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The mechanism of alginate droplet formation and experimental parameters for
producing very small polymer microbeads (less than 100 pm dia.) using an electro-
static droplet generator studied showed that the microbead size was a function of
needle diameter, charge arrangement (electrode geomelry and spacing) and strength
of electric field. Perfectly spherical and uniform polymer beads, 170 pm dia., for
example, were obtained at a potential difference of 6 kV with a 26-gauge needle
and an electrode distance of 2.5 cm. Increasing the electric field, and thus the surface
charge in the vicinity of the needle, by increasing the applied potential, resulted in
needle oscillation, giving a bimodal bead size distribution with a large fraction (30~
40%) of microbeads with a mean diameter of 50 pm. The process of alginate droplet
Jormation under the influence of electrostatic forces assessed with an image analysis/
video system revealed distinct stages. After a voltage was applied, the liquid meniscus
at the needle tip was distorted from a spherical shape into an Inverted cone-like
shape. Consequently, alginate solution flowed into this cone at an increasing rate
causing formation of a neck-tike filament. When this filament broke away, producing

 small droplets, the meniscus relaxed back to a spherical shape untif flow of the
polymer caused the process to start again. A large-scale multineedle device with a
processing capacity of 0.7 L/h was aiso designed and produced uniform 400+ 150
pnt microbeads,

Introduction

Electrostatic atomization and electrostatically assisted atom-
“jzation have been employed in a variety of areas, including
paint spraying (Balachandran and Baily, 1982), electrostatic
printing (Fillimore, 1982), and cell immobilization (Keshavarz
et al., 1992). The basic concept behind these applications in-
volves electrostatic forces which work to disrupt a lquid sur-
face to form a charged stream of fine droplets. The effect of
elecirostatic forces on mechanically atomized liquid droplets
was first studied in detail by Lord Rayleigh (1882, 1945) who
investigated the hydrodynamic stability of a jet of liquid with
and without an applied electric field.
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When a liquid is subjected to an electric field, a charge is
induced on the surface of the liquid. Mutual charge repulsion
results in an outwardly directed force. Under suitable condi-
tions, for example, extrusion of a liquid through a needle, the
electrostatic pressure at the surface forces the liquid drop into
a cone shape. Surplus charge is ejected by the emission of
charged droplets from the tip of the Hquid. The emission proc-
ess depends on such factors as the needle diameter, distance
from the collecting solution, and applied voltage (strength of
electrostatic fieldy (Nawab and Mason, 1958). Under most
circumstances, the electrical spraying process is random and
irregular, resulting in drops of varying size and charge that
are emitted from the capillary tip over a wide range of angles,
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However, when the electrostatic generator configuration has
been adjusted for liguid pressure, applied voltage, electrode
spacing, and charge polarity, the spraying process can become
quite regular and periodic.

A major concern in cell and bioactive agent immobilization
has been the production of very small microbeads so as to
minimize the mass-transfer resistance problem associated with
Jarge-diameter beads (> 1,000 pm) (Fonseca et al., 1986). Klien
et al. {1983) reported production of alginate beads with di-
ameters from 100 to 400 pm using compressed air to quickly
pass the cell/gel solution through a nozzle. Surprisingly, few
attempts have been made in the application of electric fields
to the production of micron-size polymer beads for cell im-
mobilization (Goosen et al., 1986).

The primary objective of this article was to investigate the
mechanism of.droplet formation as well as the experimental
parameters which are critical for producing very small polymer
microbeads (< 100 pm dia.) using an electrostatic droplet gen-
crator. Parameters such as applied voltage, needle size, pol-
ymer concentration, and electrode spacing and geometry were
assessed. The study was limited to two cases where a positively
charged vertically mounted needle and a parallel plate electrode
setup were used to extrude alginate solutions at a low constant
flow rate. Video and image analysis were performed to reveal
details of the mechanism of droplet formation under the in-
fluence of an electrostatic field, Furthermore, animal cell sus-
pensions were also extruded using the electrostatic droplet
generator to investigate the application of this technology to
cell immobilization,

