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The effect of the polarity of the direct current electric field on the “organization” of Streptococcus thermophilus
(ST44) probiotic cells within electrosprayed maltodextrin microcapsules was investigated. The generated elec-
trostatic forces between the negatively surface-charged probiotic cells and the applied negative polarity on the

Igi;oiﬁﬁggn electrospray nozzle, allowed to control the location of the cells towards the core of the electrosprayed micro-
P . capsules. This “organization” of the cells increased the evaporation of the solvent (water) and successively the
Electrohydrodynamics

glass transition temperature (Tg) of the electrosprayed microcapsules. Moreover, the utilization of auxiliary ring-
shaped electrodes between the nozzle and the collector, enhanced the electric field strength and contributed
further to the increase of the Tg. Numerical simulation, through Finite Element Method (FEM), shed light to the
effects of the additional ring-electrode on the electric field strength, potential distribution, and controlled
deposition of the capsules on the collector. Furthermore, when the cells were located at the core of the micro-
capsules their viability was significantly improved for up to 2 weeks of storage at 25 °C and 35% RH, compared
to the case where the probiotics were distributed towards the surface. Overall, this study reports a method to
manipulate the encapsulation of the surface charged probiotic cells within electrosprayed microcapsules, uti-

Numerical simulation

lizing the polarity of the electric field and additional ring-electrodes.

1. Introduction

Probiotics are living microorganisms that have been proven to exert
health benefits on the host when consumed in adequate numbers (Ter-
pou et al., 2019). Commonly known probiotics that have therapeutic
effects on humans are the Lactic Acid Bacteria (LAB) (Parvez et al.,
2006). One example of LAB with probiotic potential is Streptococcus
thermophilus, which has been associated with health benefits including
anti-inflammatory effects, antimutagenic effects, and stimulation of the
gut immune system among others (Martinovic et al., 2020; Zhang et al.,
2020). ST44 is an industrially relevant strain, since it is commonly used
as a dairy starter bacterium (Padmanabhan et al., 2020), thus it has been
investigated and encapsulated in various studies (Ozturk et al., 2021;
Pakroo et al., 2021; Vodnar et al., 2010).

In recent years the utilization of electrohydrodynamic atomization
(electrospray and electrospinning) processing has been substantially
explored for the encapsulation of probiotic cells (Mendes and Chronakis,
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2021; Niamah et al., 2021). In our previous study, the encapsulation of
the Gram-positive, rod-shaped Bifidobacterium animalis subsp. lactis
(BB12) within maltodextrin microcapsules using both negatively and
positively charged electrospray needle, was investigated (Dima et al.,
2023). By choosing the appropriate polarity of DC electric field, the
surface-charged probiotic cells were localized either in the core or to-
wards the surface of the electrosprayed microcapsules, as observed using
confocal microscopy. Negatively-charged probiotic cells, encapsulated
using a negative polarity at the electrospray needle, were organized
primarily in the core of the microcapsules. Moreover, the “organization”
of the cells affected the evaporation of water and subsequently the glass
transition temperature (Tg) of the electrosprayed capsules. The pro-
duced microcapsules using negative polarity showed considerably
higher glass transition values (nearly 10 °C) and greater viability (~7.3
times higher) even after 3 days of storage at RH of 35% and 25 °C,
compared to the encapsulated probiotics using positive polarity.

The conventional configuration of the capillary nozzle and grounded
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substrate of the electrospray processing can be altered to prevent electric
disturbances and improve the stability of electrospraying, as well as to
focus the electrospray deposition (Kuwahata et al., 2020). The changes
of the configuration could include the utilization of additional elec-
trodes in the form of guard or extractor electrodes (coaxial with the
capillary nozzle) of different shapes (rings, cylinders, plates of appro-
priate aperture) and sizes (Jaworek et al., 2018; Xie and Wang, 2007).

