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Alginate bead fabrication and encapsulation of living cells under centrifugally
induced artificial gravity conditions
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Abstract

This study presents a novel method for the direct, centrifugally induced fabrication of small, Ca*>*-hardened alginate beads at
polymer-tube micronozzles. The bead diameter can arbitrarily be adjusted between 180-800 um by the nozzle geometry and
spinning frequencies between 5-28 Hz. The size distribution of the main peak features a CV of 7-16%, only. Up to 600 beads per
second and channel are issued from the micronozzle through an air gap towards the curing agent contained in a standard lab tube
(‘Epp1’). Several tubes can be mounted on a ‘flying bucket’ rotor where they align horizontally under rotation and return to a
vertical position as soon as the rotor is at rest. The centrifugally induced, ultra-high artificial gravity conditions (up to 180 g) even
allow the micro-encapsulation of alginate solutions displaying viscosities up to 50 Pa s, i.e. ~50 000 times the viscosity of water!
With this low cost technology for microencapsulation, HN25 and PCI2 cells have successfully been encapsulated while

maintaining vitality.
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Introduction

Microencapsulation concerns the coating of a solid or
liquid phase with a layer providing a certain level of
protection. The properties of the layer can often be
tuned by physico-chemical means. There are three
major fields of application for microencapsulation.

The first field is food production, e.g. the enhance-
ment of nutrition by encapsulated vitamins, minerals or
even pro-biotic bacteria (Sultana et al. 2000,
Kailasapathy 2002). Also in the cosmetic industry,
encapsulation of colours and flavours became more
and more popular within the last years, sometimes only
for optical and no functional reasons. However, both
fields of application require quite large (100—1000 um)
microcapsules while monodispersity (narrow size dis-
tribution) is of minor concern. That is why mostly
conventional encapsulation technologies like spray
drying are sufficient to meet the requirements.

The third rapidly growing field of application is drug
delivery. This field can be categorized into the
encapsulation and controlled release of pharmaceuti-
cals, e.g. for cancer therapy (Gibbs et al. 1999) and the
encapsulation of living cells to replace failed body
functions, e.g. in diabetes. For these applications, small
capsule sizes and monodisperse size distributions are
key for the diffusively governed mass transport.

This paper focuses on the encapsulation of living cells
into biocompatible polymers for in-vivo applications.
For these applications, the biopolymer alginate is the
most commonly used material (Sugiura et al. 2005),
possessing a proven record in long-term biocompat-
ibility tests (De et al. 2003). Alginate is produced
from brown algae and is called Na-alginate in the liquid
state. As soon as Na-alginate gets in contact to a
solution containing Ca”" ions, it swiftly hardens to the
Ca-alginate (sol-gel transition).
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The semi-permeable Ca-alginate coating protects the
encapsulated alien cells from the immune system while
still permitting the diffusive transport of nutrition and
metabolites to keep the cells alive (Orive et al. 2003). To
guarantee a sufficient diffusive mass transport, the
diameter of the microcapsules should not exceed
300 um (Renken and Hunkeler 1998). However, hand-
ling problems, in particular during implantation, set a
lower size limit. Overall, an optimum size range for cell
therapy of 50-300 um has been postulated (Sugiura
et al. 2005). The encapsulation of insulin-producing
pancreas cells into alginate beads was pioneered in 1980
(Lim and Sun 1980). The microbeads were implanted
into laboratory rats, showing an elongated period of
blood glucose regulation (> 20 days) compared to non-
encapsulated islets (~10 days).

Two major technical challenges have to be mastered
for the production of alginate beads. First, the surface
tension and the viscous forces which counteract the
droplet break-off at the nozzle have to be overcome.
Secondly, the curing of the alginate beads has to take
place while ruling out clogging and agglomeration. In
the literature, there are two main approaches for
encapsulation.

Direct methods are based on the dispensing of
Na-alginate droplets through an air gap straight into
a CaCl, solution where they instantaneously harden.
The air gap prevents premature hardening and thus
clogging of the nozzle. Established technologies are
based on pressure-driven flows through sub-millimetre
sized nozzles. The droplet break-off is supported by a
vibration of the nozzle (BRACE 2006), an additional
cutting-blade (Prusse et al. 1998) or air-flow (Sugiura
et al. 2007). However, all these conventional techniques
require a rather complex and costly apparatus, whereas
a wider acceptance of cell-encapsulation based thera-
pies requires the availability of affordable and reliable
in-house fabrication methods.

