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Abstract. Background and Objectives: Here, non-thermal effects induced in the sus-
pension of hollow alginate silver microcontainers after application of short electric field
pulses (about 1 ms) of high intensity (about 1 kV/cm) were studied as a prospective tool for
remote activation of microcontainers. Alterations in microcontaner’s shells were studied as

L p a function of their composition. Magnetic nanoparticles immobilized within microcontainer’s

R shells were found to enhance effects that occurred after application of electric field pulses.

- Alterations found in microcontaner’s shells can be further employed for remote activation of

HAYYHbIN microcontainers and release of encapsulated cargo. Results: The obtained results are the

‘ basis for further research of multifunctional microcontainers based on an organic alginate

matrix and inorganic metal nanoparticles of silver and magnetite as drug carriers, the perme-

0 Tﬂ E I\ ability, and structure of which can be switched using a non-thermal pulsed electrical action.

Conclusion: The proposed microcontainers can be employed as carriers in new effective

N systems for encapsulation, targeted delivery, and controlled release of various substances

in aqueous media responsive towards electric and magnetic fields which are promising in a

wide range of biomedical tasks and other applications.
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AnHoTauums. B faHHOi paboTte ObuiM U3yyeHbl HeTeNnoBble AGPEKTbI, NHAYLIMPOBAHHbIE B CYCMEH3WUW MOMbIX aNlbrMHATHBIX CEPeOpPsHbIX
MUKPOKOHTENHEPOB NOCIE NPUAOXEHUS KOPOTKUX UMNYIbCOB 3EKTPUYECKOr0 Nonis (0K0o 1 MC) BbICOKOM UHTEHCUBHOCTM (0K0No 1 kB/cm)
KaK NepCreKTUBHBIA UHCTPYMEHT [N yANeHHOA akTUBaLMM MUKPOKOHTERHEPOB. M3yueHbl n3MeHeHUs B 060104Kax MUKPOKOHTENHEPOB B
3aBMCUMOCTM OT UX COCTaBa. bbiNno 06HAPYXEHO, YTO MArHUTHbIE HAHOYACTMLLLI, UMMOBMI30BaHHLIE B 060N04KaX MUKPOKOHTEHEPA, YCu-
nBAIOT 3 PEKTbI, BO3HMKAIOLLME NOCAE MPUIOXEHUS UMNYNBLCOB 3NEKTPUYECKOro nons. M3meHeHus, 06HapyxXeHHble B 060104Kax MUKPO-
KOHTEMHEPOB, MOrYT B Aa/ibHENLLEM UCMONb30BATLCS A1S AUCTAHLMOHHOTO BCKPLITUS MUKPOKOHTEMHEPOB 1 BbINYCKA WHKAMNCYMPOBAHHOMO
BellecTsa. lMonyyeHHble pesynbTaThl IBASIOTCS OCHOBOM 19 faNbHENLIMX UCCNEeA0BaHUIA MHOrOPYHKLMOHANBHLIX MUKPOKOHTENHEPOB Ha
OCHOBE OPraHMYeCKOii anbrmHaTHON MAaTPULLbl U HEOPraHMYECKMX METAIMYECKMX HAHOYACTUL, Cepebpa U MarHeTUTa B Ka4eCTBE HOCUTENE
NIeKapCTBEHHbIX CPEACTB, MPOHULLAEMOCTb W CTPYKTYPA KOTOPbIX MOTYT U3MEHSITLCS C MOMOLLBIO HETEMIOBOTO UMMYNIbCHOIO 3NEKTPUYECKO-
ro BosnencTaus. lNpeanaraembie MAKPOKOHTEHEPHI MOTYT ObiTh UCMONb30BaHbI B KAYECTBE HOCUTENEN B HOBbIX 3DMEKTUBHBIX CUCTEMAX
VHKANCynsumuy, aipecHoii JOCTaBKN U KOHTPOJMPYEMOrO BbICBODOXAEHNS Pa3NU4HbIX BELLECTB B BOJHBIX CPELAX C BLICOKOW YyBCTBUTEb-
HOCTbIO K 3IEKTPUYECKUM 1 MArHUTHBIM MOMSIM, 4TO SBASIETCS MHOrO00ELLAioLMM NOAX0A0M ANS LUMPOKOrO Kpyra GMoMeanLMHCKMX 3aay
1 APYTUX NPUMEHEHWIA.
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Introduction (MNPs) is a highly desirable task for promising drug

Currently, a key task promising progress in med- delivery systems based on microcarriers. While mag-
icine, biotechnology, and cosmetology is the creation netic field-assisted delivery of microcontainers to the
of effective systems for encapsulation and targeted ~ specific site of the body was widely employed, elec-
delivery of biologically active substances into the tric fields have not been paid great attention. Probably
body, enabling controlled release of the delivered  the reason is the high absorbance of electric fields
compounds in a specific site and at the right time. by tissues and similar difficulties that obstruct the

