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Influence of electric parameters on the alginate-polyethersulfone microcapsule structure
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ABSTRACT

Alginate-polyethersulfone microcapsules obtained with the one-stage three-nozzle, electrostatic
technique designed by our team can successfully be used to encapsulate biologically active material
such as functional proteins, microorganisms, bacteria, fungi and mammalian cells. The paper presents
the results of studies on the influence of electric parameters on microcapsule size and internal struc-
ture. During the manufacturing process, three different liquids, i.e., aqueous sodium alginate solution,
separating liquid and membrane-forming solution, were forced through a three-nozzle head, placed
in an electrostatic field. After gelling in a gelling bath, the multi-layer drops appearing at the tip of the
three-nozzle head formed microcapsules. The electrostatic field was applied through electric impulses
with varied values of: voltage (U), frequency (f) and impulse duration (t). The results indicated, that
an increase of all examined electric process parameters resulted in a decrease in average microcapsule
diameter and lower uniformity of batches in terms of size. Average membrane thickness (parameter B)
did not change significantly, but along with the increase of all electrical parameters, a significant decrease
of membrane thickness at the thickest part (parameter N) was observed. The microcapsules that were the
most symmetric in regard to membrane thickness were obtained in the series with variable voltage (U).

Keywords: Alginate; Microencapsulation of cells; Alginate-polyethersulfone microcapsules; Electrostatic
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1. Introduction

Recently, hydrogel microcapsules [1] and microbeads
[2,3] have been extensively studied in terms of their applica-
tions in broadly defined water treatment systems [4,5]. Both
of them can be manufactured using an electrostatic method
of forming alginate gel droplets introduced in the 1990s by
Bugarski, Poncelet and their collaborators [6,7]. They used
the phenomenon, studied by Lippmann, of the decrease in
surface tension of a liquid flowing through a charged capil-
lary, which occurred as a result of the application of an elec-
trical charge. It causes both, shape and size of the meniscus of
liquid flowing out from a metal nozzle, to change: it becomes
longer and thinner, and droplets falling from its tip, are sig-
nificantly smaller. Their diameter may even be reduced to
tens of micrometers.

* Corresponding author.

The three-nozzle electrostatic method of forming a
three-layer droplet designed by our team [8,9] allows to form
biocompatible hydrogel microcapsules surrounded by a
semi-permeable membrane formed of high-molecular weight
synthetic polymers in a single stage, using the wet phase
inversion method. In this technique, three liquids are pressed
through a three-nozzle head (nested nozzle type): the aque-
ous sodium alginate solution (natural polymer) through the
inner; the glycerine (separating liquid) through the middle,
and the solution of a synthetic polymer in an organic solvent
through the external nozzle. As a result, a three-layer drop-
let forms at the tip of the head and then drops into a aque-
ous gelling bath containing calcium ions. As a result of the
gelling, the microcapsule’s gel core and the semi-permeable
polymer membrane surrounding it are formed. To reduce
microcapsule size, the head is placed in an electrostatic field
applied in a pulse mode, with set, regulated voltage (U),
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electric impulse frequency (f) and impulse duration (t). The
use of electrostatic method enables to produce microcapsules
in gentle conditions (room temperature, physiological pH, no
toxins), thus allows the encapsulation of sensitive, biologi-
cally active materials, such as functional proteins (hormones,
enzymes), and even living cells [9-11].

Conditions inside the microcapsule depend mainly
on properties of the semi-permeable membrane (porosity,
hydraulic permeability, cut-off), but also on the structure
of the microcapsule as a whole, including its diameter and
membrane thickness [12-14].

Recently, we presented results of studies on the influence
of core liquid (alginate) and membrane-forming solution
flow on microcapsule structure [15]. We concluded, that flow
rates of both liquids strongly influenced both, microcapsule
size and the uniformity of batches in terms of size. The thick-
ness of the polyethersulfone membranes and their symmetry
also depend on the flow rates of both liquids.