Indirect methods rely on the formation of Na-alginate
droplets in a second immiscible liquid phase like oil
using (microfluidic) emulsification methods (Sugiura
et al. 2005, Liu et al. 2006). The hardening of the
droplets is, for instance, initiated by a change in the pH
of the continuous phase to form Ca-alginate beads
within several seconds to minutes (Tan and Takeuchi
2006). Due to the additional washing procedure
required to remove residual oil from the bead surface,
the throughput of these indirect methods thus tends to
be much smaller compared to direct methods.

This paper presents centrifugally induced microen-
capsulation (Haeberle et al. 2007a). The novel techni-
que can process highly viscous biopolymer solutions
(up to 50 000 times the viscosity of water) while being
sufficiently gentle to maintain the vitality of the cells.
This is not possible with presently available encapsula-
tion technologies (Koch et al. 2003). In this scheme,
a commercially available polymer micro-nozzle
(Streule et al. 2004) is spun on a centrifuge to dispense

alginate droplets through an air gap into a standard
Eppendorf tube (‘Eppi’) mounted on the flying bucket
rotor. The tube contains an aqueous CaCl, solution to
perform diffusion based hardening to Ca-alginate
beads.

The first section outlines the functional principle of
quasi-static droplet generation and its adoption on the
centrifugal microfluidic platform. The next section
describes the experimental results for the alginate
bead formation, their size distribution and size control.
Within the last section, the encapsulation of living cells
under the impact of the centrifugally induced artificial
gravity is presented.

Principle of operation

Droplet generation under terrestrial and centrifugal
conditions

The two fundamental droplet formation mechanisms at
a nozzle of inner diameter ¢, exposed to gravity are
depicted in Figure 1. The quasi-static droplet formation
is referred to as ‘dripping’, where a droplet breaks off
once the gravity-induced pulling force Fy=mgropg
exceeds the surface-tension induced counter force
F, =nd,04r0p (Figure 1(a)). At elevated flow rates, the
inertia of the liquid tends to issue elongated jets from the
nozzle (Figure 1(b)). Due to the Rayleigh instability,
the jet subsequently tends to disintegrate. This ‘air-
borne’ break-off is of statistical nature (Utada et al.
2005) and thus compromises the objective of the narrow
droplet size distribution. This work therefore focuses on
the quasi-static, flow-rate restricted dripping regime.

By equating the counteracting forces F, and F,, one
obtains a droplet diameter

6 dy 0dro
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Figure 1. (a) Dripping out of a micronozzle under the
impact of the gravitational force F, pulling out the liquid
against the counteracting surface tension force F,. (b)
At elevated flow rates v, a jet is issued from the nozzle,
which later tends to disintegrate in a statistical fashion
(Rayleigh instability).
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with the density p4r0p and the surface tension o4yp Of
the liquid. In this experimental setup, a commercially
available nozzle (tube) was chosen with an inner
diameter d,=127um (Streule et al. 2004). Under
terrestrial conditions (¢=9.81ms™?), equation (1)
yields a large droplet size dgop Of 1.7mm for a 2-w%
Na-alginate solution (pgrop and ogrop as specified in
Table I).

Due to the weak scaling ddrop'vdnm, the nozzle
diameter d, would have to be reduced into the
submicron range in order to shift dy0p to the targeted
droplet diameters of a few hundred micrometres. On
the one hand, this puts severe challenges on
the fabrication of the nozzle. On the other hand, the
droplet generation frequency would be way too low for
an industrial production in a merely gravity driven
flow. By applying an additional pumping pressure, the
throughput could be raised, which pushes the break-off
dynamics into the undesired jetting regime in return.
Most seriously, however, the cells would not fit through
the sub-micron micronozzle anymore, thus ruling out a
successful encapsulation.