Additional ring electrodes in three-electrode arrangements (nozzle,
ring electrode, collecting electrode) have been shown to modify the
electric field and stabilize the electrospray process. Verdoold et al., re-
ported that the changes of the electric field could be reflected on the
properties of the current (i.e., relative standard deviation of the DC
current, current mean-median ratio, pulse shape) through the electro-
spray system, the liquid meniscus, and subsequently the spraying mode
(Verdoold et al.,, 2014). Zhao et al, reported that a
three-electrode-arrangement caused changes of the electric field,
providing a strong electric field with a fairly low voltage (Zhao et al.,
2005). Moreover, Gan et al., suggested that the addition of a ring elec-
trode, between a classical capillary-mesh electrode electrospray system,
stabilized the process. Even though the electric field intensity around the
capillary was weaker due to superposition principle of the electric field,
the larger electric force produced from the ring electrode increased the
droplet charge and reduced the droplet size and axial velocity (Gan
et al., 2019). Moreover, it was reported that the driving force for the
movement of droplets derived from the electric field between the ring
electrode and the collector, while the produced capsules were more
uniform, compared to the electrospraying system without the ring
electrode, due to less axisymmetric disturbances (Gan et al., 2016).

The production of more uniformly sized capsules has also been
described by Xie and Wang, who microencapsulated cells within sodium
alginate gel beads by dripping mode electrospray. It was suggested that
the additional ring electrode stabilized the performance of the electro-
spray system and facilitated the removal of undesired satellite droplets
and the formation of larger droplets by decreasing the dripping fre-
quency (Xie and Wang, 2007). In addition, Si et al., also reported that a
coaxial needle assembly with two ring electrodes of different electric
potential, gave rise to fine morphology (identifiable core-shell struc-
ture) and uniform size distribution of poly(D,L-lactide-co-glycolide)
(PLGA) microparticles containing therapeutic agents. The additional
two rings improved stability of the cone and expanded the process
parameter (e.g., voltage, flow rate) range of the stable cone-jet mode (Si
et al., 2013).

Numerical simulation tools are commonly employed to represent the
electric field strength and electric potential distribution in an electro-
spray/electrospinning system. Neubert et al., investigated, both exper-
imentally and numerically, the effect of additional ring-electrodes
between the nozzle and the collector, on the controllable electrospun
fiber deposition. They reported that the addition of a ring-electrode
decreased the spot size that Nylon-6, poly(L-lactic acid)-co-poly-(3-
caprolactone) (PLACL) and poly(vinyl chloride) (PVC) fibers were
collected on the substate, due to the reduction of the lateral jet in-
stabilities. The suppression of the bending instability onset resulted to a
smaller electrospinning cone and, thus, a more focused collection on the
substrate. The experimental conditions were also assessed by numerical
modeling (SIMION) of the electric field distribution. It was confirmed
that the utilization of two additional ring-electrodes focused further the
collection of the fibers and decreased the modeled collection spot size
(Neubert et al., 2012). Kuwahata et al., reported that the ternary ring
electrode changed the electric potential around the nozzle and shifted
the threshold voltage for single Taylor cone-jet formation, verifying
their statement using a numerical simulation (Finite Element
Method-FEM). Subsequently, the ring electrode facilitated the focusing
of the spray plume and the controlling of the electrospray film deposi-
tion of Poly(lactic-co-glycolic acid) (PLGA) in N,N-dimethylformamide
solution (DMF) (Kuwahata et al., 2020).

In our previous study, it was demonstrated that the encapsulation of
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the Gram-positive, rod-shaped, and hydrophobic Bifidobacterium ani-
malis subsp. lactis within maltodextrin microcapsules, by electrospray,
could be enhanced using negatively charged electrospray needle (Dima
etal., 2023). However, the efficacy of this method has not been tested by
using another distinct probiotic strain with different surface properties,
size, and morphology from BB12. This study aimed at to investigate the
effect of the electric field polarity and additional ring electrodes on the
encapsulation and “organization” of coccus-shaped and hydrophilic
Streptococcus thermophilus (ST44) probiotic cells within electrosprayed
maltodextrin microcapsules. Maltodextrin, which is obtained by partial
hydrolysis of starch, is a hydrophilic carrier and is commonly used as
wall material for the encapsulation of probiotics (Mendes and Chron-
akis, 2021). Furthermore, to enhance the encapsulation process by
electrospraying, the insertion of auxiliary ring-shaped electrodes was
investigated. The “organization” of the probiotics as well as the glass
transition of the electrosprayed microcapsules were tested under the
different electrospray configurations. A numerical simulation using the
Finite Element Method (FEM) was also employed, to evaluate the elec-
tric field strength and potential distribution between the electrospray
needle and the collector, when auxiliary electrodes were utilized.