A wide variety of methods have demonstrated ~ application of electric fields [5]. For these reasons,
high efficiency of microcarriers-assisted delivery of ~ electric fields have not been widely investigated as
drugs into the body [1, 2]. A promising approach to @ stimulus for the remote opening of microcontain-
perform controlled localization of microcontainers  ers. However, at the same time, electric fields offer a
loaded with biologically active substances and their ~ variety of advantages in terms of remote control over
targeted delivery to the body is modification of  therelease of bioactive substances within the body. A
microcontainers by magnetic nanoparticles, which  range of works employs electric stimuli in implant-
opens up the possibility of remote control by an  able devices which are limited in the number of
external magnetic field [3, 4]. Thus, the functionaliza- ~ applications [6—8]. A few works have demonstrated
tion of microcontainers with magnetic nanoparticles  liposomes modified by magnetic and conductive na-
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noparticles with high responsiveness towards electric
fields of high intensity [9, 10]. However, liposomes
are not stable carriers with limited applicability. Few
works have demonstrated high responsiveness of mi-
crocapsules loaded with conductive media, however,
proposed approaches allow the fabrication of huge
capsules with the inert response towards electric
fields [11]. Ohmic heating induced by high electric
fields (9.5 kV/cm) also was found to be effective in
terms of control over properties of the microcapsules,
but this system seems to be too hard for biomedical
applications [12]. In this regard, the development of
novel compositions for microcarriers combining high
encapsulation ability with responsiveness towards
electric fields is a promising task.

Here, we develop hollow microcontainers
based on hydrogels which provide a prospect for
encapsulation of different substances both low mo-
lecular weight and large macromolecules. Moreover,
hydrogel-based microcontainers offer a possibility
for modification of the shells in a number of ways.

1. Experimental section

1.1. Materials

Alginic acid sodium salt (SA) from brown algae,
citric acid (C4HgO-, 99.8%), and all inorganic salts
were purchased from Sigma. Ultrapure water (resis-
tivity >18.2 MQ-cm) was used for all experiments.

1.2. Characterization techniques

The morphology of the microparticles and
microcontainers characterization was performed by
electron microscopy. Scanning electron microscopy
(SEM) was performed by MIRA II LMU (Tescan,
Czech) microscope at an operating voltage of
30 kV, in secondary and backscattering electron
modes. Transmission (TEM) and scanning/trans-
mission (STEM) electron microscopy imaging was
performed by Titan 80-300 TEM/STEM (FEI, USA)
electron microscope, equipped with a Schottky field
emission gun, spherical aberration corrector (Cs
probe corrector), and energy dispersive X-ray spec-
troscopy system (EDXS; EDAX, USA).

An electroporator (MicroPulser, Bio-Rad, USA)
was used to study the effect of electric fields on the
suspensions of the developed microcontainers by
exposing the aqueous suspension of microcontainers
to short (duration 1 ms) electrical impulses of high
intensity. In this regard, 80 pL of the suspensions of
microcontainers were placed in a plastic polypro-
pylene cuvette with electrodes. The gap between the
electrodes in the cell was 0.1 cm, and their length was
2 cm. The intensity of the electric pulses was 1 kV/cm.
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A series of 5 short pulses with a duration of 1 ms was
applied, the time interval between pulses was 1 s.

1.3. Microcontainers synthesis

The spherical calcium carbonate (CaCOj)
microparticles were synthesized according to the
protocol reported by Volodkin et al. [13] as fol-
lows: 1 mL of Na,CO; (0.33 M) and 1 mL of CaCl,
(0.33 M) were rapidly mixed in a glass vessel and
stirred at 500 rpm for 1 min. The calcium carbonate
microparticles were precipitated using centrifugation
(2000 rpm, 2 min) and subsequently washed with
pure ethanol. This procedure was repeated three times.