To generate small droplets without choking the
droplet rate, one therefore shrank the droplet diameter
dgrop by imposing centrifugally induced artificial gravity
conditions

Sart = 0)2 r (2)

Table I. Main measured material parameters of the alginate
solutions for microbead fabrication.

Mass density Surface tension Viscosity

Material (gem™) (mNm™") (Pas)™
2 w-% Na-alginate 0.997 65.45* 2.75
4 w-% Na-alginate 1.006 - 17.47
5 w-% Na-alginate 1.018 - 36.42
6 w-% Na-alginate 1.017 - 49.78

“Pending drop method: mean value (n=4); “*dynamic viscosity at
205! shear rate.

Na-al\ginate air gap  Ca-alginate

receiving
tube

llOtOl PHlwl#0

micronozzle

DB
w| =0

CaCl: solution

alginate
reservoir

centrifuge

with the radial position of the nozzle r and the angular
frequency w. For the nozzle tip positioned at a radius
r=57cm and a typical experimental spinning
frequency w=176rads™" (28 Hz), the artificial gravity
calculates to g, ~1766ms >, i.e. a 180-fold increase
with respect to terrestrial gravity! To still stay within
the dripping regime at high centrifugal ‘pulling’ forces,
the flow rate is throttled by a sufficient length of
the narrow nozzle tube. Inserting equation (2) into
equation (1), this centrifugal dripping process thus
delivers a droplet diameter dgyop of 305 um for a 2w-%
Na-alginate solution.

Setup for centrifugal droplet generation

In this novel, rotor based setup, droplets were generated
within the dripping regime at the micronozzle tip of a
commercially available standard polymer tube
(Figure 2). The inner end of the tube is connected to
a 500 uL reservoir containing the Na-alginate solution.
The receiving standard Eppendorf tube (‘Eppi’) with a
volume capacity of 1.5mL or 2-mL contains the
CaCl, solution. The Eppi is held in a flying bucket
holder which is free to align according to the frequency-
dependent centrifugal field (f,). Therefore, the dis-
pensed alginate droplet impacts perpendicular to the
air-liquid meniscus within the tube. Upon halting the
rotor, gravity prevails to realign the tube in a vertical
position. The Eppendorf tube can be taken out of the
rotor for further processing, e.g. culturing or analysis.
Due to the intrinsic rotational symmetry, several
nozzles can be operated simultanecously in a spoke-like
alignment on the same rotor.

Hardening

The sol-gel transition of the alginate beads initiates at
the interface between droplet and CaCl, solution
(100 mm) and continues inbound until the entire droplet
forms a solid microbead. While the hardening of the
outer shell occurs quite rapidly upon contact with the
curing agent, the Ca®>" ions have to diffuse through an

micronozzle  receiving tube

» lwl #0

rotation
lw|l =0

rotor

Figure 2. (Left) Functional principle of the rotating micronozzle set-up. At a frequency of rotation w > 0, an alginate solution
is dispensed from a micronozzle and ‘falls’ under the impact of the artificial gravity (f,,) into a receiving tube held in a flying
bucket arrangement and containing the CaCl, hardening agent. (Right) Photo of the experimental centrifugal set-up for

Ca-alginate bead fabrication.
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Figure 3. Left: microscopic picture of Ca-alginate beads fabricated using the 127 um/165 um micronozzle at a frequency of
28 Hz. Right: Beads exhibit a surface topology after drying in air which is possibly associated with the liquid bridge observed

during the droplet break-off in Figure 4(f).

increasingly thick layer of hardened alginate at the later
stages.

Due to the rapid hardening of the outer shell, a direct
contact between the alginate and the CaCl, solution at
the issuing micronozzle would lead to fatal clogging.
One possible solution to avoid clogging is the dispersion
of alginate into an intermediate, immiscible oil-phase
(Tan and Takeuchi 2006). However, this method is
much slower and requires an additional washing of the
beads.

A more simple approach for the hardening of
alginate beads is presented here. This study interspersed
an air gap as a spacer between the alginate solution
issued from the nozzle and the CaCl, solution stored in
a receiving tube (Haeberle et al. 2007a). Using an air
spacing instead of a liquid also obviates the need of
subsequent washing steps for the retrieval of the beads.
A surfactant (0.1w-% Tween-20) supports the swift
penetration of the alginate droplet into the liquid bulk
to suppress the agglomeration with previously dis-
pensed droplets settling at the liquid meniscus or
the bursting of the droplets at high impact velocities.