2. Materials and methods
2.1. Preparation of microorganisms

Probiotic cells Streptococcus thermophilus (ST44) of concentration 5.4
x 10° cells/g were supplied by Chr. Hansen A/S (Hgrsholm, Denmark)
and stored at —80 °C. The frozen probiotics’ cell concentrate was thawed
at room temperature (20 + 1 °C) and was preliminary inoculated in 18
mL of M-17 broth (Merck KGaA, Darmstadt, Germany). After incubation
for 24h at 37 °C under aerobic conditions (140 rpm), an additional
amount of 20 mL fresh M-17 broth was inoculated with the bacterial pre-
culture and incubated under the same conditions for 16h. Then the
bacterial suspension was centrifuged at 3000g for 5min at 25 °C, and the
cellular pellet was washed twice with demineralized water.

2.2. Atomic Force Microscopy (AFM) measurements

The AFM imaging (NanoWizard V, Bruker, Berlin, Germany) was
performed in Quantitative Imaging mode using PEAKFORCE-HIRS-F-A
scanning probe (Bruker, Camarillo, CA, USA). The ST44 probiotic cells
were deposited on a surface of agarose coated glass, incubated, and
gently rinsed with de-ionized water. The immobilized sample was then
imaged in air.

2.3. Bacterial cell surface charge

The probiotic cells’ surface electrical charge evaluation was per-
formed according to a previously described protocol (Dertli et al., 2015;
Dima et al., 2022). Approximately 10% ST44 probiotic cells/mL were
suspended in 10 mM KH,PO4 (Sigma-Aldrich, Steinheim, Germany) and
transferred to a capillary cell with gold plated beryllium/copper elec-
trodes (DTS1070 cell, Malvern Panalytical Ltd, Malvern, UK). A
Zeta-sizer (Malvern Panalytical Ltd, Malvern, UK) was utilized to mea-
sure the electrophoretic mobility of the samples, which was successively
converted to zeta potential (mV) using the Helmholtz- Schmoluchowski
equation.

Up=V,E = Cen @

Where U, is the electrophoretic mobility, V, is the electrophoretic
velocity, E is the electric field strength, ¢ is the zeta potential, ¢ is the
permittivity, and 7 is the viscosity of the medium.

All measurements were carried out at 25 °C and each sample was
analyzed in quintuplicate.
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2.4. Bacterial cell surface hydrophobicity

The surface hydrophobic/hydrophilic character of ST44 cells was
assessed by the microbial adhesion to hexadecane (MATH) assay
(Deepika et al., 2009). ST44 probiotic cells were suspended in 10 mM
KH,PO4 until the optical density (turbidity) of bacterial suspensions at
600 nm (ODggp)~0.8. An equal volume of 2 mL of the cell suspension
and hexadecane (Thermo Fisher Scientific, Waltham, MA, USA) were
vortexed vigorously for 1 min and gently stirred until phase separation
(instead of allowed to stand). The protocol was adjusted to avoid cell
sedimentation during phase separation, because ST44 is primarily
encountered in long chains that tend to sediment (Nachtigall et al.,
2019). After complete phase separation, the aqueous phase was care-
fully removed and the ODgop was measured.

The percentage of microbial adhesion to hexadecane (or % Hydro-
phobicity) was estimated as:

1-A
% Hydrophobicity = ( " ‘) x 100 @)

0

Where Ay is the initial absorbance of the cell suspension and A; is the
absorbance after phase separation at 600 nm. Each sample was analyzed
in triplicate.

2.5. Electrospray of probiotic solutions

Maltodextrin of Dextrose Equivalent 12 (Glucidex IT12, Roquette,
Lestrem, France) was dispersed in demineralized water in a concentra-
tion of 85% w/v and stirred until homogeneously solubilized. Then ST44
probiotic cells (1.6 x 10° cells/mL) were introduced and stirred gently
until they were fully dispersed.