In previous papers [9,15], we showed that the three-liquid
set-up (aqueous alginate solution/glycerol/polyethersulfone
solution in NMP) studied by us was also subjected to the phe-
nomenon described above. The aim of the studies presented
in this paper was to investigate how a change in each of the
electrical parameters involve in the encapsulation process
influenced on microcapsule size, batch uniformity in regard
to size, thickness of formed semi-permeable membranes and
uniformity of their thickness.

2. Materials and methods
2.1. Microcapsule production

Alginate-polyethersulfone microcapsules, manufactured
in order to study the influence of process electric parameters on
microcapsule structure, were prepared in a set-up of three lig-
uids: 1.5% (w/w) sodium alginate of medium viscosity (Sigma)
in saline (BASF, Poland); glycerol (POCh); and 13% (w/w)
polyethersulfone (PES), type E 2020 P (M, = 42 kDa, BASF)
in 1-methyl-2-pyrrolidone (NMP, Sigma) with the addition of
9.5% (w/w) polyvinylpyrrolidone (PVP M, = 40 kDa, Merck),
of dynamic viscosity 790 mPas (25°C). For gelling, 1.1% (w/v)
aqueous solution of calcium chloride, with the addition of 0.5%
(w/v) Tween 80 surfactant (POCh), was used.

Microcapsule diameters were measured using a crystal-
lographic microscope with a micrometer screw. The average
diameter (D,) of microcapsules prepared in each batch was
calculated basing on measurements of 20 capsules, as was
standard deviation (SD) and variation coefficient of diameter
(VC=(SD =x100)/D,).

2.2. Microcapsule structure analysis

The internal structure of the microcapsules was analysed
with an optical microscope, using a method described in [9].
After dehydration, microcapsules were embedded in metac-
rylate resin Historesin Embedding Kit 7022 31731 (Leica), and
subsequently cut into 10 to 25 um thick sections with an RM
2265 (Leica) microtome. For analysis, sections selected from
the geometric centre of the microcapsule, were taken. After
gluing on slides, they were examined and photographed
under an optical microscope (Olympus CKX 41) equipped
with a digital camera Camedia 5050 Zoom.
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Membrane structure was described numerically using
the following structural parameters:

A —membrane thickness at the thinnest part of the micro-
capsule cross-section

B — average membrane thickness (thickness over most of
the membrane circumference)

N - membrane thickness at the thickest part (polymer
bulge)

N/B - ratio of parameter N to parameter B. It describes
the symmetry of the membrane in regard to its thickness

N/A - ratio of parameter N to parameter A, also describes
the symmetry of microcapsule membranes.

The parameters were measured using photographs of
the relevant parts of microcapsule cross-sections, taken
under high magnifications (using photos of the Olympus
measurement standard) with the Image] computer program
(estimated maximum measurement error 10 pm). The given
values are average ones and were calculated for three micro-
capsules of each batch (o was calculated for critical ¢-value
1.3210).

Analysing, how the value of individual electrical pro-
cess parameters influenced on size and internal structure of
microcapsules, we examined, whether and in what way the
values of the structural parameters mentioned above were
dependent on the process parameter,which were simultane-
ously modified during their formation process.

3. Results and discussion

3.1. Study of the influence of voltage (U) on AGP microcapsule
size and structure

In the first experimental series, six batches of microcap-
sules at electrical voltage (U) varied from 0 to 13 kV, were
obtained. The remaining electric parameters were kept
constant at following levels: electric impulse frequency
f =50 Hz and impulse duration t = 5 ms. All batches were
obtained at constant values of overpressures of the gasses
forcing out all three liquids: for aqueous alginate solution
P, =20.3 kPa; glycerol, P,= 30.4 kPa and polyethersulfone
solution, P,=10.1 kPa. The distance of the head tip from the
surface of the gelling liquid (L) was 50 mm.

Table 1 presents photographs of selected microcapsule
batches obtained in this series, the appearance of the prepa-
rations made with them, the voltage at which the given
batch was formed (U), average microcapsule diameter
(D,) together with the variation coefficient of the diameter
(VC) and values of structural parameters of membranes
(A, B and N).

