diameter varying from
0.05 to 5 um [16], we assume that the prepared particles represent precisely the vaterite
crystalline form.

1.00um

05 10 15 20 25 30 38
Pariicle size, um

5 R

2 b}
Y0 P h R At
3;39 o9 g

—_— 1
bl L2n 3.0kV 8.6mm x20.0k/6.35um SE(U) 11/2/2021 o 2.00um

Figure 1. Microphotographs of typical doxorubicin-free and doxorubicin-containing calcium carbon-
ate microbeads obtained by optical (a,c) and scanning electron (b,d) microscopies, respectively. The
size distribution histograms of both particle types are presented in the insets (a,c).

Table 1. Disperse characteristics of doxorubicin-free and doxorubicin-containing microbeads and
microcapsules with different structures.

Sample * Size, um ** C-Potential, mV
DOX-free MBs 25 +07 —-17.2+0.8
DOX-free MCs 20+ 04 —204+22

DOX-containing MBs 20+04 -125+17
DOX-containing MCs(8L) 24+ 0.6 —75+22
DOX-containing MBs(+8L) 2.04+0.8 —235+24

* MBs, calcium carbonate microbeads; MCs, microcapsules; 8L, the number of assembled polyelectrolyte layers
(PAH/PSS)4; DOX, doxorubicin; ** the size was estimated using optical microscopy. The microbeads and
microcapsules with different structures did not differ significantly from one another in size (p > 0.05, Student’s
t-test).
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The polyelectrolyte shell was formed from PAH and PSS that had opposite charges,
being a polycation and a polyanion, respectively (Table 2). The original MBs had a negative
surface charge; therefore, the assembly of the polyelectrolyte shell began with adsorption
of a polycation (PAH) to obtain PAH-coated MBs with a surface charge of 7.7 £ 2.2 mV.
The subsequent application of a polyanion (PSS) layer yielded PAH/PSS-coated MBs
with a negative surface charge of —18.6 &= 1.9 mV. Further successive adsorption of the
polyelectrolytes was accompanied by a variation of the MB surface charge from +9.4 £ 0.5
to —31.6 £ 2.9 mV upon the adsorption of the polycation and polyanion, respectively,
which confirmed the efficacy of the assembly of the MB polyelectrolyte shell. The formation
of the (PAH/PSS), polyelectrolyte shell followed by dissolution of the core in the course of
fabrication of the shell-type MCs(8L) did not cause significant changes in the mean size
and the surface charge of the capsules (Table 1, Figure 2).

Table 2. Characteristics of the building blocks for the preparation of microcapsules.

Component * Size, nm ** (-Potential, mV
PAH 13.9+0.2 +159 +2.4
PSS 325+ 2.8 —18.6 £ 1.9

* PAH, poly(allylamine hydrochloride); PSS, poly(sodium 4-styrene sulfonate); ** the size was determined as the
hydrodynamic diameter by the dynamic light scattering method.
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Figure 2. Microphotograph of typical polyelectrolyte microcapsules obtained by optical microscopy.
The size distribution histogram of the prepared microcapsules is shown in the inset.

DOX can be loaded into the MCs at different stages of their preparation (Figure 3).
Here, we determined the conditions of DOX incorporation into MBs in the course of their
synthesis. One of the advantages of loading DOX at this stage is its incorporation directly
into the vaterite matrix through its sorption during the formation of the MBs (Figure 3a).
The synthesized DOX-containing CaCO3; MBs had the same spherical shape and porous
structure as the DOX-free MBs and similar mean size (Figure 1c,d; Table 1).