The electrospray process was performed in horizontal mode. The
maltodextrin-ST44 feed solution was loaded into a 10 mL syringe,
connected to a metal needle and driven by a syringe pump (New Era
Pump Systems, Inc., Farmingdale, NY, USA) at a flow rate of 0.03 mL/
min. The electric field was established by a high voltage power supply
(ES50P-10W, Gamma High Voltage Research, Inc., USA), which was
connected to the electrospray needle and a stainless-steel collecting
electrode (collector). The maltodextrin—-ST44 capsules were collected on
the collector (10 x 10 cm), which was placed at a distance of 10 cm from
the end of the needle. One or two auxiliary ring-shaped electrodes (r = 4
cm) were placed between the needle and the collector at a distance of 2
cm, or 2 cm and 4 cm from the end of the needle, and each was

mA kv
pover suppy @
— —
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connected to a high voltage power supply (ES50P-10W, Gamma High
Voltage Research, Inc., USA). The auxiliary electrodes had a thickness of
0.5 mm and 1.25 mm respectively and were connected to the pole of the
power supply with the same polarity as the electrospray needle ( £+ 5
kV). When the electrospray needle was connected to the positive pole
(+15 kV) of the DC high voltage power supply, the collector was con-
nected to the negative pole (-5 kV), and the sample is referred to as
“electrosprayed under positive polarity”, and reversely for “electro-
sprayed under negative polarity”. The absolute value of the electric
potential is presented throughout this study, as |20 kV]|.

The electrospray set-up was placed inside a polycarbonate chamber,
where temperature (20 + 1 °C) and relative humidity (RH = 20 + 3%)
were controlled by introducing nitrogen gas through a diffuser (Fig. 1).

2.6. Confocal laser scanning microscope

An Inverted Zeiss LSM-710 Confocal laser scanning microscope (Carl
Zeiss Microlmaging GmbH, Jena, Germany) equipped with a diode laser
(405 nm), argon laser (458, 488 and 514 nm), two HeNe lasers (543 and
633 nm), three detectors and one transmitted detector, was utilized.

The fluorescent dye Thiazole Orange, dye content~90% (Sigma-
Aldrich, St. Louis, Missouri, USA) was dissolved in dimethyl sulfoxide
(DMSO) at concentration 42 pmol/L and was used to stain the probiotic
cells prior to encapsulation. The images were obtained at an excitation
wavelength of 488 nm and emission bandpass filter between 505 and
550 nm. The samples were scanned at different focal planes employing
the Z-series mode using the software ZEN 2009 (Carl Zeiss Microlmaging
GmbH, Jena, Germany). The maximum intensity projections of the Z-
stack series were reconstructed in a 2D image. Circles were drawn
around the microcapsules to approximate the edge of the capsules and to
facilitate imaging.

2.7. Differential scanning calorimetry

The glass transition temperature (Tg) of the electrosprayed micro-
capsules was determined by Modulated Differential Scanning Calorim-
etry (MDSC) experiments, following a previously described protocol
(Dima et al., 2023). The DSC 250 (TA Instruments, New Castle, Dela-
ware, USA), equipped with Refrigerated Cooling System 90, was utilized
to obtain the thermograms of the samples. The heat flow and tempera-
ture calibration of the instrument was performed using distilled water
(melting point (m.p.) = 0 °C; DHm = 334 J/g) and indium (m.p. =
156.5 °C; DHm = 28.5 J/g), and nitrogen gas at a flow rate of 50 mL/min

mA kv
pover sy @
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—

Fig. 1. Schematic representation of the negative polarity electrospray apparatus inside a polycarbonate chamber, consisting of a syringe pump, a syringe connected
to a metal needle, two auxiliary ring-shaped electrodes, and a collecting electrode. High voltage power supplies were connected to the electrospray needle, auxiliary

rings and collecting electrode.
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was used as a carrier.

Electrosprayed microcapsules (immediately collected after process-
ing), of approximately 5 mg, were placed in pre-weighted standard DSC
aluminum pans (Tzero aluminum Hermetic pans, TA Instruments, USA)
and were hermetically sealed. An empty hermetically sealed aluminum
pan was used as reference. The microcapsules in the pans were initially
equilibrated for 5 min at 10 °C, and then a heating ramp followed with
3 °C/min to 120 °C. The temperatures of the thermal scanning were set
at least 30 °C below and above the expected Tg of the electrosprayed
microcapsules, considering the Tg of maltodextrin DE12.

The Tg was determined from the midpoint temperature of the
detected step change, operating the Trios software interfaced with the
DSC 250 for the analysis. All measurements were done in triplicate and
the Tg values were averaged.

