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Electrostatic Microencapsulation of Living Cells
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Microencapsulation of different biologically active material for diverse applications have
received increasing interest over the last 20 years. Microencapsulation of living cells seems
to be a very promising and prospective technology, especially useful in biotechnology and
medical applications. One of the most convenient and precise method for this purpose is an
electrostatic technique. Electrostatic droplet generation could be performed using single- or
multi-nozzle devices, signiﬁcantly improving efﬁciency of the process. The usage of an
impulse voltage generator allows to manufacture spherical and uniform microbeads with
sizes from 0.2 to 3.0 mm of very narrow size distribution. Proposed two-liquid droplet
electrostatic formation technique provides preparation of core/shell microbeads, where all
cells are immobilized deeply inside a matrix and surrounded with cell-free polysaccharide
layer. Such a solutiuon prevents from cell protrusion out of the capsule. Applied electrostatic
ﬁeld is safe for encapsulated living cells and does not cause any cell dysfunction.
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1. Introduction
Microencapsulation is the procedure by which biologically active material is enclosed within microspherical, semipermeable containers of a diameter between 0.2 to
3.0 mm [1–3].
Materials for microencapsulation could be: synthetic and natural medicines,
enzymes, hormones, other peptides, genes, cells or their aggregates, pieces of tissues, bacterium (especially genetically modiﬁed), fungus, other microorganisms or
even whole seeds [4–9]. Nowadays microencapsulation has been widely applied in
many modern industries: from the environment protection, through agriculture, food,
cosmetics and pharmaceutical industry to medicine [10–15].
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There are two basic areas of medical applications of the microencapsulated cells: the
ﬁrst one, as a very sophisticated drug delivery systems with continuous and controlled
release of therapeutic agents. In this case the microcapsules could be implanted into
body directly at the target site and could be especially effective for treatment of cancer
and neurological diseases (e.g. Alzheimer’s, Parkinson’s and Huntington’s disease)
[16–21]. The second ﬁeld of medical applications of the microencapsulated cells is
a replacement or support of organ functions. In this case the microcapsules could
be implanted into patient’s body, for example as a hybrid pancreas [22–24] or could
work as a part of extracorporeal devices, for instance as a bioreactor with hepatic
cells for liver support [25–28]. The microcapsule, which contains living cells is also
well-known as, so called “an artiﬁcial cell”. Its principle of action is schematically
shown in Fig. 1.

Fig. 1. The principle of action of an artiﬁcial cell

Living cells are immobilized inside a spherical matrix, which is surrounded
by a semipermeable membrane. The main task of the matrix is a creation of the best possible living conditions for the encapsulated cells. The main task of the membrane is immunoisolation of the encapsulated cells from the destruction by the immunological system
of the host. So the membrane have to protect the capsule interior from the penetration
of antibodies and leukocytes [2, 3, 8]. The microcapsule have to ensure free oxygen
and nutrients transport from the environment to the capsule interior and a reverse
transport of metabolites (waste products) and therapeutic substances, produced
by the encapsulated cells. The matrix and the membrane have to be highly biocompatible.
All these requirements seriously restrict number of chemical substances which
can be used for the microencapsulation of living cells. The best materials for the
preparation of the matrix are natural polysaccharides. Among them the most commonly used is sodium alginate, which has an ability to form ﬂexible hydrogels in
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the presence of divalent cations at room temperature [29, 30]. For the preparation of
the membranes certain synthetic poly-aminoacids like: poly-L-lysine, poly-ornithine
and poly-methylene-co-guanidine have been selected [31–35].