As it may be observed in presented photographs, micro-
capsule batches obtained at voltages of up to U = 8 kV were
spherical in shape, and variation coefficients of their diam-
eters were very low and varied from 2% to 20%. Further
increase of voltage resulted in the formation of elongated
microcapsules, which were egg- or spindle-shaped or cylin-
drical. Some of them were considerably elongated and resem-
ble deformed pipe fragments.

In the presented series, as the applied voltage (U)
increased, the average diameter (D,) of obtained microcap-
sules obtained decreased rapidly from 2.85 mm (U = 0) to
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Table 1

Alginate-polyethersulfone microcapsules formed at variable electric voltage U
Batch General view of ~ Microcapsule Ukv D, vCD, A B N
symbol the batch cross-section mm % pm pm um
AGP-120 0 2.85+0.08 3 48+10 69+3 234 + 50
AGP-122 5 2.44 +0.05 2 164 170 + 64 620 105
AGP-123 8 1.32+0.26 20 15+5 120 +21 244 + 47
AGP-125 13 0.97 +0.35 36 34+11 96 + 16 141+ 14

0.97 mm (AGP-125, U = 13 kV), in accordance with the curve
presented in Fig. 1, which may be well approximated by a
straight line with a comparatively high correlation coefficient
(R=0.9661).

3.2. Analysis of internal structure of first-series microcapsules

To illustrate the effect of the voltage (U) change on
internal microcapsule structure, membrane parameters as
a function of increasing voltage are presented in Fig. 2. In
this series, microcapsules had very thin membranes. Average
membrane thickness (parameter B) changed within a narrow
range, rising initially from 70 to 170 um (for U =5 kV), and
then falling to 96 um for batch AGP-125. Such a course of
changes may be approximated by a second-degree poly-
nomial (dotted line), the equation of which is presented in
Table 2. Parameter A (dashed line) decreased gradually as
voltage increased, from 48 to 14 pm. The greatest changes
were observed for parameter N (continuous line), which ini-
tially grew and then decreased gradually from 312 to 140 pum,
except for a sample obtained at a voltage of U =5 kV, for
which it was 620 pum.

All three sets of data could be approximated by sec-
ond-degree polynomials. The equations for individual
curves and the values of determination coefficients (R?) are
presented in Table 2.

Using the presented data, one can conclude that a cor-
relation between the increase in voltage and the size of a

e
(=]

Fig. 1. Change in average microcapsule diameter D, as a function
of voltage U change.

structural parameter exists only in the case of parameter
A —membrane thickness at the thinnest part. In the other two
cases the values of the correlation coefficient (R?) are too low.
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Table 2

Equations of curves fitting the changes in microcapsule structural
parameters as a function of voltage and values of determination
coefficient R

700

600 A = A(um)
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Fig. 2. Changes in microcapsule structural parameters: A, B and
N as a function of increasing electric voltage U.

3.3. Study of the influence of electric impulse frequency (f) on
AGP microcapsule size and structure

The experiments were conducted at following condi-
tions: voltage U = 15 KV, electric impulse duration T = 3 ms,
distance of the head tip from the surface of the gelling lig-
uid L = 50 mm, overpressure of gas forcing out glycerol
P,= 0.4 kPa, overpressure of gas forcing out the polyethersul-
fone solution P,=10.1 kPa and overpressure of gas forcing out
the alginate solution P, = 20.3 kPa (in the first two batches), and
then 25.3 kPa. Nine batches of microcapsules were obtained, at
applied impulses frequencies increase from 10 to 60 Hz. Table 3
presents photographs of selected batches, the applied frequency
(f), average diameter of microcapsules (D,) together with the
variation coefficient (VC), and membrane structure parameters.

During the production of the second batch of capsules
(P,=20.3 kPa, f =20 Hz) a rapid decrease in the flow of alg-
inate solution was observed, hence the overpressure of the
gas forcing out the core liquid was raised to 25.3 kPa. The
remaining batches presented in Table 3 were obtained using
the higher overpressure (P,). In some batches, alginate cores
not covered by a membrane, appeared.

When the frequency of applied electrical impulses (f)
raised, the diameter of obtained microcapsules decreased
significantly (Fig. 3).

