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Abstract
Polyelectrolyte microcapsules development and further use as specific carriers for
drug molecules, fluorescent dyes, and metal nanoparticles is a promising approach
to designing theranostic agents. Semiconductor nanocrystal quantum dots exhibiting
size-dependent optical properties, a high photostability, and optimal fluorescent
properties can be advantageous over classical organic fluorophores. The results
of elaboration of efficient encoding of matrix microparticles with nanocrystals for
development of fluorescent polyelectrolyte microcapsules and the characteristics of
the obtained encoded microbeads are demonstrated.

Keywords: Semiconductor nanocrystals; encoding of matrix microbeads; theranostic
agents, polyelectrolyte microcapsules, layer-by-layer technique.

1. Introduction

Development of theranostic agents serving simultaneously as therapeutically active
agents and imaging tools for early diagnosis of various diseases is an important task
in designing the systems for controlled drug delivery [1, 2]. Engineering of polyelec-
trolyte microcapsules which represent supramolecular assemblies of polyelectrolyte
complexes is an efficient approach to combining both functions.

The existing technologies of microcapsule fabrication allow biologically active com-
pounds and metal, magnetic, or fluorescent semiconductor nanoparticles to be incor-
porated into the capsules or tag them [3]. The layer-by-layer technique is the most
effective way of polyelectrolyte microcapsule preparation, with oppositely charged
polymers, a polyanion and a polycation, successively adsorbed on the microbead sur-
face, which are generally used as templates. Biocompatible polymers, such as chi-
tosan, protamine dextran, poly-l-lysine, poly-l-arginine, dextrane sulfate, poly(sodium
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styrene sulfonate), and poly(allylamine), are widely used in polyelectrolyte microcap-
sule formation [4].

Quantum dots (QDs) are fluorescent semiconductor nanocrystals characterized
by a high photostability, wide absorption spectrum, and narrow and symmetrical
fluorescence spectrum with the peak position determined by the size of the nanopar-
ticle, as shown in Fig. 1. Owing to the optical characteristics of QDs, a single source of
radiation can be used to excite QDs of different fluorescent colors, which makes them
promising fluorophores for multiplexed imaging [5, 6].

Figure 1: The structure of the QD (A) and the dependence of QD fluorescence properties on their size (B).

Here, we have developed the technology for encoding of template matrix micropar-
ticles with semiconductor nanocrystals using a modified method of alternate layer-by-
layer application of oppositely charged polymers and water-soluble QDs.

2. Materials and methods

2.1. QD solubilization and characterization

CdSe/ZnS core/shell QDs were synthesized and kindly provided by Dr Pavel
Samokhvalov (Laboratory of Nano-Bioengineering, Moscow Engineering Physics Insti-
tute, Moscow, Russia). Originally water-insoluble CdSe/ZnS QDs were solubilized with
carboxylated polyethylene glycol derivatives as described earlier [6].

The hydrodynamic diameter and ζ-potential of water-soluble QD were determined
by dynamic light scattering and laser Doppler micro-electrophoresis, respectively,
using a Zetasizer NanoZS analyzer (Malvern, UK).
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2.2. Microbead encoding with QDs

Home-made calcium carbonatemicrospheroliteswere synthesized by the precipitation
technique [7] and used as template cores in microbeads preparation. The polycation
poly(allylamine hydrochloride) (PAH, Sigma-Aldrich, USA) and the polyanion (sodium
4-styrensulfonate) (PSS, Sigma-Aldrich, USA), were used for polyelectrolyte layersfor-
mation.

Encoding of microbeads with QDs was performed using the modified method of
layer-by-layer deposition of alternately charged polymer layers and water-soluble
QDs [8]. Calcium carbonate micropartilces were suspended in ultrapure water; then,
the polyelectrolyte aqueous solution containing sodium chloride was added, and the
obtained suspension was sonicated and incubated while shaking. Afterwards, the
excess of polymer was removed by successive washings and resuspendings in ultra-
pure water. Negatively charged water-soluble QDs were adsorbed at the polycation-
covered microbead surface and further covered by the additional alternately charged
polyelectrolyte layers. Microbeads were encoded with different amounts of QDs (from
0.3 to 2 mg of QDs). The resultant encoded microbeads were stored at 4∘C in the dark.