2. Preparation of Microcapsules
The microcapsules are usually produced by two-step procedure: in the ﬁrst step the
cells are immobilized within hydrogel microbeads and then the microbeads are covered with semipermeable membrane to obtain a microcapsule [22, 36]. The membrane
is formed by the electrostatic interaction between a negatively-charged matrix and
positively-charged membrane materials. The second step consists of immersion of the
microbeads in the membrane-forming polymer solutions. The membrane thickness
and permeability can be modiﬁed by selection of the proper polymer concentration
and optimization of the immersion time. As the biocompatibility of the poly-aminoacids is not satisfactory, the last covering is usually performed with an alginate
solution. This procedure could reduce the alginate gel cut-off from about 230 kDa
up to 70–60 kDa.

3. Preparation of Microbeads
All methods of the microbead preparations base on simple dropping of an alginate
water solution into a gellifying water bath containing calcium cations – Ca2+ (Fig. 2)
[37, 38]. Unfortunately, microbeads obtained by this method are too big to ensure
a good mass transfer properties. Their minimal diameter is about 1 mm.

Fig. 2. Methods of the microbeads’ production
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Therefore different technical modiﬁcations have been applied to reduce the
size of droplets. The most popular are: coaxial air ﬂow, where an air jet, surrounding a nozzle increases the force available to break a nascent drop; vibrating
jet breakage, where a liquid jet is being broken up into droplets due to a nozzle
vibrations. Jet-cutter technology, where a jet is cut by a series of rotating knifes
and the electrostatic droplet generation. In the last method the reduction of droplet
size is caused by applying a high static electric potential between the nozzle and
the gellifying bath.

4. Electrostatic Microbead Generation
4.1. Theoretical Principle

The principle of electrostatic droplet generation has been elaborated by prof. Poncelet
[39, 40]. “Surface tension γ is the main force maintaining the pendant droplet on the
needle. By applying the electric potential, the migration of charged molecules to the
surface of the droplet is promoted. These molecules will repulse each other, causing
the surface tension to decrease. According to Lippman’s theory of the electrocapillary
the equilibrium surface tension γ of a charged liquid surface decreases with increasing
electrical potential U, as it is expressed by the equation (1)

d γ = −σ dU

(1)

where σ is the electric surface charge. Assuming the pending droplet as a sphere,
submitted to the electric potential U, the mean surface density of the electric charge
σ my be expressed by the equation (2) where q0 is a surface charge, d is a droplet
diameter, ε0 is the air dielectric constant, dc is a inner diameter of a needle.

σ≈

q0
U
= 2ε 0
.
2
dc
πd

(2)

Combining both equations and integrating over the electric potential U gives an expression
of the surface tension in function of the electrical potential U (equation 3).

⎛ U2 ⎞
⎛ ε U2 ⎞
γ = γ 0 ⎜1 − 0 ⎟ = γ 0 ⎜1 − 2 ⎟ .
d cγ 0 ⎠
⎝ Uc ⎠
⎝

(3)

where γ0 is the surface tension of a liquid at U equal to zero and Uc is the critical
electrostatic potential as deﬁned below (equation 4).

Uc ≈

d cγ 0
.
ε0

(4)
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Near this value the surface tension becomes negligible and the size of the droplets
becomes quasi independent of the applied electric potential” [40].
Increasing of the electrical potential U causes changes in the jet shape, which
becomes more longer and narrow and, in consequence the diameter of obtained
droplets decreases.
4.2. Electrostatic Microbead Preparation Using an Impulse Voltage Generator

This method has been used in our Institute for over eight years. The experimental
set-up (Fig. 3) consists of: a tank for polymer solution, equipped with a steal nozzle
with a steel plate to increase the uniformity of the static electric ﬁeld between the
nozzle tip and the gellifying bath. The nozzle is connected with the positive end of the
high voltage generator, supplied with a frequency modulator, whereas the gellifying
bath is grounded. This set-up enable us to apply pulsed electric voltage of regulated
parameters: the electric voltage – U in the range from 0 to 25 kV, the frequency
of electrical impulses – f from 1 to 100 Hz and the duration time of the impulses,
– τ from 1 to 9 ms. During the process, cell suspension in an alginate sol is forced,
under regulated gas pressure P, to ﬂow through the nozzle. Droplets are formed at
the nozzle tip and fall into the gellifying bath below. Other regulated parameters are:
the gas pressure P, the diameter of the nozzle and the distance between the nozzle
tip and the gellifying bath – L.

