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EFFECTS OF CELL ADDITION ON
IMMOBILIZATION BY ELECTROSTATIC
DROPLET GENERATION

In this study, an attempt was made fo assess the effects of cell addition and
final concentration on the process of electrostatic extrusion as a method for
cell immobilization in alginate microbeads. The electrostatic extrusion process
is a complex function of several operating parameters, the system geometry,
and the properties of the polymer solution, which is being extruded. The
addition of cells results in the formation of a two-phase system, adding to the
complexity of the process by the associated phenomenon of two—phase flow.
This study especially focused on analyzing the effects of cell presence on
each stage of the immobilization process. Specifically, the effects of the cell
and alginate concentrations on the resulting microbead size and uniformity
were assessed. Under the investigated conditions, microbeads, 50-600 um in
diameter, were produced and the increase in both alginate and cell
concentrations resulted in larger microbeads with higher standard deviations
in size. We attempted to rationalize the obtained findings by rheological
characterization of the cell-alginate suspensions. H-NMR Spectroscopy of the
alginate used in this study revealed a high content (67%) of guluronic residues
and GG diad blocks (FGG = 55%). The mole fractions of the MM and GM diad
sequences, Fum and Fgm, were 21 and 12%, respectively. Rheological
characterization revealed non-Newtonian, pseudoplastic behavior of the
cell-alginate suspensions with an increase in viscosily as the alginate
concentration was increased. However, the presence of cells even at high
concentrations (5 x 10® and 1 x 10° celllml) did not significantly affect the
rheological properties of Na alginate solution. Finally, the effects of the alginate
and cell concentrations on the gelation kinetics and the dynamic—mechanical
behavior of the obtained hydrogels were investigated. A molar ratio of G units
to Ca®* jons of 3.8 : 1 provided complete crosslinking, while an increase in
the alginate concentration resulted in prolonged gelation times, but higher
strength of the resulting gel. Cell presence decreased the rate of network
formation, as well as the strength of the obtained Ca alginate hydrogel.

Key words: alginate, electrostatic extrusion, rheology, cell
immobilization.

Alginate is one of the widely used hydrogels for
cell immobilization  due to biodegradability,
biocompatibility and gentle immobilization procedure. It
is a naturally derived linear copolymer of 1,4-linked
3~D-mannuronic acid (M) and a-L—guluronic acid (G)
residues [1-8]. Aqueous alginate solutions form
hydrogels in the presence of divalent ions via ionic
interactions between the acid groups on the G blocks
and the chelating ions, generally ca?t [2]. As a result,
calcium alginate gels are physically cross-linked
systems with mechanical properties dependant on the
proportion and length of the G blocks in a given alginate
chain [1,2]. The gels are viscoelastic solids, with a
network structure described by the "egg-box" model
[4-7].

One of the promising techniques for the production
of uniform alginate microbeads is electrostatic droplet
generation, based on the use of electrostatic forces to
disrupt a filament of alginate solution at the
capillary/needle tip and form a charged stream of small
droplets, which are collected in a hardening solution
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[8,9]. Under optimal operating conditions it was possible
to obtain alginate microbeads down to 50 pm in
diameter [9,10]. This technique was successfully applied
for the immobilization of various cell types such as
hybridomas [11,12], insect cells [11,13] islets of
Langerhans [11,14] parathyroid cells [20] and brewing
yeast cells [16-18]. Nevertheless, the process of
electrostatic droplet formation is a complex function of a
number of parameters such as the applied electrostatic
potential, needle diameter, electrode distance and
geometry, polymer solution flowrate, as well as the
solution properties including surface tension, density
and viscosity [19]. The situation becomes even more
complicated when a cell suspension is introduced within
the polymer, which can affect both the polymer
properties and the extrusion process (i.e. the micro
hydrodynamics within the capillary via electrostatic and
physical interactions of the cells). We have previously
investigated the effects of several operating and design
parameters on the electrostatic extrusion of
alginate-yeast suspension and the resulting microbead
size such as the applied potential, needle size, electrode
spacing, and suspension flowrate [20]. However, the
effects of cells on hydrogel properties affecting the flow
dynamics have not yet been examined.