1.4. Preparation of samples of two types:

a) hollow silver alginate microcontainers

Hollow silver hydrogel microcontainers were
prepared according to the previously published
protocols [3, 14]. Briefly, 1 mL of 5 mg/mL SA was
added to 20 mg of freshly prepared CaCO; micro-
particles and the dispersion was left agitated for
15 min in a shaker. Sodium alginate-coated CaCO,
microparticles were then washed three times with
deionized water. Next, 1 mL of 0.75 M silver nitrate
solution was introduced to initiate cross-linking of
sodium alginate. Then, 0.7 mL of 0.1 M ascorbic acid
solution was slowly added to the microparticles both
for CaCOj cores dissolution and silver nanoparticles
synthesis. After that, the resulting microcontainers
were collected by centrifugation and thoroughly
washed with deionized water. The hollow silver algi-
nate hydrogel microcontainers were stored in water.

b) hollow silver alginate microcontainers with
MNPs immobilized within the shells

The synthesis of CaCOj; cores coated with
sodium alginate was performed according to the
method a (hollow silver alginate microcontainers).
Prior to the adding of ascorbic acid synthesis of
hollow alginate microcontainers with magnetite na-
noparticles immobilized in the shell was performed
via absorption of MNPs on the AgNO; layer [10].
The mixture was agitated for 10 min and washed with
deionized water. Then, 0.7 mL of 0.1 M ascorbic acid
solution was added slowly to the microparticles both
for CaCOj cores dissolution and silver nanoparticles
synthesis. Finally, microspheres were washed with
water and kept in it.

2. Results and discussions

Electrically induced activation of microcon-
tainers offers a range of advantages including inde-
pendence of the system and remote control. In this
regard, a variety of parameters should be estimated
to reach this possibility. As liquids are rich with ions
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that screen electric fields, it is of high importance to
understand the potential difference on the surface of
microcontainers. Corresponding calculations based
on experimental data should be provided.

In this work, microcontainers of various com-
positions were prepared: a) hollow silver alginate
microcontainers (Fig. 1, 4) and b) hollow silver
alginate microcontainers with MNPs (Fig. 1, B-D)

immobilized within the shells (an average diameter
of microcontaners is 4.6 + 0.3 pm as determined
from TEM/STEM images (Fig. 1)). Studying the
morphology of the obtained samples was performed
via the ultrasonic treatment of the microcontainers
for 1 min at the frequency of 35 kHz with a power of
0.64 W/cm? to loosen shells followed by characteri-
zation by STEM (Fig. 1, C, D).

Fig. 1. TEM/STEM images of hollow silver alginate microcontainers: 4 — TEM image of the silver alginate microcontainers;
B — STEM image of the silver microcontainers after ultrasonic exposure; C — STEM image of silver nanoparticles formed
within the microcontainer’s shell; D — TEM image of silver and magnetite nanoparticles within the microcontainer’s shell

Heating should be carefully considered as an
accompanying process during the activation of mi-
crocontainers which is able to induce undesirable
toxic effects. The activation of microcontainers is
supposed to be a non-thermal process caused rather
by mechanical stress induced by the potential differ-
ence on the polar parts of each microcontainer as it
was reported elsewhere [ 10]. However, electrodes are
isolated from the suspension by a plastic layer and
thus the breakdown of the system can not be reached
at the voltages applied to the electrodes (according
to the specification of the electroporator and the
cuvette), that excludes joule heating of the system
by electric currents.

The amount of magnetite nanoparticles immo-
bilized within microcapsule shells was evaluated by
the colorimetric titration method according to the
previously published protocol [3]. MNPs content
per sample was evaluated as 0.9 £ 0.1 mg, which is
consistent with previously published results [3]. As
previously described, the {-potential of microspheres
was negative after all the layers were adsorbed, which
proves chemical bonding between the components
of the layers rather than electrostatic attraction [3].

As previously shown [10], the application of an
electric field to a suspension of nanocomposite spher-
ical particles induces polarization of the solution
near the polar regions of the spheres, which, in turn,
leads to the polarization of inorganic nanoparticles
immobilized in the shell of the spheres. Dipole-dipole

Brnopnsnka n meanunHckas prsnxa

interaction of nanoparticles in the shells able to cause
the mechanical stress and destruction of the shells.
Using the expressions obtained in [10], we can esti-
mate the minimum potential difference required for
the destruction of hybrid alginate microcontainers.

The effect of a pulsed electric field on hybrid
microcontainers containing magnetite nanoparticles
with a characteristic size d,, o 6 nm in the shells was
carried out as follows. A suspension of microcontain-
ers was placed in a cuvette equipped with electrodes
which were separated from water by a thin layer of
plastic. The dielectric constant of the plastic can be
neglected within the framework of the problem under
consideration. As described above, a potential differ-
ence U, = 100 V was applied to the electrodes as a
pulse with a duration of the order of 1 ms. Parameters
of silver and magnetite nanoparticles employed for
synthesis of microcapsules were widely studied over
past few decades and can be found elsewhere, for
example [15-17].

At the same time, the potential difference ap-
peared on the spherical shell of the microcontainer U, =
=Uyle(d, /e, td le) ' =e /e d /d, U=29mV,
where d_= 220 nm is the thickness of the alginate
shell, & = 3 is the relative dielectric constant of the
alginate shell, d, =2 mm is the thickness of the wa-
ter layer, ¢, = 80 is the relative dielectric constant
of water.