Fig. 3. A schematic view of the experimental set-up
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The electrical parameters have a crucial inﬂuence on the microbead diameter and
size distribution [41]. The graph on the left (Fig. 4a) shows changes of the microbead
average diameter D in function of increasing voltage value U.
a)

b)

Fig. 4. The inﬂuence of electric voltage U (a) and impulse frequency f (b) on the average microbead
diameter D

The diameter gradually decreases from about 2.4 mm to 0.4 mm with increasing
electric potential from 0 up to 15 kV. Further increase in electric potential U has
no impact on the microbead diameter D. Figure 4b shows the same dependence,
but experiments have been performed applying three different frequency values.
The upper curve has been obtained at the frequency of 30 Hz and the lowest one
at the frequency of 100 Hz. So, the diameter of the microbeads, obtained at the
same electric potential value U can be smaller or bigger depending on frequency
values.One of the most serious problem of all dropping technologies is the size
uniformity of the microcapsules. Very often two microcapsule fractions of drastically different sizes (even more than one order of magnitude) have been obtained
(Fig. 5a).
a)

b)

Fig. 5. Alginate microcapsules: with (a) and without (b) the satellite fraction of the very small
microbeads
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As it is shown in Fig. 6, applying the proper values of impulse duration time τ
enables one to avoid this problem.

Fig. 6. Absence and presence of the satellite fraction in the bead samples in dependence on impulse
duration time τ

The main fraction of the bigger microcapsules is denoted as the solid curve and
the satellite fraction as the dashed one. In this experiment, at τ between 5 to 7 ms the
satellite fraction disappeared and only the main fraction of the bigger microbeads
was obtained.
The electrostatic droplet formation enables one to manufacture spherical beads
of desirable diameter between 0.15 to 3.0 mm of a very narrow size distribution
– variation coefﬁcient of diameter VC = (SD/D)100% is usually below 10%, without
satellite fraction, where SD is the standard deviation of bead diameter.
4.3. Comparison of Different Bead Production Technologies

Technical limitations of different bead production technologies were investigated
within the European project COST action 840 “Bioencapsulation. Innovations and
Technologies” four years ago [42]. The aim of the study was to obtain microbeads
with a resulting diameter of 800 ± 100 µm using diverse technologies by gelation
of different alginate solutions, to compare technical limitations of all the applied
methods. Seven laboratories from different European countries took part in this
study (Table 1). Five different microbead production technologies like: a coaxial
air-ﬂow dropping, an electrostatic dropping working in a continuous and a pulse
mode, a vibration and a Jet-Cutter method were applied.
The alginate solutions contained from 0.5 to 4.0 percentage of alginate and their
viscosity varied from 24 to about 11 000 mPas (Table 2).
Only three of the applied methods were able to obtain desirable mirobeads from
all of the ﬁve solutions: the coaxial air-ﬂow; the electrostatic method working in
a pulse mode and the Jet-Cutter working in soft-landing mode.
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Table 1. The bead production technologies used in different labs
Lab

Bead production

Slovak Academy of Sciences, Bratislava

Coaxial air-ﬂow dropping

University of Belgrade, Belgrade

Electrostatic dropping (continuous mode)

Polish Academy of Sciences, Warsawa

Electrostatic dropping (impulse mode)

Institute Meurice, Brussels

Vibration, JetCutter (normal mode)

University of Perugia, Perugia

Vibration

ENITIIA, Nantes

Vibration

FAL and geniaLab GmbH, Braunschweig

JetCutter (soft-landing mode)

Table 2. Dynamic viscosity η of solutions with different sodium alginate contents
Na-alginate content %
0.5
1.0
2.0
3.0
4.0