79



V. MANOJLOVIC, et al.: EFFECTS OF CELL ADDITION ON...

CI&CEQ 1 (2) 79-84 (2005)

The cell presence can also influence the gelation
kinetics and mechanical properties of the final Ca
alginate microbeads. Most studies of alginate bead
production were carried out in excess of the hardening
solution (i.e. CaClz) over prolonged times in order to
ensure complete gelation [1,25]. The immobilization of
highly sensitive mammalian cells (e.g. bone marrow
cells) can require minimal exposure to CaClz solution.
Assessment of the gelation kinetics can therefore be
essential for optimization of the immobilization
techniques for these cells.

The objective of this study was to further
investigate and rationalize the process of cell
immobilization by the electrostatic droplet generation
technique. Specifically, we aimed to assess the effects of
the cell and alginate concentrations on the resulting
microbead size and characterize the rheological
properties of cell-alginate suspensions at different
temperatures. Finally, we attempted to analyze the
gelation kinetics at limited supplies of Ca?* ions and the
effects of cell addition on gelation kinetics.

EXPERIMENTAL

"H NMR spectroscopy

The investigated polymer was low viscosity
sodium alginate Protanal LF 20/40 (FMC Biopolymer).
The mole ratio of mannuronate (M) to guluronate (G)
residues (M/G) and the mole fraction of GG, MM and
GM diad sequences Fga, Fum and Fgm were
determined by "H NMR spectroscopy according to
Grasdalen [21]. The alginate sample was partly
degraded by very mild acid hydrolysis in order to
decrease the viscosity of the solution. Hydrolyzed
alginate sample was dissolved in D20 at neutral pD. H
NMR spectra were run at 400 MHz on a Bruker AC 250 E
NMR spectrometer.

Electrostatic extrusion

Polymer solutions of different concentrations in the
range 1-4% were prepared by dissolving Na-alginate
powder in distilled water. Polymer—cell suspensions
were formed by mixing the prepared Na-alginate
solutions with a suspension of brewing yeast cells
Saccharomyces cerevisae at various volume ratios to
obtain final cell concentrations in the range from 1 x 107
to 5 x 1 8 cell/ml. Spherical droplets were formed by
extrusion of the polymer—cell suspension through a
blunt stainless still needle using a syringe pump (Razel,
Scientific Instruments, Stamford, CT) and a 10 ml plastic
syringe. Electrode geometry with a positively charged
needle and a grounded hardening solution was applied.
The hardening solution was CaClz at a concentration of
1.5%. The potential difference was controlled by a high
voltage dc unit (Model 30R, Bertan Associates, Inc., New
York) and was varied in the range 6.5 to 7.5 kV. The
distance between the needle tip (20 gauge small or 22
gauge) and the hardening solution was 2.5 cm, while
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the flow rate of the polymer solution was 13.9 mi/h. A
sample of 30 microbeads was taken from each
experiment and the diameters of the microbeads were
measured with an accuracy of 10 pm using a
microscope (Carl Zeiss Jena). The average microbead
diameter and standard deviations were then calculated
from the measured data. The cell concentrations were
determined by counting cells under the microscope
using a Thoma chamber.

Dynamic rheological measurements

Dynamic rheological measurements of alginate
samples before and during gelation were performed by
using a  Rheometrics RMS-605  mechanical
spectrometer operating in the dynamic shear mode
between parallel plates. The plate diameter was 25 mm,
and the gap between the plates could be set between 1
and 3 mm. The frequency was varied from 0.1 to 100
rad/s. Pure Na alginate solutions in the concentration
range 2-4% wjw, as well as the suspension of yeast
cells at a concentration of 5 x 10% cell/ml were analyzed
at the room temperature, 30 and 37°C. The viscosities of
the alginate solutions at lower concentrations (below
2%) could not be measured by the instrument because
of the instrument lower limitation of 1 Pas. The liquid
samples were analyzed at a constant strain of 30% and
complex dynamic viscosities (n*) as well as the storage
(G) and loss (G") moduli were recorded. For each
sample and temperature, up to 16 values could be
recorded. Some values at lower concentrations and
higher temperatures could not be obtained accurately
because of inadequate sensitiviies of the
measurements.