2.8. Stability of microencapsulated ST44 probiotics during storage

The conditions for the stability of the microencapsulated ST44 were
chosen based on a previously described protocol (Dima et al., 2023).
Microcapsules containing ST44 electrosprayed with negative and posi-
tive polarities with and without 2 auxiliary ring-electrodes, and
non-encapsulated Streptococcus thermophilus (reference sample), were
stored in an incubating cabinet (Model KB 8400F, A/S Ninolab, Solrgd
Strand, Denmark) at a relative humidity of 35 &+ 2% RH at 25 °C. The
viability of the encapsulated and non-encapsulated ST44 probiotics as a
function of time (0-14 days) was determined by Colony Forming Unit
(CFU) analysis. More specifically, the electrosprayed microcapsules
were dispersed in 0.85% w/v sodium chloride (NaCl) and 0.1% w/v
peptone (tryptone) solution, homogenized by vortexing, and then 1 mL
of appropriate decimal dilutions was pour-plated in M-17 agar (Merck
KGaA, Darmstadt, Germany) plates supplemented with 10% w/v
lactose. The M-17 agar plates were incubated at 37 °C under aerobic
conditions for 2 days, and the cell viability was calculated as the average
of 4 plates.

The Encapsulation Efficiency (EE) of the microcapsules was defined
by determining the log of the number of viable cells inside the micro-
capsules (N) divided by the log of the number of viable cells in the initial
solution (Np):

log N

EE (%)= log Ny

x 100 3)

2.9. Statistical analysis

Student’s T-test was applied to determine the statistical significance
among samples’ Tg, using Excel software (Microsoft corporation). One-
tailed unpaired t-test with 95% confidence interval was considered
statistically significant (p < 0.05). The results are expressed as mean
value + Standard Deviation (SD).

2.10. Finite element modeling (FEM)

The numerical simulations were performed using a freeFEM++
simulator. The electric potential and electric field strength between the
nozzle and collector electrode were analyzed by introducing one or two
auxiliary ring electrodes. The calculations were carried out according to
the described settings in section 2.3. The range of the mesh size was
6pm-1.9m for no ring, 5.4pm-1.87m for one ring, and 5.5pm-1.9m for
two rings. In regard to boundary conditions, the electric potential was
fixed to zero at the locations within 68.8 times the radius of the auxiliary
ring electrode in the radial direction.

Assuming no or negligible current and a steady state, it was found
from Maxwell’s equations that the electric field E obeys:

i
&

V-E = 4
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VXxE=0 5

E=-VU (6)

Where p is the charge density and ¢, is the permittivity of vacuum.
The field was found as the negative gradient of the electrostatic potential
U. The condition V x VU = 0 is automatically fulfilled.

Before starting electrospraying p = 0, so (4) and (5) can be expressed
as:

—-AU=0

More details about the freeFEM++ solution can be found in the
Appendix A-Supplementary data.

3. Results and discussions

3.1. Morphology and surface properties of Streptococcus thermophilus
(ST44)

The AFM images of the ST44 probiotic cells are presented in Fig. 2.
Streptococci are spherical bacteria, which grow in chains due to the
incomplete separation after division of the cells (Chhatwal and Graham,
2017). ST44 chaining phenotype can be noticed in Fig. 2 where the three
types of septa emerging from septum synthesis can be clearly recog-
nized. First, the nascent septum (a), which is situated halfway between
the cell poles of the diplococcal dividing cells and originated from the
constriction ring. Second, the intermediate septum (b), deriving from
the progression of the septal peptidoglycan synthesis and additional
compression of the cell walls. And third, the mature septum (c), which
arises from the extension of the septum that connects the daughter cells
together by a thin peptidoglycan filamentous, and is usually detected at
the final stage of the division process (Layec et al., 2009).

According to the literature, ST44 is an aerotolerant anaerobe, Gram-
positive, spherical, nonmotile coccus, which falls into to the thermo-
philic group of the lactic acid bacteria, presenting an optimum growth
temperature of approximately 42 °C (Facklam, 2002). Based on Fig. 2,
ST44 probiotic cells were ovoid-shaped with 1.095 + 0.098 pm width
and 0.747 £ 0.047 pm height (n = 5), similar to findings that have been
reported in literature (Chhatwal and Graham, 2017; Guss and Delwiche,
1954).

As illustrated at Fig. 3, the cultivated ST44 presented a zeta potential

800nm

Onm

Fig. 2. ST44 chaining phenotype observed by Atomic Force Microscopy (AFM).
The arrow heads indicate the nascent septum (a), the intermediate septum (b)
and the mature septum (c).
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Fig. 3. Zeta potential and (%) Hydrophobicity of ST44 in KHyPO4 at pH = 6.

of —11.7 + 0.45 mV. The electronegative character of ST44 at neutral
pH is due to cell surface molecules, including wall teichoic acids (WTA)
and lipo-teichoic acids (LTA), whose phosphodiester bonds confer a
negative charge to the whole polymers and subsequently to the pro-
biotics (Dahmane et al., 2018).