The voltage applied to the electrodes led to the
appearance of the electric field, which can be con-
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sidered spatially uniform over distances of the order
of'the microcontainer size. The external electric field
led to polarization of the microcontainer (Fig. 2).

Fig. 2. Scheme of a hybrid alginate microcontainer with
magnetite NP immobilized within the shell in the external
electric field

The induced electric potential near the micro-
container can be found as a solution to the following
electrostatic problem:

Ap =0,
{<p=0, r=R, (1)
go —>xEW,x—>ioo,

where
E, = UO/SW (dw/‘gw + dx/gx)_l = EW/SK Uo/dw’
R is the radius of the microcontainer.

The solution to the problem (1) is the following:

{§0=wa(1_}:_§)' r =R,
o =0, r <R,

taking into account these equations, we find the elec-
tric field strength near the polarregion (8 = 0, ) of
the microcontainer E, = =V ¢ = 3 ¢,/¢&, U/ d,
r-R, 6 -0,m.

The electric field E,, in turn, polarizes magnet-
ite nanoparticles localized in the shell of an alginate
microcontainer. Solving the problem for the electric
field near a polarized nanoparticle similar to (1), the
following equations can be obtained:

2

&
5
~—~
[N
|
)
w
~
=
I\

¢= “B)

@ =0, r <a,
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where « is the radius of the nanoparticle. Poten-
tial (3) is the sum of the potential of the constant
field 3x &,/¢, Uy/d, and the dipole potential

LG

4= imeee. 13 with the induced dipole moment
0¢K

U
12meye,al =

K

=
I

The induced dipole moments of nanoparticles
localized in the polar regions of the microcontainer’s
shell are parallel to each other and directed in the
direction of the external electric field. Therefore,
repulsion between polarized nanoparticles occurs in
the polar regions of the microcontainers as a result of
their dipole-dipole interaction. The energy €,, of such
a dipole-dipole interaction of polarized nanoparticles
takes the form:

= T, U (g
2 & 1° dg
where & is the electric constant, d,, = 2a is the
nanoparticle diameter, / is the distance between the
nanoparticles.

The minimum potential difference U™ in-
duced at the microcontainer shell which leads to the
destruction of the microcontainer can be found from
the condition €, = kT as follows:

3
U]znin - G (_L)? [ 2kTec =2mV. ®)
Ew dpp \dnp e dny

Here, the energy of the dipole-dipole repulsion
of nanoparticles in the microcapsule shell was (at
T =300 K):

€, =22107"8] =534 kT, (6)

which led to the complete destruction of the micro-
containers.

Experimentally, the alternations were studied
using the electroporator system. We study the pos-
sibility of remote activation of hollow silver alginate
microcontainers (with and without magnetite) by
exposure to short electromagnetic pulses of high
intensity (Fig. 3). Application of the electric pulses
of the intensity described in the experimental sec-
tion led to formation of alternations in the shells of
microcontainers. SEM imaging showed the presence
of the capsule’s fragments which indicate effective
activation of microcapsules (Fig. 3, B). It should be
noted that the used parameters of the electric field
did not induce significant alternations of the shells
of original silver alginate microcapsules, while the
presence of magnetite nanoparticles led to a higher
sensitivity of the microcontainers to the electric field.
The character of the alterations in microcontainers
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Fig. 3. SEM images of hollow alginate silver microcontainers before and after exposure to

electric impulses: A — silver alginate microcontainers free of magnetite after exposure to

electric impulses; B — alginate microcontainers with magnetite nanoparticles immobilized
within the shells after exposure to electric impulses

shells together with the morphology to be similar
before and after electric field application indicate a
mechanical nature of the process.

Conclusions

In this study, the effects of short electric field
pulses on the suspension of hollow silver alginate
microcontainers with magnetite nanoparticles im-
mobilized within the shells were studied as a pro-
spective tool for remote activation of microcontain-
ers. Non-thermal alternations of microcontainer’s
shells were shown to occur as a result of exposure
to electric field pulses. Theoretical analysis allowed
to conclude dipole-dipole interaction between na-
noparticles to be the main reason of the alternations
revealed after exposure to an electric field which
were observed experimentally. In this way the ef-
fect of the electric field pulses was found to depend
on the microcontainer’s composition. In particular,
the presence of magnetic nanoparticles within the
shells significantly enhances alterations after ex-
posure of microcontainers to electric field pulses.
The proposed microcontainers can be employed as
carriers in new effective systems for encapsulation,
targeted delivery, and controlled release of various
substances in aqueous media responsive towards
electric and magnetic fields which are promising
in a wide range of biomedical tasks and other ap-
plications.
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