The gelation kinetics were analyzed by rheological
examinations of mixtures of Na alginate (1-4% w/w) and
CaCl2 (1.5%) solutions at a strain of 5% in order to
ensure good contact between the hydrogel and the
rheometric plates. The volume ratios of Na alginate to
CaClz solutions were varied to obtain ratios of G units to
Ca* ions in the range from 15:1 to 1:1 in order to
determine the quantity of Ca* ions necessary for
complete gelation. Considering that the reaction of ion
exchange was almost instantaneous and than the
gelation process was diffusion controlled, the addition of
CaClz was performed under vigorous mixing. Discs
fitting the size of the measuring compartment were
stamped out from the obtained homogenous mixtures
and subjected to rheological measurements. The
storage (G') and loss (G") moduli of the hydrogel were
recorded over time at 20°C and a constant frequency of
6.28 rad/s.

RESULTS AND DISCUSSION

"H NMR spectroscopy

The chemical characterization results of Protanal
LF 20/40 obtained by H-NMR spectroscopy revealed
that the alginate used in this study had a high content



V. MANOJLOVIC, et al: EFFECTS OF CELL ADDITION ON...

CI&CEQ 1 (2) 79-84 (2005)

a) 200 ' ' ' ' ' ' ' ' .
180 ]
160 §
140 .
120 ] ]
100 :
80 §
60 :IL ]
408 .

20 b

mean microbead diameter (um)

0 T T v T T T

1 2 3 4

cell concentration (10”cells/ml)

p) T —— T
650 ]
600 ]
550 ]
500 4 ]
450 - h
400 ]
350 4
300 ]

mean microbead diameter (um)

250 3 ]

200 { 4

] ]

150 .

100 ]

50 ]

0 —

0.0 05 10 15 20 25 3.0

alginate concentration (% w/w)

Figure 1. Mean microbead diameter as a function of: a) cell concentration (1.5% w/w Na alginate concentration, 7.5 kV applied potential,
22 G needle, 13.9 mi/h flowrate, 2.5 cm electrode distance); b) Na alginate concentration (5 x 1 0® cell/ml, 6.5 kV applied potential, 20 Gs

needle, 13.9 mi/h flowrate, 2.5 cm electrode distance).

(67%) of guluronic residues and was rich in GG diad
blocks (Fag = 55%). The mole fractions of MM and GM
diad sequences, Fum and Fgm, were 21 and 12%,
respectively. The H NMR spectra showed no significant
peaks originating from proteins or other impurities.

Electrostatic extrusion

The first aim of this study was to assess the effects
of cell and alginate concentrations on the mean
microbead size obtained by the electrostatic extrusion
technique. The effects of cell concentration in the range
1x10" -4x160 cell/ml of 1.5% w/w alginate are
presented in Figure 1a. The addition of cells up to a
concentration of 2 x 107 cell/ml had a negligible effect
on the microbead diameter. However, when the cell
concentration was increased to 4 x 1 G cell/ml, a 3-fold
increase in the microbead diameter was observed (i.e.
from 51£17 pm to 1 5351 pum). At the given operating
conditions (needle size 22 G), further increase in the cell
concentration resulted in the non-uniform outflow of the
cell-polymer suspension and a trimodal distribution of
the microbead sizes (data not shown).

In order to assess the effects of polymer
concentration in cell suspensions with a high cell
concentration (5x108 cell/ml) on the microbead size, we
used a larger needle (20 Gs) and varied the Na alginate
concentration in the range from 0.5 to 4% w/w. Under
the operating conditions used, uniform spherical
microbeads were obtained up to the concentration of
2.5% wjw (Figure 1b) and additional increase resulted in
non-spherical microbeads. The increase in alginate
concentration up to 1.5% w/w had little effect on the
average microbead diameter, whereas further increase
up to 2.5% w/w resulted in an approximately two—fold
increase in the microbead size (Figure 1b). It should be
mentioned that an earlier study demonstrated that the
mean size of the droplets increased by as much as four
to five fold as the polymer viscosity was increased from

1 to 10 Pas [22]. In the present study, spherical droplets
were obtained using a narrow range of alginate
concentrations (0.5-2.5% w/w) exhibiting viscosities of
the order of magnitude of 1 Pas so that the observed
effects were less pronounced.