The cell surface hydrophobicity of the cultivated ST44 was also
evaluated, by studying the adhesion of the probiotics to hexadecane
(Fig. 3). At pH = 6, ST44 showed an affinity to hexadecane of 5.1 +
1.9%, suggesting a hydrophilic cell surface character. The hydrophilic
character of ST44 (4.4% after cultivation) have been previously reported
and correlated with the formation of (capsular) exopolysaccharides
(EPS) (Nachtigall et al., 2019). It should be noted that the long chains of
ST44 tend to sediment due to their high mass and could lead to dis-
crepancies in the hydrophobicity measurements. Thus, the protocol was
adjusted according to Nachtigall et al., to avoid cell sedimentation
during phase separation and to estimate the surface hydrophobicity
more accurately (Nachtigall et al., 2019).

3.2. Effect of electric field charge polarity and auxiliary electrodes on the
ST44 “organization” within the microcapsules

The distribution of coccus-shaped ST44 probiotics within the elec-
trosprayed maltodextrin microcapsules, when either negative or positive
polarity was applied on the electrospray needle, was monitored by
confocal laser scanning microscopy (CLSM) (Fig. 4). To assist the visu-
alization of the distribution of the encapsulated ST44, the electro-
sprayed microcapsules with higher diameter are presented. The
microcapsules produced without the auxiliary electrode showed a
diameter between 10 and 60 pm for positive and 40-100 pm for negative
polarity. When 1 auxiliary ring electrode was used, the corresponding
sizes were 20-50 pm and 40-80 pm.

The “organization” of the probiotic cells towards the core of the
microcapsules, was noted when negative polarity was employed at the
electrospraying needle. Conversely, the probiotics were allocated to-
wards the surface of the electrosprayed microcapsules when a positive
polarity was applied at the needle (Fig. 4). The encapsulation and dis-
tribution of negatively charged ST44 towards the core or the shell of the
microcapsules is due to Coulombic forces within the DC electric field.
Either electrostatic repulsion or attraction between the negatively sur-
face charged ST44 cells at pH = 6 and the negatively or positively
charged electric field at the needle walls respectively, direct the “orga-
nization” of the charged ST44 cells within the electrosprayed
microcapsules.
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Negative polarity

Positive polarity

Fig. 4. Confocal laser scanning microscopy (CLSM) micrographs showing the
distribution of ST44 cells within microcapsules electrosprayed at |20 kV| with
different polarities. The edge of the microcapsules is represented by
white circles.

3.3. Glass transition temperature of electrosprayed microcapsules

The effect of the polarity of the electric field (at |20kV|), as well as
the addition of auxiliary ring-electrodes, on the glass transition tem-
perature (Tg) of the maltodextrin—-ST44 electrosprayed microcapsules is
depicted in Fig. 5.

The Tg of the maltodextrin-ST44 electrosprayed microcapsules with
negative polarity were characterized by statistically significantly higher
Tg values than the microcapsules electrosprayed with a positive polar-
ity, in accordance with the previous study (Dima et al., 2023). More
specifically, the microcapsules produced using 120kVI with one auxiliary
ring electrode and negative polarity, presented an approximately 12 °C
higher Tg, compared to the corresponding electrosprayed microcapsules

100
m  Negative polarity
® Positive polarity %

95 +

70-: %

65

1 1 1
0 Ring 1 Ring 2 Rings
Fig. 5. Effect of electrospray polarity, and auxiliary ring-electrodes on the glass
transition temperature (Tg) of electrosprayed maltodextrin microcapsules

encapsulating ST44.
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with positive polarity. When two complementary ring-electrodes were
utilized between the electrospraying nozzle and the collector, the Tg of
the negative polarity electrosprayed microcapsules approached 100 °C
and was approximately 9 °C higher than the respective positive polarity
electrosprayed microcapsules. The higher Tg values using negative po-
larity electric field arise from the “organization” of the negatively sur-
face charged ST44 probiotic cells towards the core of the initially formed
droplets. The subsequent accumulation of the solvent near to the highly
charged microcapsules’ surface, leads to enhanced evaporation of the
solvent during electrospray. This enhanced water evaporation with
subsequent decrease of the moisture content, leads to higher Tg values
for the microcapsules electrosprayed using negative polarity, compared
to the microcapsules electrosprayed using positive polarity.