Experimental Studies
Droplet formation using electrostatic droplet generation

Spherical droplets were formed with a syringe pump (Razel,
Scientific Instruments, Stamford, CT)/electrostatic droplet
generator which extruded the polymer through a 22 or 26 gauge
needle (H80763, HB80429, Chromatographic Specialties Inc.,
Brockville, Canada). As the liguid was forced out of the end
of the needle by the syringe pump (0.036 L/h), the droplets
were pulled off by the action of gravitational and electrostatic
forces. The needle tip was mounted 2.5, 3.5, and 4.8 cm above
the 1.5% CaCl, hardening solution (BDH, Toronto, Canada).
The potential difference was controlled with a voltage power
supply (Model 30R, Bertan Associates, Inc., New York) with
a maximum current of 0.4 mA and variable voltage of 0 to 30
kv.

Our investigation was focused on the inferaction between
charge polarity arrangement, polymer concentration, electrode
spacing/geometry, and needle size on average bead diameter.
Three types of experiments were carried out to determine the
optimum conditions for the production of smatt polymer beads.
In the first setup, a parallel-plate clectrode system was en-
ployed to produce a uniform electric field in the same direction
as that of gravity. The upper electrode was broughi toa positive
potential and the polymer droplets were formed at a 90° blunt
needle protruding through a small aperture at the center of
the disk electrode. The grounded plate with a hardening so-
lution (CaCl,) had the same dimensions as the upper charged
plate. ’

In the second type of experiment, the effect of a point to
plane charge on droplet formation was examined. The pro-
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duction of charged polymer beads was accomplished by es-
tablishing an electric field between a positively charged needle
and grounded plate containing 1.5% CaCl, hardening solution.

Finally, for scaleup purposes a 1.5-L cylindrical reservoir
(15 cm height by 10 cm dia.) containing 20 needles for the
continuous production of polymer beads was designed. The
liquid flow rate was kept constant at 0.7 L/h (36 mL/h per
needle) by adjusting the air pressure head above the polymer
solution. A ground collecting plate of CaCl, solution was placed
2.5 cm below the needles. The 20 (22 gauge) stainless steel
needles, 1.2 cm radially apart, were connected to the cylindrical
reservoir containing 1 L of polymer solution and then attached
to the high potential unit.

Analysis of droplet formation using image analysis

Droplet formation under the influence of electrostatic forces
was examined with a stroboscopic light (Strobotac, GRC, MA)
at a defined frequency (50-400/s) along with a video/image
analysis system. Images were recorded when the frequencies
of light and the forming bead were identical so that the object
appeared to be frozen. The image analysis system consisted of
several components: a video camera (Panasonic Digital 5100),
a Sony CC camera (model AAVCDS), a video adapter (Sony,
CMADS, Sony, Japan), a video monitor (Sony Trinitron,
PVYM1342Q), a VHS recorder (NV-8950, Panasonic, Japan),
a PC (486), and software Java (ver. 1.3) for image analysis
(Jandel Scientific, CA, USA). For closeup studies of droplet
formation, the video camera was connected to a microscope
lens (Olympus SZH, Optical Co. Ltd., Japan).

A sample of microbeads containing 50 to 150 beads was
taken from each set of extrusion experiments. The diameter
of individual beads was measured under the microscope using
the image analysis program. The average diameter of the beads
and standard deviation with the maximum and minimum from
each set were computed automatically,

Determination of microbead size distribution by laser
light scattering

Volwmetric (volume of microspheres in each diameter class)
and cumnulative size distribution were determined by laser light
scattering, with a 2602-LC particle analyzer (Malverin Instru-
ments) according to the log-normal distribution model. The
mean diameter and the arithmetic standard deviation were
calculated from the cumulative distribution curve (Poncelet,
1989).