The quantitative yield of the synthesis product was at least 3.5 x 10° particles. The
efficiency of drug encapsulation in the aqueous medium during synthesis was 73.1 &£ 0.6%,
which may be explained by the alkalization of the reaction mixture and the presence of
the chloride (C1™) counter-ions. Specifically, the pH value during the synthesis was about
9.8-9.9. All this suggests a decreased ionization of DOX hydrochloride salt, which may
have caused a decrease in the DOX solubility and, hence, an increase in the rate of its
incorporation into the MBs formed under the conditions of an oversaturated reaction
mixture [35].
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Figure 3. Schematic diagram of the preparation of doxorubicin-containing microcapsules. Two meth-
ods were used: (a) coprecipitation and (b) spontaneous loading. Abbreviations: MBs, microbeads;
MCs, microcapsules; DOX, doxorubicin; 8L, polyelectrolyte layers (PAH/PSS), assembled at the
microbead surface.

For obtaining core/shell MCs, we used the synthesized DOX-containing MBs, which
were coated with the (PAH/PSS), shell. The resultant MBs(+8L) had a similar size (Table 1).
In the course of the application of the polyelectrolyte shell, the surface charge of the particles
varied from —32.6 &= 2.2 to +16.2 &= 1.3 mV, which also indicated effective assembly of the
polyelectrolyte shell. The outermost polyelectrolyte layer consisted of PSS; therefore, the
surface of the core/shell MCs was also negatively charged (Table 1).

Spontaneous loading of the drug into preliminarily prepared MCs under the condi-
tions of changing permeability of the MC shell [15] is an alternative method for obtaining
DOX-containing MCs(8L) with different structures. It can occur either via adsorption
driven by electrostatic attraction between oppositely charged components of the system
(in the given case, DOX with a positive charge of +21.3 + 2.2 mV and PSS with a negative
charge of —20.4 £ 2.2 mV) or via the diffusion of DOX into the polymer capsule shell
upon changes in the pH and NaCl content of the MC microenvironment (Figure 3b). The
resultant DOX-containing MCs(8L) had a weak negative charge compared to the original
MCs because of the adsorption of DOX on their surface (Table 1). The mean size of the
DOX-containing MCs(8L) did not differ significantly from that of DOX-free MCs. The
efficiency of DOX encapsulation using this method was 65.6 £ 0.1%. Note that the effi-
ciency of loading DOX into MCs with the same structure at room temperature was earlier
reported to not exceed ~55% if the pH and ionic strength of the MC microenvironment
remained unchanged [12]. The amount of DOX loaded by this method in our study may
have been increased because, in the alkaline medium (pH 8.0) and in the presence of NaCl,
the permeability of the polyelectrolyte shell was changed [39].

3.2. Functionalization of Microcapsules with Quantum Dots

The polycation PAH and polyanion PSS used in this study contain, respectively, amine
and sulfate groups that determine the electrostatic interaction between polymer layers,
which results in the formation of interpolymer complexes and makes it possible to embed
other electrically charged components [7,20,23]. The fluorescent MCs, optically encoded
with water-soluble QDs, were fabricated by applying three layers of oppositely charged
polyelectrolytes on the MB surface, following the order PAH/PSS/PAH, subsequently
adsorbing the negatively charged QDs on the polyelectrolyte surface and coating the QD
layer with PAH/PSS layers (Figure 4a).
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Figure 4. Obtaining microcapsules optically encoded with quantum dots (QDs). (a) A schematic
diagram of the arrangement of the QD and PAH/PSS layers in the polyelectrolyte shell. (b) Optical
characteristics of the CdSe/ZnS core/shell QDs solubilized with a PEG derivative (HS-(PEG)1>-
COOH). (c) Changes in the (-potential of the microbead /microcapsule surface upon application of
the PAH/PSS polyelectrolytes and QD layers. (d) Estimated efficiency of the optical encoding of
the microcapsules.