It should be noted that an increase in alginate
concentration resulted in an increase in the standard
deviations of the microbead diameters (Figure 1b). The
observed results were in agreement with the
mechanisms of droplet formation under the action of an
electrostatic field [23,24]. As the electrostatic field is
applied, the almost spherical shape of the liquid
meniscus at the tip of the needle is deformed into a
conical shape. Consequently, the alginate solution flows
through this weak area at an increasing rate causing the
formation of a neck. In the experiments with pure Na
alginate solutions, the neck formation was more
pronounced as the alginate concentration was
increased from 0.8 to 1.5% w/w so that at the latter
concentration the neck elongated up to 1 mm before
detachment [19]. Furthermore, detachment of the drop
was, in that case, accompanied by detachment of the
linking filament, which then broke up into a large
number of smaller droplets resulting in non—uniform size
distribution. The results obtained in this study implied a
similar mechanism of droplet formation at higher
alginate concentrations in the cell suspension.

Electrostatic extrusion experiments revealed an
increase in microbead size with increasing both cell and
alginate concentrations implying changes in the fluid
flow and droplet formation mechanism.

Rheological measurements

Rheological characterization of cell-alginate
suspensions

In order to get an insight in the process of
electrostatic extrusion of cell-polymer suspensions we
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performed rheological characterizations of pure Na
alginate solutions and suspensions of yeast cells at high
concentrations (5x1 0® and 1x10° cell/ml). The experiments
were performed at room temperature representing the
usual conditions for electrostatic extrusion. However, in
order to simulate the conditions for the immobilization of
temperature-sensitive cells (e.g. mammalian cells),
rheological characterizations were also performed at 30
and 37°C.

The complex dynamic viscosities (n*) of cell
suspensions with a cell concentration of 5x10% cell/ml
and Na alginate at concentrations in the range 2-4%
w/w at all investigated temperatures did not significantly
differ from those measured in pure Na alginate
solutions. The results indicated non-Newtonian,
pseudoplastic behavior for all the samples. A
representative set of results for 4% w/w Na alginate at
30°C is presented in Figure 2. In addition, similar results
were obtained for suspensions with a higher cell
concentration (1.0x109 cell/ml), indicating that the cell
presence at the investigated concentrations did not have
any significant influence on the rheological parameters
in the experimental range of frequencies, probably due
to cell elasticity and orientation in the shear stress field.

However, the effects of cell concentration on the
mechanism of electrostatic droplet formation and the
microbead size (Figure 1a) still need to be explained,
possibly by modifications of the fluid flow in the capillary
or electrostatic interactions.

Rheological determination of gelation kinetics

In order to optimize the CaCl2 concentration and
duration of alginate exposure to CaClz, we investigated
the gelation kinetics of Na alginate at different molar
ratios of G units to Ca>* ions, at different Na alginate
concentrations, as well as in the presence of cells.

In the first experimental series we investigated the
gelation kinetics of Na alginate of different
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Figure 2. The effect of cells on the rheological properties: com-
plex dynamic viscosities (n*) of pure 4% w/w Na alginate solu-
tions and with added cells at a concentration of 5x10° cell/ml as
a function of frequency at 30°C
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concentrations at the ratio of G units to Ca®* ions of
3.8:1, since it was previously determined that a molar
ratio of 3.8:1 allowed physical crosslinking (data not
shown). With an increase in alginate concentration from
1 to 4% w/w the rate of the gelation process decreased
due to higher mass transfer resistances for the diffusion
of Ca®" ons. In the investigated geometry of the
system, about 20 min. was needed to form a gel using
1% w/w Na alginate solution. The time needed for the
gelation of 2% w/w alginate was approximately twice as
much. Finally, the 4% w/w alginate exhibited elastic
behavior as much as viscous during the first hour of
gelation and after about 60 min. the values of the
storage modulus (G') became slightly higher thant the
values of the loss modulus (G") (Figure 3).