Extrusion of an animal cell suspension using the elec-
trostatic droplet generator

Animal ce!l sensitivity to a high potential (6-8 kV) was ex-
amined by extruding an insect cell (SF-9) suspension using a
positively charged 26-gauge needle setup. The cell viability was
assessed by staining the cells with trypan blue dye (only live
cells can exclude the dye from the cell nucleus). The cells were
cultured in shake flasks in IPL41 medium prior to extrusion.

Resulis and Discussion
Investigation of parameters affecting microbead size

In the case of the positively charged needle setup, the effect
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Figure 1. Effect on microbead size: A. applied potential
and elecirode spacing; B. alginate concentra-
tion; and C. needle size with the positively
charged needle setup.

A 2%-gauge needle was used in A and B and a 26-pauge needle in
P ‘

of electrode spacing on alginate bead size, produced with a
22-gauge needle, is shown in Figure 1A, The electrode spacing
was not found to be significant over the range investigated.
For example, at an applied voltage of 6 kV, the mean bead
size decreased from 530 to 450 um, as the elecirode spacing
decreased from 4.8 to 2.5 cm, respectively, with a standard
deviation of approximately 100 ;m. When the applied voitage
to the alginate solution was increased to 12 kV, at a distance
between the needle tip and collecting solution of 4.8 ¢m, the
average bead diameter decreased to 340 pm. Keeping the ap-
plied potential constant at 12 kV, but reducing the electrode
distance to 2.5 cm, resulted in only a slightly smaller bead size
(300 pm).

The relationship between the applied voltage, alginate con-
centration, and droplet diameter was also investigated (Figures
IB and 1C). When the alginate concentration was decreased
from 1.5 to 0.8% the average bead diameter decreased 10 to
20%. The standard deviation also decreased at the lower
polymer concentration due to a more uniform bead size dis-
tribution. For example, at an applied voltage of 5 kV, the
mean bead diameter decreased from 440 to 380 pm with stand-
ard deviations of +200 and + 80 pm for microbeads prepared
with alginate concentrations of 135 and 0.8%, respectively,
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While the alginate concentration was not found to be sig-
nificant, bead diameter could be readily controlled by needle
size and applied voltage (Figures 1B and 1C). For example, at
an applied voltage of 4 kV, the mean bead diameter was re-
duced by a factor of 3 from approximately 1,700 to 600 pm
when the needle size was reduced from 22 to 26 gauge. In the
case of the 26-gauge needle, as the voltage increased above 6
kV, natural harmonic oscillation of the needle was observed.
This resulted in formation of microbeads, a large fraction of
which were 50 pm in diameter.

A recent study of a similar electrostatic method for alginate
bead formation (Keshavarz et al., 1992) showed that with a
23-gauge needle the minimum alginate bead size achievable
varied between 600 and 1,000 pm when 5 kV was applied to
the capillary tip. In our study, with the same voltage and a
slightly larger needle (22 gauge) it was shown that it is possible
to achieve a bead diameter 50% smaller than that reported by
Keshavarz. This difference may be partly due to a higher al-
ginate concentration (2%, Keshavarz et al., 1992) compared
to a 1.5% alginate solution used in our study. With a 26-gauge
needle under the same conditions, the bead diameter in our
studies decreased Turther, to about 170+ 100 um, suggesting
a strong influence of needle size on bead diameter,

Effect of electrode geometry on microbead size

In the case of the parglel plate setup, the effect of etectrode
spacing and charge arrangement (different electric field and
surface charge intensity) on polymer bead size is shown in
Figure 2A, As the potential between the electrodes in the par-
ailel plate setup, for example, increased from 6 to 12 kV at
4.8 cm, the average bead diameter decreased from 2,300 to
700 pm using a 22-gauge needle. Reducing the electrode dis-
tance resulted in even smaller bead sizes, suggesting a strong
influence of distance and voltage on microbead size with this
charge arrangement. For example, at 10 kV, reducing the dis-
tance from 4.8 to 2,5 cm resulted in a decrease in polymer
bead diameter from 1,500 to 350 wm. Increasing the applied
potential above 12 kV and decreasing the electrode spacing did
not result in smaller bead diameters, This was probably due
to a discharge between the plates accompanied by sparking as
a result of air ionization in the space between the electrodes.