The water-soluble QDs used for labeling the MCs were characterized by a wide light
absorption spectrum and a narrow fluorescence spectrum with an emission peak at 590 nm
(Figure 4b) and had a mean size (hydrodynamic diameter) of 32.3 = 0.2 nm and a negative
surface charge of —29.9 £ 2.3 mV. The PEG derivative (HS-(PEG),-COOH) serving as
a QD surface ligand determined the sufficient surface charge and colloidal stability of
QDs in the aqueous phase, due to the presence of the carboxyl and thiol groups in the
ligand structure. Molecules of the PEG derivative form a self-assembled monolayer at
the nanocrystal surface. Thiol end groups of the PEG derivative have metal affinity and
are oriented towards the QD shell consisting of zinc sulfide, while carboxylic groups are
oriented away from the particle surface, thus enabling QD solubilization. The presence of
the PEG chain prevents nanoparticle aggregation and enhances their colloidal stability [40].

This allowed the QDs to be efficiently adsorbed between the positively charged
electrolyte layers in the course of encoding. Measurements of the MC surface charge
after the application of the polyelectrolyte and QD layers showed that the changes in the
(-potential were sufficient for the efficient adsorption of each successive layer (Figure 4c).

The efficiency of encoding was estimated by the amount of QDs adsorbed on the
MC surface (Figure 4a). In our case, the optimal number of QDs in the solution for MC
encoding was found to be 3.8 x 10°. A further increase in the number of QDs led to a
decrease in the QD adsorption efficiency (Figure 4d). The photoluminescence properties
of the water-soluble QDs embedded into the polyelectrolyte matrix may differ from that
of the original QDs used in this study for microcapsule optical encoding. In particular,
it was shown earlier that a slight red shift (up to 2 nm) of the fluorescence maximum
occurs upon the immobilization of QDs of similar size and chemical composition between
PAH layers [23,25]. However, the photoluminescence lifetime of the QDs encapsulated is
characterized by a decay tendency resulting in average lifetime values of approximately
~8-9 ns, probably due to the charge transfer between the QDs and the polyelectrolyte
microenvironment [13,23].

However, the resultant MCs, optically encoded with QDs, had a spherical or nearly
spherical shape and were characterized by a bright fluorescence signal, as was demon-
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strated by means of fluorescence microscopy (Figure 5a,b). Analysis of the MC structure
in the fluorescence mode showed that a cavity was left in the MCs after the core was
dissolved, as evidenced by the greater transparency of MCs(8L) compared to MBs(+8L)
(Figure 5b). Thus, the use of QDs for encoding MCs can make them suitable for subsequent
fluorescence imaging [13,25,36]. Dual doping of MCs with both QDs and DOX also resulted
in the formation of fluorescent particles (Figure 5c,d). The presence of the drug was not
observed to alter the fluorescence properties of the engineered microstructures compared
to MCs containing QDs alone.

(a) (b)

20 pm

—
20 pm

Figure 5. Fluorescence microscopy images of the polyelectrolyte microcapsules, optically encoded
with quantum dots alone, (a) before, and (b) after dissolution of the calcium carbonate microbeads
and dually doped both with quantum dots and doxorubicin, with (c) the drug encapsulated in the
calcium carbonate microbeads and (d) the drug encapsulated into hollow microcapsules.

3.3. Release of Doxorubicin from Microbeads and Microcapsules with Different Structures

The release of DOX from the obtained MBs and MCs with different structures was
analyzed under conditions mimicking those of the living body: a temperature of 37 °C
and a pH value the same as that of normal tissues (7.4) or the local tumor environment
(6.0) [17,18]. The results shown in Figure 6 demonstrate that the release of DOX from the
MCs was prolonged at both pH values, 6.0 and 7.4, the cumulative DOX release within
48 h not exceeding 70%.
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Figure 6. Profiles of doxorubicin release from microcapsules at (a) pH 6.0 and (b) pH 7.4 during 48 h
and profiles of the initial drug release during the first 6 h of incubation at (c) pH 6.0 and (d) pH 7.4.
Asterisks mark the data that significantly differ from one another (p < 0.05, Student’s t-test).