The results obtained in the present study imply
much longer gelation times (20 to 70 minutes) as
compared to the earlier reports [20,25]. However, it
should be emphasized that the time to achieve complete
gelation strongly depends on the system geometry, that
was used. For beads with diameters in the range from 2
to 6 mm in an excess of CaCls, the times to achieve
complete gelation varied in the range 3 to 25 min. (the
molar ratios of G units to calcium ions were up to 1:1)
[20]. In studies of alginate bead production the duration
of bead exposure to the hardening solution varied
between 30 minutes and 12 hours in order to ensure
complete gelation [26]. In the present experiments, the
gelation kinetics were investigated under conditions of
limited Ca2* ion supply in a parallel plate geometry in
which the diffusion rate of Ca®* ions influenced the rate
of gelation and the time needed to achieve the gel point.

The obtained values of G’ and G" for 4% w/w
alginate gel were about 1000 Pa and approximately
5-fold higher as compared to the values measured for
1% w/w alginate gel (Figure 3). These results are
consistent with earlier studies [1], which indicated an
increase in gel strength as the alginate concentration
was increased. However, as higher alginate
concentrations result in higher fluid viscosities leading to
changes in the droplet formation mechanism and
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Figure 3. Gelation kinetics of Na alginate of different concentra-
tions: storage (G’) and loss (G") moduii at 6.28 rad/s and at 20°C
vs. time, after adding CaClz in the molar ratio of G units to ca?t
ions of 4:1 (the data present an average of n = 3-5; STD = +9%)
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non-uniformity of the produced microbeads (Figure 1b),
a compromising solution has to be determined for each
application.

The effects of cell addition (5 x 108 cell/ml) on the
gelation kinetics of 2% w/w alginate at the ratio of G
units to Ca®" ions of 3.8:1 were investigated in the
second experimental series (Figure 4). The presence of
cells caused gelation to occur at a prolonged time as
compared to the pure alginate solution due to the
reduction of space available for Ca* ion diffusion.
Consequently, the value of G’ had not reached the value
of G" even after an hour of gelation. Considering the
tendency of increase in G', it can be expected that the
crossover of G-t and G™-t is reached at about t = 70 min.

Previous investigations have also shown that the
presence of yeast cells slowed down the gelation
process [20]. The presence of 10% yeast (dry weight
basis) caused an increase in the gelation time of 31%
yeast compared to similar yeast—free beads [20].

In addition, the presence of yeast cells in our
studies caused reductions in G’ (between 8% and 34%)
and G" (O0r%) as compared to the values obtained for
alginate systems without cells. Other investigations also
indicated a decrease of gel strength by the presence of
microorganisms [20,27]. The obtained results imply that
immobilized microorganisms could cause irregularities
in the network structure and reduce gel elasticity.
Furthermore, these effects could be even more
pronounced with cell growth in the culture. This
phenomenon should be considered before exposing
immobilized cell systems to severe environmental
stresses in industrial applications.

CONCLUSIONS

In this study an attempt was made to obtain an
insight into the process of electrostatic extrusion by
determining and relating the effects of cell and alginate
concentrations as two operating parameters to the
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Figure 4. The effect of cell addition (5 x 10® cell/ml) on the gela-
tion kinetics of 2% w/w Na alginate: storage (G’) and loss (G")
moduli at 6.28 rad/s vs. time, after adding CaClz in the molar ra-
tio of G units to Ca®* jons of 3.8:1 (the data present an average
of n = 4; STD = +14%)