η in mPa · s
24
92
667
2 008
10 560

Alginate solutions of concentration above 2% were too viscous for the vibration technique and the electrostatic working in continuous mode. The coaxial-air
ﬂow method seems to be also improper for very viscous solution, because the shape
of obtained microbeads is not spherical. On the other hand the jet-cuter technique
working in normal mode is useless for solutions of very low viscosity.
This problem has been successfully solved by the application of the Jet-Cutter
method working in a soft-landing mode.
In the soft-landing mode the nozzle is placed about 2 m below the collecting
bath. The droplets are pushes high up from the nozzle and then fall into the collecting bath. This way the velocity of droplets is reduced and obtaining of microbeads
from low viscous solutions becomes possible.
4.4. Multi-nozzle Device

The electrostatic droplet generation could also be performed using multi-nozzle
device. Designed by us device presented in ﬁgure 7a consists of a small plastic tank
with a steel plate at the bottom. There are six nozzles 13 mm long of inner diameter
0.3 and outer diameter 0.5 mm. The nozzles are evenly distributed around the outer
rim of the plate.
The photo on the right (Fig. 7b) shows the nozzle during the microbead production process. The cone-shaped solution jets, which repulse each other are visible. This
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way clumping of microdrops is eliminated. The microbead diameter depends on the
voltage value in the same way like for a single-nozzle device and is also dependent
on the applied frequency (Fig. 8).
a)

b)

Fig. 7. The multi-nozzle device: (a) the view of the whole nozzle, (b) the nozzle during the microbead
production process

Fig. 8. Dependence of the bead size on the voltage at different frequency values

This device enabled us to obtain spherical microbeads of diameter from 0.32
to more then 2 mm with low size distribution – the variation coefﬁcient was below
10%. Efﬁciency of this device is much higher than efﬁciency of the single-nozzle
apparatus and could reach 700 ml/h in comparison with about 60 ml/h for the singlenozzle device.
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4.5. Electrostatic Microencapsulation of Hepatocytes

The electrostatic microbead generation can be successfully applied for microencapsulation of living cells. Last year we have used it for a sterile encapsulation of
hepatocytes.
The aim of the study was to select the proper values of process parameters to encapsulate hepatocytes in the alginate matrixes for a long-term cultivation in a bioreactor.
To select an optimal process condition the values of the different process parameters
were changed to obtain the microbeads of diameter about 0.80 mm and a narrow
size distribution.
The experimental data are summarized in the Table 3.
Table 3. The inﬂuence of parameter values on the microbead size and distribution
No
of Ex.
1
2
3
4
5
6
7
8
9
10

U
kV
11
11
11
8
8
8
8
8
8
8

f
Hz
50
30
30
50
60
50
50
50
50
50

τ
ms
5
5
5
5
5
5
5
8
5
5

L
mm
20
20
30
30
30
25
20
20
23
25

P
atm.
0.10
0.10
0.15
0.15
0.25
0.20
0.20
0.20
0.20
0.23

D
mm
0.45
0.44
0.51
0.83
0.81
0.81
0.73
0.59
0.59
0.70

VC
%
3
8
2
4
1
1
7
14
13
3

The values of parameters applied in the sixth experiment were chosen for further
investigation. The obtained microbeads are shown in photo a) (Fig. 9). This sample
is free of satellite fraction contrary to the sample shown in photo b), where a very
small satellite fraction is present.
(a)

(b)

Fig. 9. The effect of proper and improper encapsulation parameters value: absence (a) and presence
(b) of the satellite fraction
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The suspensions of two hepatocyte cell lines HepG2 and C3A of concentration
4x106 cells/ml in 1.5% sodium alginate in 0.9% NaCl were used. The microbeads
were gelliﬁed in 1.67% calcium chloride in saline solution with addition of 0.26% of
HEPES. The assessment of cell viability was performed using the ﬂuorescent staining
method. Four sterile encapsulation of both types of hepatocyte cells were made. The
cell viability was very high (about 90%) for both types of cells, proving the safety
of the electrostatic method. After 2 weeks of cultivation in DMEM medium high
multiplication of hepatocytes was observed (Fig. 10).
microencapsulated HepG-2 cells

before cultivation x 40

before cultivation x 100

after 2 weeks of cultivation x 100
microencapsulated C3A cells

after 2 weeks of cultivation x 100

Fig. 10. The hepatic cells encapsulated in the alginate microbeads before and after the cultivation