Na-alginate solution

The main material parameters of the utilized
Na-alginate solutions (Roth, order number: 9180.1)
for different concentrations are compiled in Table I.
Na-alginate is a non-Newtonian (thixotropic) liquid
exhibiting a non-linearly decreasing dynamic viscosity
towards elevated shear rate. The highest, 6 w-%
concentration used in these experiments exhibits a
viscosity of 49.78 Pa s, corresponding to ~50 000 times
(!) the viscosity of water.

The processing of Na-alginate solutions at concen-
trations beyond 2 w-% is hard to realize using conven-
tional techniques (Koch et al. 2003) and thus constitutes
a strong selling point of the centrifugal microencapsu-
lation technology. This is important because the
mechanical stability of the Ca-alginate beads increases
with the alginate concentration (Martinsen et al. 1989)

and an improved stability is advantageous during
implantation (Peirone et al. 1998).

Experimental results
Droplet formation under rotation

Figure 3 displays Ca-alginate micro-beads that were
fabricated using the 127 um/165 pm nozzle (inner and
outer diameter, ID/OD) immersed in an aqueous
environment. Along the drying process in air, the
beads continuously shrink (Figure 3, right). A fraction
of the beads apparently features a surface topology
which is likely to result from the liquid-bridge that has
been observed during the droplet break-off

(Figure 4(f)).

Size distribution

The diameter of the micro-beads (2 w-% Na-alginate)
fabricated using the 127 um/165 pum nozzle at different
frequencies of rotation (17-28 Hz) is displayed in
Figure 5 (left). The size distribution of a few thousand
beads has been measured using a laser diffractometer
(Beckman Coulter, 1.5S230). The generation of beads is
suppressed at frequencies below 17Hz where the
surface tension force still over-rules the centrifugal
field. Proceeding beyond this lower threshold frequency
into the working range of the micronozzle, the average
size of the micro-beads decreases due to the inverse
scaling dgrop ~ Zar P ~w» 2 with the frequency of
rotation w (2). The main peak displays a narrow width
(CV between 7-16%) which is attributed to the pulse-
free centrifugal droplet generation mechanism.

A rate of 600 beads per second has been recorded for
the 127 um/165 pm micronozzle at 28 Hz, correspond-
ing to a discharge of ~1.9uLs™' per nozzle. The
droplet rate depends on the length and the diameter of
the micronozzle as well as the viscosity of the dispensed
solution. In the working range, the rate also rises with
the frequency w.
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However, with an increasing droplet generation rate,
the time interval between two subsequent droplets
impacting at the air-liquid interface diminishes. Above
frequencies of 22.5Hz, this eventually leads to merged
droplets, appearing as multiples of the initial diameter
in the upper end of the size distribution.

The mean bead diameters (dsy) measured for both
micronozzles (127 um/165 um and 511 pm/562 pum) over
the frequency of rotation w are shown in Figure 5
(right). The coalescence of droplets sets a practical
upper limit for the frequency of rotation, amounting
to 14Hz and 28Hz for the 511um/562um and
127 um/165 pm nozzles, respectively.

Besides the experimentally measured bead size, the
theoretically calculated droplet diameters of the
Na-alginate droplets corresponding to equations (1)
and (2) are plotted in the graph (dashed line) in Figure 5
(right). Evidently, the theoretical diameters of the Ca-
alginate beads are systematically located above the
experimentally observed values. This systematic devia-
tion can be explained, to a certain extent, by a reduction
of the diameter of 32% associated with the gelification
process (Wolters et al. 1992), as indicated by the solid
line (theoretical Ca-bead diameter after gelification and
the accompanying shrinkage).

The good qualitative agreement between the experi-
mental and the theoretical data corroborates the

rotating micronozzle

300pum

validity of the applied dripping theory. The measured
bead diameter (Figure 5, right) also demonstrates the
capability to fabricate Ca-alginate microbeads with
diameters between 180-800 um using a suitable micro-
nozzle geometry and tuning the droplet formation by
changing the frequency of rotation.