rheological characterization of the cell-alginate
suspensions. Both parameters affected the size and
distribution of the microbeads such that larger
microbeads with higher standard deviations in size were
produced at higher cell and alginate concentrations. The
rheological characterization of pure Na alginate
solutions and alginate/cells suspensions revealed
non-Newtonian, pseudoplastic behavior. The presence
of cells even at high concentrations (5 x 10® and 1 x 10°
cell/ml) did not significantly influence rheological
properties of Na alginate indicating that the observed
effect of cells on the microbead size should be further
explored and elucidated. However, the presence of cells
affected the kinetics of alginate gel formation, as well as
the final properties of Ca alginate. The network
formation of Ca alginate was slower with lower
crosslinking density causing lower hydrogel strengths as
compared to the hydrogel without cells. The results of
this study revealed some of the phenomena during cell
immobilization by electrostatic extrusion and indicated
some of the directions for process optimization for the
production of alginate microbeads with the desired
properties. Further studies of two phase flow in the
capillary, electrostatic, and physical interactions of cells,
as well as the development of mathematical models
relating all the phenomena in the electrostatic extrusion
process to the operating parameters and the properties
of the resulting microbeads are needed to fully describe
and optimize the electrostatic droplet generation
technique.
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1ZvOD

UTICAJ PRISUSTVA CELIJA U PROCESU ELEKTROSTATICKE EKSTRUZIJE ALGINATA
(Nauéni rad)

Verica Manojlovié!, Jasna Djonlagié¢', Bojana Obradovié!, Viktor Nedovié?, Branko Bugarski'

U ovom radu izvrseno je ispitivanje fenomena elektrostati¢ke ekstruzije. Proces elektrostatiCke ekstruzije je vrlo sloZen,
jer obuhvata pojedinac¢ne uticaje razli¢itin fenomenoloskih parametara (jako spoljasnje elektricno polje, mikrohidrodina-
mic¢ke pojave unutar kapilare, reolosko ponasanje polimera), kao i medusobne uticaje ovih faktora. Prisustvo éelija u sis-
temu &ini ga jos slozZenijim, sto do sada fenomenoloski nije razjaSnjeno. IstraZivanja su obuhvatila ispitivanje pojedinih
znacajnih fenomena koji se javljaju u ovoj metodi imobilizacije éelija, polazedi od karakteristika samog nosaca i suspen-
Zije alginat/Celije, preko parametara elektrostati¢ke ekstruzije, do kinetike geliranja alginata. Uz to, posebno je analiziran
uticaj prisustva Celija na sve faze ovog procesa. Detaljno je prouden uticaj promene koncentracije alginata i koncentraci-
je ¢elija u polaznoj suspenziji alginat/¢elije na veliinu i uniformnost proizvedenih mikroCestica. Pri ispitivanim operativ-
nim uslovima, proizvedene su mikroestice precnika od 50-600 um i porast koncentracije bilo alginata, bilo celija
uzrokuje nastajanje vecih ¢estica neuniformnije raspodele veli¢ina. U pokusaju da se objasne dobijeni rezultati i ispita re-
olosko ponasanje suspenzije kao jedan od parametara koji utiCu na dinamiku dvofaznog strujanja u toku ekstruzije,
izvrseno je reolosko karakterisanje susgenzija alginat/Celije. Reoloska ispitivanja su pokazala da prisustvo ¢elija Cak i pri
visokim koncentracijama (5x108 i 1x107 Celija/ml) ne utiCe znacajno na reoloSke osobine rastvora natrijum al%inata. Na
kraju, ispitan je uticaj koncentracije alginata i éelija na kinetiku geliranja u uslovima ograniéenog prisustva Ca“™ jona, s
obzirom da imobilizacija izuzetno osetljivih éelija sisara moze da zahteva minimalno izlaganje rastvoru CaClz. Rezultati
su pokazali da molski odnos guluronskih jedinica prema Ca* jonima od 3,8:1 omogucuije fizicko umreZavanje i da po-
rast koncentracije alginata uzrokuje duze geliranje, ali i nastajanje jateg gela. Prisustvo éelija dovodi do sporijeg gelira-
nja i prouzrokuje nastajanje slabijih hidrogelova Sto upuduje na zakljucak da imobilisani mikroorganizmi uzrokuju
nepravilnosti u strukturi mreze.

Kljuéne redi: alginat, elektrostati¢ka ekstruzija, reologija, imobilizacija &elija.

84