In the frequency range of 10 to 60 Hz, average cap-
sule diameter (D,) decreased from 2.70 to 0.96 mm.
Simultaneously, the variation coefficient of average diameter
(VC) raised significantly from 5.7% to 30.4%, and the shape
of obtained capsules changed from spherical to oval, while
some microcapsules contained polymer strands.

3.4. Analysis of the internal structure of second-series
microcapsules

The data presented in Fig. 4 shows, that microcapsules
obtained in this series had very thin membranes, and their
thickness (apart from the polymer bulge) changed to a small
extent, when electric impulse frequency increased. Their aver-
age thickness (parameter B) was from 24 to 106 um. Membrane
thickness at the thinnest part varied from 7 to 32 um.

Structural Fitting curve equation Determination
parameter coefficient R*
A y =48.14459 — 9.68916x + 0.64493x*>  0.9477

B Y =68.84774 +19.64989x — 1.4946x*>  0.4759

N y =252.40844 + 64.7128x — 5.99543x* 0.5480

Parameter N (polymer bulge) was the most sensitive one in
regard to changes in electric impulse frequency, and was the
highest at the lowest values of f (10 and 20 Hz). Other seven
batches had a significantly thinner polymer bulge with thick-
ness below 250 um. These are batches obtained at f over 20 Hz.
It may be concluded that the increase of electrical impulse
frequency (f) caused the polymer bulge (N) to diminish, what
resulted in the formation of more symmetric membranes.
Changes in the size of parameter N as a function of electric
impulse frequency (f) could be described quite well by a sec-
ond-degree polynomial of equation presented in Fig. 4.

3.5. Study of the influence of electric impulse duration

In the third experimental series, the influence of changes
in the duration of electrical impulses (t) on microcapsule size
and structure was studied. The remaining process parameters
were kept constant, at: voltage U = 17 kV, impulse frequency
f=20Hz, distance of the head tip from the surface of the gelling
liquid L = 50 mm, overpressure of the gas forcing out alginate
solution P, = 25.3 kPa, glycerol, P,=30.4 kPa, polyethersulfone
solution, P,=10.1kPa. Impulse duration was increased in con-
secutive batches from 1 to 9 ms (by 1 ms each time).

Photographs of selected batches, the values of applied T,
average microcapsule diameter sizes (D, ) together with their
variation coefficients (VC) and membrane structure parame-
ters (A, B and N) are shown in Table 4.

In this series, seven microcapsule batches were obtained.
During the production of the batch at T =7 ms, problems with
the flow of core liquid occurred, so the experiment was not
continued. Starting with batch AGP-140, small quantities of
alginate cores, which were not covered by the membrane,
were found in the gelling bath of each batch.

As shown in Fig. 5, average microcapsule diameter (D,)
decreased gradually from 2.28 to 1.37 mm as t increased. The
variation coefficient of microcapsule diameter (VC) changed
from 22% to 6%, with the lowest values for batches obtained
att=4and 5ms.

The decrease in average microcapsule diameter (D,) as
a function of the duration of electrical impulses (t) may be
approximated well by a second-degree polynomial with the
equation shown in Fig. 5. The determination coefficient is
quite high: R* = 0.9467.

3.6. Analysis of the internal structure of third-series microcapsules

Changes in internal structure parameters (A, B, N) of
alginate-polyethersulfone microcapsules obtained in the
series with variable electrical impulse duration (t) are shown
in Fig. 6.
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Table 3
Alginate-polyethersulfone microcapsules formed at different electric impulse frequencies f
Batch General view of the Microcapsule f D, vC A B N
symbol batch cross-section Hz mm D, % um um um
AGP-136 10 2.70+0.15 6 1l6+2 81+16 712 +218
AGP-129 30 1.43+0.29 20 25+12 96 + 33 235 +28
AGP-130 35 1.14+0.27 24 32+2 87+16 195+ 17
AGP-133 50 0.88+0.26 30 16+6 106 + 46 198 £ 16
AGP-135 60 0.96 +0.25 26 21 58 119
3.0 700
25 R=09776 600-
ATT-0.89+7.8110%¢ 500
2.0+ — ]
3 2 o]
= 151 >
8 of 30
X 10 < o
0.5 1(x)_-
00 e 0
0 10 20 30 40 50 60

f [Hz]