The electrostatic technique using an impulse voltage droplet generator seems to be
a simple and very useful method of hepatocyte encapsulation for bioreactor applications [43].
4.6. Two-liquid Droplet Electrostatic Formation Technique for Microencapsulation
of Living Cells

Cell protrusion out of the capsules is a signiﬁcant problem in the therapeutic transplantation of the microencapsulated cells. Incomplete coating of biomaterial by matrix
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causes problems with preparation of well adhered membrane and is very often the main
reason for direct activation the immunological system of the host and the rejection
of transplanted biohybrid organs. Proposed two-liquid droplet electrostatic formation
technique (Fig. 11) could solve this problem effectively [44].

Fig. 11. The experimental set-up

In this method two liquids – internal (which is a cell suspension) and external
(alginate solution) are simultaneously pumped through the double nozzle under
controlled ﬂuid ﬂow conditions forming “double droplets”. After the gelliﬁcation,
a double microbead, comprised of the core (with cells) and the coating layer (cellsfree alginate gel) is formed (Fig. 12).
All the cells are enclosed within microsphere of diameter 0.36 mm, which is
surrounded by the alginate layer about 90 microns thick. For comparison, the capsule
made by the single-nozzle method is shown on the right (Fig. 12) where the protrusion
of some cells is clearly visible, especially at the bottom. To test if this method is safe
for the encapsulated cells, yeast cells have been encapsulated and then cultivated for
48 h. A view of the microbeads just after encapsulation, 24 hours after incubations
and 48 hours is shown in Fig. 13.
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b)

Fig. 12. The microbeads obtained by the double-nozzle (a) and by the single-nozzle (b) method

Fig. 13. The encapsulated yeast cells: just after manufacturing (on the left) after 24 h of incubation
(in the middle), and after 48 h of incubation (on the right)

After 24 hours of incubation the number of the yeast cells increased rapidly as a result
of their multiplication. After 48 h the cells ﬁlled almost whole microbeads volume and
started to stick out of the gel matrix. The diameter of the microbeads manufactured
by two-liquid droplet electrostatic formation technique can vary in the wide range of
dimensions and strongly depends on the selected voltage value. As it is shown in the
graph (Fig. 14) the diameter of the microbead – (the upper curve) varies from 2.40
to 0.59 mm. The diameter of the microbead core – with the cells (the middle curve)
changes from 1.50 to 0.40 mm. The thickness of cell-free alginate layer (the lowest
curve) decreases from 442 to 104 µm and can be easily modiﬁed by the selection of
proper ﬂow rate values of both liquids.
4.7. Conclusion

The electrostatic droplet formation is one of the most precise method, which enables
one to manufacture spherical and uniform bead fractions with sizes from 3.0 mm
down to 0.2 mm. The usage of the impulse voltage generator enables one to control
and regulate process parameters like: the electric voltage U, the impulse frequency
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Fig. 14. The inﬂuence of voltage value U on the microbead average outer diameter Dou, inner diameter
Din and the thickness of cell-free layer d. f = 50 Hz; τ = 5 ms; cells concentration 1.6 x 107 cells/ml