The microcapsules produced using the two auxiliary ring-electrode
electrospray setup, presented statistically higher glass transition tem-
perature values compared to the microcapsules electrosprayed with one
or no auxiliary electrode. More specifically, the microcapsules produced
at negative polarity with two ring-electrodes presented a 4 °C higher Tg
than the microcapsules produced with one ring-electrode, and 19 °C
higher Tg compared to the microcapsules produced with no auxiliary
electrode. When positive polarity and two auxiliary ring-electrode setup
was utilized, the corresponding Tg differences were 7 °C (with one ring-
electrode) and 19 °C higher (with no ring-electrode).

Consequently, both the applied electric field charge polarity on the
nozzle and the utilization of auxiliary ring-electrodes significantly
affected the glass transition temperature of the electrosprayed micro-
capsules, due to the presence of the surface charged probiotics and the
enhancement of the electric field by the ring-electrodes.

3.4. Numerical simulation of electric field (FEM)

3.4.1. Effect of auxiliary ring electrodes on the electric field strength and
potential distribution

The computational Finite Element Method (FEM) was employed for
the numerical simulation of the electric field strength and electric po-
tential distribution for the electrospray process. A qualitative examina-
tion of the deformation of the electric field between the electrospray
needle and the collector, with and without the auxiliary ring-electrodes
is presented in Fig. 6. It can be noticed that the addition of the ring-
shaped electrodes increased the strength of the electric field in the vi-
cinity of the collector and decreased in the proximity of the nozzle.

It has been previously reported that the utilization of an additional
ring electrode decreased the magnitude of the electric field around the
tip of the nozzle (Neubert et al., 2012). Furthermore, it was demon-
strated by previous FEM simulations, that the addition of a ternary
ring-shaped electrode altered the electric field lines, increasing the
strength of the electric field in the direction of the central axis. More
specifically, the spatial electric potential was increased closer to the
counter electrode, being in agreement with the current findings in Fig. 6
(Kuwahata et al., 2020).

A quantitative evaluation of the electric field strength and the po-
tential along the center line from the needle to the center of the collector
was also estimated through FEM. It can be noticed that a substantially
stronger electric field of up to 142 kV/m at the collector was calculated
when two auxiliary rings were introduced in the electrospray setup.
However, lower values were found when one auxiliary ring and no ring-
electrode was utilized, noting an electric field strength of approximately
104 kV/m and 69 kV/m, respectively (Fig. 7A).

In addition, differences regarding the potential can also be clearly
noticed between the samples with no, one and two ring-electrodes
(Fig. 7B). The results from FEM indicate that the electric potential dis-
tribution around the nozzle electrode approached the potential of the
nozzle with the addition of the ring-shaped electrodes. Similar findings
have been previously reported, where the electric potential distribution
around the nozzle increased (Kuwahata et al., 2020).

Thus, the numerical simulation of the electric field gradients
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IsoValue

m40000

Fig. 6. Axisymmetric FEM analysis of the electric field strength for electrospray
processing (|20 kV|) using negative polarity at the needle (A) Without the
auxiliary ring-electrode, (B) With 1 ring-electrode, and (C) With 2 ring-
electrodes. The colors represent the electric field strength in V/m (Iso value).

between the needle and the collector revealed that a locally stronger
electric field (close to collector) is formed when auxiliary ring electrodes
were utilized. This is in agreement with the higher glass transition
temperatures and enhanced solvent evaporation observed using the
complementary ring-electrodes.

3.4.2. Effect of auxiliary ring electrodes on the controlled deposition of
capsules

A qualitative assessment of the deformation of the electric field lines
between the electrospray needle and the collector, with and without the
auxiliary ring-electrodes is also presented in Fig. 8. The FEM simulation
revealed that the electric field streamlines between the tip of the nozzle
and the collector, were narrowed down when auxiliary ring-electrodes
were utilized, designating that the deposition area of the capsules can
be focused.

This result could be justified due to the more homogeneous electric
field distribution when auxiliary ring-electrodes are used. Kuwahata
et al., also reported that the ring electrode facilitated the focusing of the
spray plume and the controlling of the electrospray film deposition of
PLGA (Kuwahata et al., 2020). Moreover, Neubert et al., simulated and
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Fig. 7. Electric field strength (A) and Potential (B) at the center line between the needle and the center of the collector when negative polarity was used.