Fig. 3. Relation between electric impulse frequency fand average ~ Fig. 4. Changes in membrane thickness of microcapsules
microcapsule diameter D,. obtained at different values of electric impulse frequency f.
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Table 4

Microcapsules formed at different durations of electrical impulses 1, external appearance of batches, average diameter of batch D,,

internal microcapsule structure and structural parameters

Batch General view of ~ Microcapsule T D, vC A B N
symbol the batch cross-section ms mm D, % um um um
AGP-137 1 2.28 £0.43 19 5x1 22+19 394 +75
AGP-138 2 1.96 +0.39 20 7+4 146 + 102 319 + 242
AGP-140 4 1.51 +£0.09 6 14+9 78 £29 180+ 123
AGP-142 6 1.37+£0.15 11 7+3 52+ 16 178 £21
AGP-143 7 1.40 £0.31 22 8§+3 39+2 117 +25
As presented in Fig. 6, membrane thickness at the thin-
25 nest part (parameter A) was practically constant, varying
from 5 to 9 pm: only for batch AGP-140 (t = 4 ms) it was
14 um. Average membrane thickness (B) decreased systemat-
2.0+ ically from 147 to 27 pm, apart from the first batch (t =1 ms),
T for which it was very low and equal to 22 um. Attempts to
E 15 correlate changes in parameter B as a function of increasing
a electrical impulse duration (t) with a polynomial or straight
2] 10 line were unsuccessful. As shown in Table 5, obtained deter-
o | mination coefficients are very low.
After excluding from analysis the batch of microcapsules
0.5+ obtained at the lowest value of t = 1 ms (AGP-137), the rela-
tion between electric impulse duration and average membrane
00—, thickness B may be described with a second-degree polynomial.

1 2 3 4 5 6 7
T [ms]

Fig. 5. Changes in average microcapsule diameter D, as a
function of changes in electric impulse duration t.

The greatest differences were observed for parameter N
(polymer bulge), which gradually decreased from 394 pm
(AGP-137) to 117 um. The nature of the relation between N and
impulse duration (t) may be described with a second-degree
polynomial with the equation presented in the chart (Fig. 6).



406 D. Lewinska et al. / Desalination and Water Treatment 64 (2017) 400—408

3.7. Analysis of results

Cumulative charts were prepared to illustrate, how
changes in individual electric parameters of the electrostatic
triple droplet formation process affected average diameter
and internal structure of AGP microcapsules.

The parameter E is proposed as the independent variable
described by Eq. (1):

[V min ml™] (1)

where v,, v, and v, represent flows of alginate, glycerol and
membrane-forming solution, respectively.

The course of changes in average diameter (D, ) as a func-
tion of the increase in parameter E was very similar for all
examined electrical parameters involved in microcapsule
production process and was quite well described using sec-
ond-degree polynomials. The equations are contained in
Table 6. The lowest correlation was observed for the series of
microcapsules obtained at variable values of electric impulse
frequency (f). In other two cases, determination coefficients
were over 0.9.

Analysis of the chart (Fig. 7) demonstrates, that ranges
of changes in the average diameter size (D,) in the series
with a variable U and f were very similar. The smallest range
of changes in D, was noted for the series obtained with a
variable duration of electric impulses (1), while the rate of
changes was similar in the series with a variable f. It indicates

T = A(um)
350+ e B(um
4 N(um)

R?=0.9527

R & B R R
1 2 3 4 5 6 7
T [ms]

Fig. 6. Changes in membrane thickness of third-series
microcapsules as a function of the duration of electric impulses .

Table 5

Equations of curves fitting the changes in parameter B as a
function of the duration of electric impulses T and values of
determination coefficients R?> for all obtained batches, and
excluding the batch obtained at t=1ms

Determination coefficient R?

0.3055

Determination coefficient R?
without AGP-137

0.9216

Fitting curve equation

y =38.57 + 33.45x — 5.19x*
Fitting curve equation without
AGP-137

y =280.67 — 76.39x + 6.02x*

that, precise regulation of microcapsule dimensions may be
possible.