f and the impulse duration time τ, which plays a crucial role in the droplet formation. The proper choice of these parameter values allows to avoid the formation of
the undesirable satellite fraction of the very small microbeads. Low efﬁciency of
electrostatic process can be signiﬁcantly improved by multiplication of the nozzles,
without any loss of the microbeads quality. The electrostatic technique using an
impulse voltage droplet generator seems to be a simple and very useful method of
living cells encapsulation.
The two-liquid droplet electrostatic formation technique provides preparation of
core/shell microbeads, where all the cells are immobilized deeply inside the matrix
and no cell protrusion out of the capsule occurs. Applied electric ﬁeld is safe for the
encapsulated living cells and does not cause any cell dysfunctions.
It is easy to use, fully controlled and reproducible technique.
Acknowledgments
©Wichtig Editore s.r.1. the publisher of the International Journal of Artiﬁcial Organs is gratefully
acknowledged for permission to reproduce the photography of microencapsulated C3A cells after 2 weeks of
cultivation (Fig. 10), which has been also published in the article: A. Kinasiewicz, A. Gautier, D. Lewińska,
A. Smietanka, C. Legallais, A. Weryński: Threedimensional growth of human hepatoma C3A cells within
alginate beads for ﬂuidized bioartiﬁcial liver., Int. J. Artif. Org., 2008, 31(4), 340–347.

References
1. Chang T.M.S.: Semipermeable microcapsules., Science 1964, 146, 524–525.
2. Chang T.M.S., Macintosh F.C., Mason S.G.: Semipermeable aqueous microcapsules: I. Preparation
and properties., Can. J. Physiol. Pharmacol. 1966, 44, 115–128.

Electrostatic Microencapsulation of Living Cells

83

3. Chang T.M.S.: Artiﬁcial cells with emphasis on bioencapsulation in biotechnology, Biotechnol. Ann.
Rev. 1995, 1, 267–295.
4. Alex R., Bodmeier R.: Encapsulation of water-soluble drugs by a modiﬁed solvent evaporation
method. I. Effect of process and formulation variables on drug entrapment. J. Microencapsul. 1990,
7, 347–355
5. Baccarin M.A., Evangelista R.C, Lucinda-Silva R.M.: Ethylcellulose microspheres containing
sodium diclofenac: Development and characterization. Acta Farmaceutica Bonaerense 2006, 25,
401–404.
6. Huang H.J., Chen X.D., Yuan W.K.: Microencapsulation based on emulsiﬁcstion for producting
pharmaceutical products: A literature review. Developments in Chemical Engineering and Mineral
Processing 2006, 14, 515–544.
7. Dautzenberg H., Karibyans H., Zaitsev S.Y.: Immobilization of trypsin in polycation-polyanion
complexes. Macromolecular Rapid Communications 1997, 18, 175–182.
8. Orive G., Gascon A.R., Hernandez R.M., Igartua M., Pedraz J.L.: Cell microencapsulation technology