2.3. Encoding efficiency determination

The efficiency of the encoding was estimated spectrophotometrically. The QD content
in the supernatant after their adsorption at the microbeads surface and centrifugation
was evaluated, and the amount of the absorbed QDs (Q𝑄𝐷𝑠𝑎𝑏𝑠) was calculated using
the following equation: Q𝑄𝐷𝑠𝑎𝑏𝑠 = Q𝑄𝐷𝑠𝑖𝑛– Q𝑄𝐷𝑠𝑠, where Q𝑄𝐷𝑠𝑖𝑛 is the initial content of
QDs for microbeads encoding and Q𝑄𝐷𝑠𝑠 is the QD content in the supernatant.

2.4. Fluorescence microscopy

Themorphology and size distribution of the microbeads were analyzed using Carl Zeiss
Axio Scope A1microscope (Carl Zeiss, Germany). The QD-encodedmicrobeads samples
for the microscopy study contained 20% glycerol and were mounted at SuperFrost𝑇𝑀

microscope slides. Imaging of the probes was performed using Texas Red optical filter
(ex 596 nm/em 615 nm), image processing was performed using the ZEN software
(Carl Zeiss, Germany).
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3. Results

The water-soluble QDs were characterized by a narrow size distribution from 10 to
12 nm (Fig. 2) and a negative surface charge (–21.9 ± 0.4 mV), which ensured their
efficient adsorption between polyelectrolyte layers during the process of encoding.

Figure 2: Size distribution of water-soluble CdSe/ZnS core/shell QDs.

The obtained calcium carbonate microbeads were found to have a slightly negative
surface charge (–5.4 ± 2.5 mV), which allows subsequent polyelectrolyte layer growth
to be carried out. The resultant microbeads had ten polyelectrolyte layers deposited.
Evaluation of the encoding efficiency has demonstrated the amount of QDs embedded
on microbeads surface to be 4.8×10−5𝜇g per microbead.

Fluorescencemicroscopy data have demonstrated that the encoding procedure used
provides the QD content in the microbeads sufficient for contrast imaging, as seen in
Fig. 3. Microscopy study has also shown that the size of the developed QD-encoded
microbeads vary within a narrow range, from 3 to 6 μm.

4. Discussion

Thus, the layer-by-layer deposition is a promising technique to encapsulate differ-
ent agents, including QDs. Encoding of microbeads with QDs is based on successively
applying alternately charged polyelectrolyte layers of polycation PAH and polyanion
PSS and solubilized QDs. Interaction between positively charged primary amino groups
of PAH and negatively charged sulfo groups of PSS results in interpolymer complex for-
mation and polymeric coating of calcium carbonate microbeads. Carboxylic functional
groups of solubilized QDs promote their electrostatically induced adsorption on the
interpolymer complex surface where the upper layer is positively charged. Subsequent
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Figure 3: A typical fluorescence microscopy image of microbeads encoded with water-soluble CdSe/ZnS
core/shell QDs.

polyelectrolyte layer deposition onto QDs leads to their incorporated in the polymeric
coat structure.

Control of the imaging properties of the obtained QD-encoded microbeads is one of
the critical points of the evaluation of the developed encoding technique efficiency,
which indicates the possibility of their use in microcapsule preparation. The developed
microbeads provide contrast imaging in vitro and are distinguished as individual colored
objects.

5. Conclusion

The data show that the obtained QD-encoded microbeads are characterized by an
optimal dispersity and bright fluorescence, which demonstrates the efficiency of the
developed procedure of microbead encoding and paves the way to the development
of fluorescent polyelectrolyte microcapsules on their basis.
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