It is possible to describe internal microcapsule structure
quite well using the following membrane symmetry
parameters: N/B and N/A, which show, how the polymer
membrane varies in terms of thickness. Fig. 8 shows the
values of average symmetry coefficients for individual
microcapsule series.

The value of parameter N/B, was comparatively low in
all experimental series and varied within a narrow range
from 3.03 for batches with variable U to 5.19 in batches with
variable 1. The second parameter of symmetry — N/A - had
significantly higher values: from 14.60 (U series) to 23.05 (t
series). The most symmetric membranes were obtained in the
batch with a variable voltage (U), and the least symmetric, in
the experimental batches with a variable duration of electri-
cal impulses (7).

Changes in values of both symmetry parameters resulted
primarily of large differences in the size of the polymer bulge
(Fig. 9) occurring in the first two, or three (in the case of the
series with variable U), chronologically obtained batches

0 10000 20000 30000 40000
E [Vmin/mi]

Fig. 7. Changes in average AGP microcapsule diameter D, in the
series with variable voltage U (continuous line), electric impulse
frequency f (dashed line) and impulse duration T (dotted line).

Table 6

Equations of curves fitting changes in average microcapsule
diameter D, as a function of parameter E estimated for values of
electric parameters of the encapsulation process and value of the
determination coefficient R

Electric Fitting curve equation Determination

parameter coefficient R*

U y=3.07776 — 1.36789E-4x + 0.9449
2.06355E-9x*

F y=3.18421 — 2.65841E-4x + 0.8734
7.39195E-9x*

T y =2.51738 — 2.64088E-4x + 0.9671

1.41839E-8x*
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Fig. 8. Average values of membrane symmetry parameters N/B,
and N/A for microcapsules obtained in all series with variable
electric parameters.

of each series. As the value of each of electric parameters of
the encapsulation process raised, a significant decrease in the
size of the polymer bulge occurred. In the area marked in the
chart, the value of parameter N for the obtained microcapsules
changed within a narrow range from around 120 to 200 um.

4. Conclusions

As a result of the conducted studies, it may be concluded,
that values of all examined electric parameters involved in
the three-nozzle process of microcapsules formation signifi-
cantly influenced on the size of obtained microcapsules, the
uniformity of their batches in terms of size, and their internal
structure.

Average microcapsule diameter (D, ) decreased as each of
studied electric parameters increased; however, the range of
changes of D, was similar in series with variable voltage (U)
and frequency (f), and smaller in the case of the series, where
impulse duration (t) was varied.

As average diameter (D,) decreased, the uniformity of
obtained microcapsules in terms of size also decreased, as
demonstrated by the increase of the variation coefficient (VC)
of the average diameter (D,). The series with a variable elec-
tric impulse duration (t) was an exception to this pattern, as
the highest values of VC D, were noted at the start and the
end of the series (VC increased from 19% to 22%), and the
lowest, in the middle of the batch at t =4 and 5 ms (VC =6
and 8%, respectively). Similar results have previously been
recorded in studies on electrostatic formation of alginate
microspheres [2,11,16].

The influence of the value of individual electric param-
eters on microcapsules shape was ambiguous as cylindri-
cal or elongated microcapsules were obtained at both, after
the application of high voltages (U), and for low values of
impulse duration (t). Deformed microcapsules, including
microcapsules, which contained polymer strands or were
coated by a very thin membrane, seemed to occur signifi-
cantly more often in the series with variable impulse dura-
tion (t); however, this conclusion still requires confirmation.

407

= variable U
* variable f
A variablet

0 1 2 3 4 5 6 7 8 9 10
chronological number of the batch

Fig. 9. Changes in polymer bulge size in microcapsule batches
obtained with variable U, fand t.

The electric parameters also affected the internal struc-
ture of the microcapsules. Average membrane thickness
(parameter B) changed slightly in series with variable U and
f, and in the series with variable (t), it increased slightly as
this electric parameter increased. The greatest changes could
be observed in the case of the size of the polymer bulge (N),
which decreased in all experimental series as the variable
electric parameter increased.

The membranes with the most symmetrical structure
were formed in the series with variable electric voltage (U).
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