In a weakly acidic medium (pH 6.0), DOX was released at different rates from MBs,
MBs(+8L), and MCs(8L). However, a burst release of DOX was observed during the first
2 h of incubation in all three cases (Figure 6a,c). The initial release pattern indicated that
DOX was primarily released from the surface of MBs or MCs. Despite the presence of the
(PAH/PSS)4 polyelectrolyte shell, the initial-burst DOX release was more intense in the
case of MBs(+8L) compared to MBs. This may have been because the polyelectrolyte shell,
including its outer layers, contained DOX as a result of its diffusion from the MB core into
the interlayer space during the shell assembly. MCs(8L) exhibited a similar DOX release
pattern. The lowest release rate was characteristic of DOX-containing MBs, apparently,
because of the dissolution of DOX crystals on the MB surface, whereas MBs(+8L) and
MCs(8L) contained DOX in the ionized form. In all cases, the release rate dropped after 3 h
of incubation, which suggested that, now, DOX was released from within the microcarriers.
After that, the release was further gradually decelerated.

At a pH of 7.4, DOX was released more slowly and evenly than at pH 6.0 (Figure 6b,d).
The slower release may have resulted from a weaker ionization of DOX in the more alkaline
medium. The initial release was less abrupt, especially in the cases of MBs(+8L) and
MCs(8L). The intense-burst initial release of the drug from MBs and MBs(+8L) at pH 6.0
was also probably related to the surface erosion of the carrier matrix in weakly acidic media,
as reported earlier [14,20]. It is noteworthy that the release of DOX from MCs(8L) was more
intense compared to DOX-containing MBs and MBs(+8L). This could be accounted for by a
higher permeability of the polyelectrolyte shell of the shell-type MCs because of a decreased
charge density of PAH as a weak polyelectrolyte (with a pKa of about 8.5) [39]. Usually,
when the core has been dissolved, the layers of the polyelectrolyte shell may be rearranged,
which also alters the permeability of the polyelectrolyte structure, in contrast to core/shell
MCs, where the shell, which is located on the core surface, is more stable [41]. However, the
obtained data demonstrate that the small-sized MCs provide more extended DOX release
compared to previously developed 5-um alginate/chitosan MCs, which consist of 5 or 8
polyelectrolyte layers and are placed in an isotonic microenvironment or phosphate buffer
saline (pH 7.4) [42,43]. The DOX release kinetics from calcium carbonate MBs was earlier
shown to be pH-dependent and to be stimulated by MB erosion in a slightly acidic medium.
The presence of additional polymers or proteins inside the MB structure (e.g., poly(vinyl
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sulfonate), dextran sulfate, and mucine) or at their surface also led to DOX release rate
deceleration, preventing the possibility of an burst release of the drug [44,45].

4. Conclusions

In this study, we have developed size-homogenous MBs and MCs with different struc-
tures (core/shell and shell types), as well as various approaches to their functionalization
with an antitumor drug (DOX) and their optical encoding with fluorescent nanolabels
(water-soluble QDs). The encapsulation of DOX via coprecipitation at the stage of MB
synthesis or spontaneous loading into prepared MCs(8L), in an alkaline medium in the
presence of a counterion (C17), yields a sufficient degree of inclusion of the drug into the
carriers. DOX release from MCs with different structures is prolonged under conditions
mimicking those of the living body. The optical encoding of the MCs with QDs makes it
possible to obtain brightly fluorescent MCs, which demonstrates the possibility of their use
in fluorescence imaging. The results of the study have shown that the MCs developed can
be used as efficient systems of delivery for low-molecular-weight antitumor agents. The
obtained data pave the way to the further use of the designed MCs for in vitro tracking
of the interaction between the particles and cancer cells by employing the fluorescence of
the drug and QDs, as well as fluorescent monitoring of the drug release and drug accu-
mulation within cell compartments upon their cellular uptake. The MCs engineered and
presented herein have the potential to be used in vivo as a theranostic platform, providing
simultaneous anti-cancer and fluorescent trafficking capacities.
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