Tor a fixed electrode distance (2.5 em), needle length (1.3
cm), and alginate concentration (1.5%), the bead diameter
could be reduced by decreasing the needle size from 22 to 26
gauge (Figure 2B). A decrease by a factor of 2 in bead diameter
was observed over a wide range of applied potential (2-8 kV),

The multiple needle device was essentiaily a scaled-up version
of the parallel plate setup, which is similar to that found with
the single-needle setup, At an electrode distance of 2.5 ¢m,
increasing the potential from 7 to 12 k'V resulted in a decrease
in bead diameter from 950 & 100 ym to 400+ 150 pm (Figure
2C). The 20-needle device for the continuous production of
beads had a processing capacity of 0.7 L/h.

Investigation of mechanism of droplet formation with
the image analysis/video system

In the absence of an electrostatic field with gravitational
force acting alone, the mean bead diameter was 2,400£200
pm at a constant alginate flow rate of 36 cm*/h and using a
22-gauge needle. In this case, a droplet was produced every 1
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Figure 2. Effect on microbead diameter: A. applied po-
tential and electrode spacing; B. needle size;
and C. scaleup with a parallel plate setup.

to 2 s, Each drop grew at the tip of the needle until its weight
overcame the net vertical component of the surface tension
force (Figure 3A).

Examination of the formation of droplets under the influ-
ence of electrostatic forces revealed that an elongated cone
formed as the droplet meniscus advanced (Figure 3B). The
forming droplet was drawn out into a long, slender filament
(4-5 kV, 2.5 cm electrode distance, 1.5% sodium alginate
concentration, flow rate of 36 cm?/h, 22-gauge needle}. A high
charge density at thetip of the inverted cone reduced the surface
tension of the alginate sotution (Hendricks, 1964} resulting in
neck formation (Figure 3C). For the more concentrated algin-
ate (1.5%), the neck elongated up to ! mm before detachment
(Figure 3D). While the main part of the liquid neck quickly
coalesced into a new drop, the long linking filament broke up
into a large number of smaller drops (Figure 3E). It was also
observed that small (satelfite) droplet formation usually ac-
companied higher voitages (above 6 kV), because the elon-
gation of the liquid neck prior to rupture was much more
pronounced. The largest of these drops was one half of the
main drop diameter, while the smallest was less than 20 pm,

When the alginate concentration was decreased from 1.5 to
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Figure 3. Electrostatic droplet
formalien at needls
tip with 1,5% sodlum
alginate: A, without
applied potenlial; B,
menlscus formation
between 4 and 5 kV;
C. neck larmation; D.
stretching of fguid
fitamenl; and E. brak-
eup of liquid fila.
ment.

0.8%, a difference was observed in the formation of the long,
thin neck or a filament linking the new droplet and the meniscus
at the tip of the needle. For the low-viscosity alginate, neck
elongation was not as pronounced, resulting in a more uniform
bead size.

When the voltage was increased above 6 kV, harmonic nat-
ural needle oscillation was observed, but only with the thinner
and lighter 26-gauge needle. A high surface charge and an
electric field on the surface of capillary tip gave rise 10 a
mechanical force causing needle vibration and resulting in an
oscillating thread-like filament. The periodic oscillation of the
electrically stressed meniscus at the capiflary tip caused a sin-
usoidal shaped filament to detach from the needle tip. The
long tapered filaments were formed as a result of the surface
energy component arising from the presence of the surface
charge (Bugarski, 1993, unpublished data). From a consid-
eration of the minimum surface energy, molecular forces tend
to decrease the surface to volume ratio, whereas the energy
component due to electrostatic charges is minimized by in-
creasing this ratio. Figure 4A indicates the manner in which
the stream disintegrates by a vigorous whipping action. Frag-
mentation of the filament results in a bimodal size distribution
with peaks at 50 and 190 um in dia. (Figure 5C). This phe-
nomenon was not observed with a 22-gauge needle.