Fig. 8. Axisymmetric FEM analysis of the electric field lines for electrospray processing (|20 kV|) using negative polarity at the needle (A) Without the auxiliary ring-

electrode, (B) With 1 ring-electrode, and (C) With 2 ring-electrodes.

experimentally confirmed, that the addition of a ring electrode focused
the collection of Nylon-6, PLACL, and PVC electrospun fibers on the
substate (Neubert et al., 2012).

3.5. Stability and cell viability of microencapsulated probiotic cells

The log loss of ST44 viability over time is displayed in Fig. 9. A
significantly higher viability (~1.5 times) after 7 days of storage at 25 °C
and 35% RH, was noticed for the probiotics encapsulated using negative
polarity compared to the corresponding probiotics encapsulated using

()]
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Fig. 9. Log loss of viability over time (25 °C and 35 + 2 %RH) of encapsulated
ST44 probiotic cells within electrosprayed maltodextrin microcapsules using
different electric field polarities and 2 auxiliary ring-electrodes, and of non-
encapsulated (free) ST44 cells.

positive polarity, either when no ring or when 2 ring-electrodes were
utilized. The capsules electrosprayed in a 2-ring-electrode setup with
negative polarity presented 5 times higher ST44 viability compared to
the cells electrosprayed with positive polarity, after 14 days of storage.
Moreover, it was observed that the higher Tg of the capsules electro-
sprayed with 2 ring-electrodes (either positive or negative polarity)
further enhanced the ST44 stability, probably due to the lower moisture
content, as seen previously, denoting approximately 2 times higher ST44
viability after 3 and 7 days of storage. Additionally, the ST44 encapsu-
lated with negative polarity (no ring-electrodes) presented 85.7, 82.3,
and 34.3 times higher viability compared to the non-encapsulated after
3, 7 and 14 days of storage, respectively. Furthermore, it should be
mentioned that the encapsulation efficiency of the microcapsules was
similar for both polarities (65.0 £ 1.6% and 68.5 + 4.6% for positive
and negative polarities, respectively).

Hence, a higher viability up to about 14 days of storage was dis-
played for ST44 encapsulated utilizing negative polarity, compared to
the cells electrosprayed using positive polarity, while even more pro-
nounced viability enhancement was observed for the capsules electro-
sprayed with the auxiliary ring-electrodes. The latter ascends from the
“organization” of the cells within the core of the electrosprayed micro-
capsules using negative polarity, as well as the decreased moisture
content of these microcapsules, which offer superior conditions for the
stability of the encapsulated cells (Dima et al., 2023). Consequently,
regardless of the shape, the size and the surface hydrophobicity of the
encapsulated probiotic cells by electrospray processing, their stability
can be effectively controlled by modulating the polarity of the external
electric field.

4. Conclusions

It the current study the encapsulation of the coccus-shaped and hy-
drophilic Streptococcus thermophilus (ST44) within electrosprayed
maltodextrin microcapsules, was enhanced using negatively charged
electrospray needle, where ST44 cells were “organized” within the mi-
crocapsules depending on the electric field charge polarity. It was
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concluded that the surface charge of the probiotic cells (rather than their
size, shape, and surface properties) was responsible for their “organi-
zation” within the electrosprayed microcapsules. The generated elec-
trostatic forces between the surface-charged probiotic cells and the
applied polarity on the electrospray nozzle allowed not only to control
the “organization” of the cells within the microcapsules, but also to in-
fluence the solvent evaporation, and to enhance their viability and
stability.

The computational Finite Element Method (FEM) was also employed
to evaluate the electric field strength, which was found that substantially
increased when auxiliary ring-shaped electrodes were employed,
contributing to further increase of the glass transition temperature
values. Correlations among the focused deposition of the electrosprayed
microcapsules and the deformation of the electric field streamlines for
the different auxiliary electrodes, were also assessed through numerical
simulation.

Overall, this study presents a novel method to increase electro-
spraying controllability, by manipulating the encapsulation of surface
charged probiotic cells within electrosprayed microcapsules, and by
controlling the deposition of the microcapsules on the collector, utilizing
the appropriate polarity of the electric field and auxiliary ring-
electrodes.
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