for biomedical purposes: novel insights and challengers. Trends. Pharmacol. Sci. 2003, 24, 207–210.
9. Patel A.V, Pusch I., Mix-Wagner G., Vorlop K.–D.: A novel encapsulation technique for the production
of artiﬁcial seeds. Plant Cell Reports. 2000, 19, 868–874.
10. Wyss A., Cordebte N., Von Stocker U., Marison I.W.: A novel approach for the extration of herbicies
and pesticides from water using liquid-core microcapsules. Biotechnology and Bioengineering 2004,
87, 734–742.
11. Zengler K., Walcher M., Clark G., Haller I., Toledo G., Holland T., Mathur E.J., Woodnutt G.,
Short J.M., Keller M.: High-throughput cultivation of microorganisms using microcapsules. Methods
Enzymol. 2005, 397, 124–130.
12. Gibbs B.F., Kermash S., Alli I., Mulligan C.N.: Encapsulation in the food industry: a review. Int. J.
Food Sci. Nutr. 1999, 50, 213–224.
13. Sievers M., Schafer S., Jahnz U., Schlieker M., Vorlop K-D.: Signiﬁcant reduction of energy consumption for sewage treatment by using LentiKat encapsulated nitrifying bacteria. Landbauforschung
Volkenrode SH 2002, 81–86 .
14. Verbelen R.A., Lemoine S.: Modiﬁcation of release rate of encapsulated A.I. Through ﬂuid selection.
ASTM Special Technical Publication, 1999, 1373, 65–80.
15. El-Gibaly I., Safwat S.M, Ahmed M.O.: Microencapsulation of ketoprofen using w/o/w/ complex
emulsion technique. J. Microencapsul. 1996, 13, 67–87.
16. Roberts T., De Boni U., Sefton M.V.: Dopamine secretion by PC 12 cells microencapsulated in
a hydroxyethyl methacrylatemethyt methacrylate copolymer., Biomaterials. 1996, 267–275.
17. Aebischer P., Goddard M., Signore A., Timpson R.: Functional recovery in hemiparkinsonian primates
transplanted with polymer-encapsulated PC12 cells., Exp. Neurol., 1994, 126, 151–158.
18. Winn S.R., Hammang J.P., Emerich D.F., Lee A., Palmiter R.D., Baetge E.E.: Polymer-encapsulated
cells genetically modiﬁed to secrete human nerve growth factor promote the survival of axotomized
septal choinergic neurons., Proc. Natl. Acad. Sci., 1994, 91, 2324–2328.
19. Emerich D., Lindner M., Winn S., Chen E., Frydel B., Kordower J.: Implants of encapsulated human
CNTF-producing ﬁbroblasts prevent behavioural deﬁcits and striatal degeneration in a rodent model
of Huntington`s disease., J. Neurosci., 1996, 16, 5168–5181.
20. Sagen J., Wang H., Tresco P., Aebischer P.: Transplants of immunologically isolated xenogenic
chromafﬁn cells provide a long-term source of pain-reducing neuroactive substances., J. Neurosci.,
1993, 13, 2415–2423.
21. Hammang J.P., Emerich D.F., Winn S.R., Lee A., Lindner M.D.: Delivery of neurotrophic factors
to the CNS using encapsulated cells: developing treatments for neurodegenerative diseases., Cell
Transplantation., 1995, 4.
22. Lim F., Sun A.M.: Microencapsulated islets as bioartiﬁcial endocrine pancreas, Science 1980, 210,
908–910.