A comparative analysis of the two charge setups at the same
applied potential and needle size was carried out to give insight
into the droplet formation mechanism. it was observed that
each charge setup produced a different mode of droplet for-
mation. At the same relatively high potential difference (6 kV),
needle size (26 gauge), clectrode spacing (2.5 cm), and flow
rate (36 mL/h), there was a noticeable difference in bead di-
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Figure 4. A. Needle oscillation (26 gauge, 7 kV) due fo
electrostatic forces and detachment of liquid
filament; B. Taylor cone-like meniscus with
well developed jet (26 gauge, 6 kV, 2.5 cm).

ameter. With the parallel plate charge setup, for example, the
average bead diameter was found to be 1,100£200 pm. In
contrast, with the positively charged needle, a Taylor cone-
like meniscus (Taylor, 1966) was observed with a well devel-
oped jet (80 pm dia.) ejecting droplets of 170£70 pm in dia.
(Figure 4B), a decrease by factor 7.

Microbead size distribution

The mean bead size distribution curves obtained by plotting
relative frequencies vs. bead diameter typically resulted in a
continuous function symmetrical about the mean value. At 4.5
and 6 kV, the mean bead size distribution was found to vary
about the mean of 225 pm (Figure 5A) and 170 pm (Figure
5B), respectively. However, in the case of the naturally vi-
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Figure 5. Droplet size distribution produced with posi-
tively charged 26-gauge neadle, 2.5 cm elec-
trode distance, and 0.8% alginate concen-
tration: A. 4.5 kV; B. 6 kV, and C. 7 kV.

brating needle (7 kV), a bimodal bead size distribution was
observed, one peak at 50 pm and the second peak at 190 pm
(Figure 5C).

Effect of electrostatic droplet generation on cell viabiliry

To assess the effect of an electrostatic field on animal celt
viability, an insect cell suspension was extruded using the elec-
trostatic droplet generator, No detectable change in insect cell
viability was observed after extrusion. The initial cell density,
4% 10° cell/mL, remainee essentiatly unchanged at 3.85x 1P
and 3.8% 10° cell/mL immediately after passing through the
generator at an applied potential difference of 6 and 8 kV,
respectively. Prolonged cultivation of these cells did not show
any loss of cell density or viability (Table 1),
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Table 1. Effect of Electrostatic Droplet Generator on Animal
Cell Viability”

Time (d}  Density (Cells/mL) % 10°%  Cell Viability (%)

0 4 100
0** 3.8 93
2 7.5 90
4 10 94
6 13 92

* Growth in suspension after extrusion with electrostatic voliage generator at
8 kV potential difference with positively charged needle.
«+ Immediately after application of high voltage.

Conclusions

The formation of droplets with a charged needle and a par-
allel plate arrangement in a defined electric field was examined.
In the parallel plate setup, reducing the electrode distance and
increasing the applied voltage resulted in smaller beads, sug-
gesting a strong influence of distance and applied potential on
bead diameter. Further reduction in bead size with both setups
was achieved by decreasing the needle size. Electrode spacing
was not important with the positively charged needle arrange-
ment. The greatest decrease in microbead size was observed
when natural needle oscillation, caused by surface charge and
a high electric field in the vicinity of the needle, resulted in
whip-like liquid filaments breaking off the end of the needle.
This produced a bimodal size distribution with a large fraction
of droplets below 50 xm dia, Modification of the paraliel plate
setup system in the form of a multineedle device showed that
it was possible to continuously produce uniform microbeads
at a high processing capacity. Finally, there was no detectable
loss in viability after passing animal cells through the electro-
static droplet generator. This is a promising result as it proves
the technique amenable for cell immobilization.
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