84

D. Lewińska et al.

23. Jesser C., Kessler L., Lambert A., Belcourt A., Pinget M.: Pancreatic Islet Macroencapsulation. Artif.
Organs. 1996, 20(9), 997–1007.
24. Tatarkiewicz K., Sitarek E., Sabat M., Orłowski T.: Reversal of hyperglycaemia in streptozotocin diabetic
mice by xenotransplantation of microencapsulated rat islets, Ann. Transplant. 1997, 2(2), 20–23.
25. Wong H, Chang T.M.S.: Bioartiﬁcial liver, Inter. J. Artif. Organs., 1986, 9(5), 335–336.
26. Bruni S., Chang T.M.S.: Hepatocytes immobilized by microencapsulation in artiﬁcial cells: Effects of
hyperbilirubinaemia in Gunn rats., Biomaterials Artiﬁcial Cells & Artif Organs. 1989, 17, 403–412.
27. Murtas S., Capuani G., Dentini M., Manetti C., Masc G., Massimi M., Miccheli A., Crescenzi V.:
Alginate beads as immobilization matrix for hepatocytes perfused in a bioreactor: A physico-chemical
characterization., J. Biomater. Sci. Polym. Ed. 2005, 16 (7), 829–846.
28. Dore E., Legallais C.: A new concept of bioartiﬁcial liver based on a ﬂuidized bed bioreactor. Ther.
Apher, 1999, 3, 264.
29. Smidsrod O., Skjak-Break G.: Alginate as immobilization matrix for cells. Trends in Biotechnology
1990, 8, 71–78.
30. Peppas N.A.: Hydrogels in Medicine and Pharmacy, 1987, CRC Press, Boca Raton FL.
31. O`Shea G.M., Goosen M.F.A., Sun A.M.: Prolonged survival of transplanted islets of Langerhans
encapsulated in biocompatible membrane., Biochim. Biophys. Acta. 1984, 804, 133.
32. DeCastro M., Orive G., Hernandez R.M., Gascon A.R., Pedraz J.L.: Comparative study of microcapsules elaborated with three polycations (PLL, PDL, PLO) for cell immobilization., J. Microencapsul.
2005, 22(3), 303–315.
33. Wang T., Lacik I., Brissova M., et al.: An encapsulation system for the immunoisolation of pancreatic
islets., Nature Biotechnology. 1997, 15, 358–362.
34. Bartkowiak A., Canaple L., Ceausoglu I., et al.: A new multicomponent capsules for immunoisolation,
Annals of the New York Academy of Sciences. Bioartiﬁcial Organs II. Technology, Medicine and
Materials. Hunkeler D., Prokop A., Cherrington A.D., Rajotte R.V. Sefton M. 1999, 135–145. The
New York Academy of Sciences, New York.
35. Dautzenberg H., Schuldt U., Grasnick G., et al.: Developement of cellulose sulfate-based polyelectrolyte complex microcapsules for medical applications., Annals of the New York Academy of Sciences.
Bioartiﬁcial Organs II. Technology, Medicine and Materials. Hunkeler D., Prokop A., Cherrington
A.D., Rajotte R.V. Sefton M. 1999, 46–63. The New York Academy of Sciences, New York.
36. Sun A.M.: Microencapsulation of cells: medical applications., Bioartiﬁcial Organs: Medicine and
Technology., Prokop A., Hunkeler D. Cherrington A.D. 1997, 271–279. Ann. New York Acad. Sci.,
New York.
37. Koch S., Schwinger C., Kressler J., Hainzen C., Rainov N.G.: Alginate encapsulation of genetically
engineered mammalian cells: Comparison of production devices, methods and microcapsule characteristics. J. Microencapsul., 2003, 20, 303–316.
38. Serp D., Cantana E., Heinzen C., Von Stocker U,. Marison I.W.: Characterization of an encapsulation
device for the production of monodisperse alginate beads for cell immobilization. Biotechnology and
Bioengineering 2000, 70, 41–53.
39. Bugarski B., Li Q., Goosen M.F.A., Poncelet D., Neufeld R.J., Vunjak G.: Electrostatic Droplet
Generation, AIChE Journal, 1994, 40(6), 1026–1031.
40. Poncelet D., Neufeld R.J., Goosen M.F.A., Bugarski B., Babak V.: Formation of Microgel Beads by
Electric Dispersion of Polymer Solutions; AIChE Journal. 1999, 45, 2018–2023.
41. Lewińska D., Rosiński S., Weryński A.: Inﬂuence of Process Conditions During Impulsed Electrostatic
Droplet Formation on Size Distribution of Hydrogel Beads; Artiﬁcial Cell, Blood Substitutes, and
Biotechnology, 2004, 32, 1, 41–53.
42. Prusse U., Bilancetti L., Bucko M., Bugarski B., Bukowski B., Gemainer P., Lewińska D., Massart
B., Nastruzzi C., Nedovic V., Poncelet D., Siebenhaar S., Tobler L., Tosi A., Vikartovska A., Vorlop
K-D.: Comparison of different technologies for the reduction of alginate microspheres; Chem. Pap.,
(in press).

Electrostatic Microencapsulation of Living Cells

85

43. Lewińska D., Bukowski J., Kinasiewicz A., Weryński A.: Electrostatic micro-encapsulation of hepatocytes using an impulsed voltage droplet generator. Int. J. Artif. Organs. 2006, 29, 5, 547.
44. Lewińska D., Bukowski J., Rosiński S., Kożuchowski M., Weryński A.: One-step method of microcapsules preparation, especially with entrapped living cells, cells aggregates or bioactive substances
and the one-step device for their production; Pending PATENT RP No P 367593, 2004.