High-concentration alginate microbeads

Ca-alginate beads made from 4, 5 and 6 w-% Na-alginate
solution and using the S511pm/562pum nozzle at a
frequency of 40 Hz are depicted in Figure 6. The beads
show an increasing tail towards growing Na-alginate
concentrations which apparently emerges from the
hardening of the bridge that establishes during the
droplet formation at the micronozzle (Figure 4(f)).

For the highest concentration (6w-%), the tail
imposes an elongated, non-spherical shape of the
Ca-beads as the highly viscous droplet cannot relax to
assume a spherical shape within the short transfer time
between the micronozzle and the receiving tube.
However, complying with equation (1) derived for the
quasi-static dripping regime, the size of the Ca-alginate
beads does not change significantly with increasing
viscosity (concentration).

Figure 6 demonstrates the general capability of the
centrifugal encapsulation technology to handle highly

Na-alginate plug

R I -

SN

necking towards receiving vessel “bridge”

Figure 4. Stroboscopic sequence visualizing the droplet break-off under rotation at the 127 um/165 um micronozzle at 22.5 Hz
(Grumann et al. 2005). Frame F shows a liquid ‘bridge’ between the issued droplet and the nozzle.
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Figure 5. Left: Size distribution of the beads, fabricated using the 127 um/165 pm nozzle. Right: Mean diameter (dso) of the
microbeads over the frequency of rotation. The size shrinks towards elevated frequencies due to the prevalence of the artificial

gravity field according to equations (1) and (2).
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viscous liquids. This is of great importance for the
encapsulation of cells as the mechanical stability of the
Ca-beads increases with the Na-alginate concentration
(Martinsen et al. 1989). A high stability is, in turn,
favourable for the implantation of encapsulated cells
(Peirone et al. 1998).

The droplet formation rate is slowed down for higher
viscous solutions. In particular for small frequencies of
rotation and small micronozzle dimensions, the droplet
formation process can even extend over several seconds!
In order to set a certain production rate, the frequency
of rotation can, of course, be elevated.

Encapsulation of cells

The incorporation of cells into homogeneous alginate-
capsules (Peirone et al. 1998, Sugiura et al. 2005, Tan
and Takeuchi 2006) represents the first step for further
encapsulation into a liquid core capsule, for instance

according to the alginate/poly-L-lysine (PLL)/alginate
technology (Renken and Hunkeler 1998, Joki et al.
2001, Koch et al. 2003). The goal of this work is to
prove the successful encapsulation of cells into
Ca-alginate beads while maintaining their vitality
using the centrifugal encapsulation technology.

Centrifugal cell-encapsulation

For the encapsulation studies, two cell types were used:
HN25 and PCI2 cells. Both were cultured following
standard procedures. The Na-alginate solution was
prepared using D-PBS buffer (without CaCl, and
MgCl,) instead of water in order to comply with the
osmotic pressure of the cells and to avoid an unwanted
hardening of the alginate. As receiving liquid, the same
100 mm CaCl,-solution—without an additional surfac-
tant—was used as in the prior experiments. Prior to the
encapsulation process, the solutions (Na-alginate and
CaCl,) as well as the micronozzle and the tubes were

Figure 6. Micro-beads made from high-concentrated (4, 5 and 6 w-%) Na-alginate solution using the 511 um/562 um

micronozzle (frequency of rotation: 40 Hz).

Figure 7. (a) HN25 cells (2 w-% alginate, 127 um/165 um nozzle, 20 Hz). (b) Low concentration of PC12 cells (2 w-% alginate,
511 pum/565 pm nozzle, 20 Hz). (c) High concentration of PC12 cells (2 w-% alginate, 511 um/565 pm nozzle, 20 Hz).
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Figure 8. Vitality of the cells (PC12) before and directly
after the encapsulation (2 w-%). Almost no losses linked to
the encapsulation process are observed. After several days of
culturing, the amount of living cell decreases down to 42.9%
at day 11.

sterilized in an autoclave (15min @ 121°C for liquids
and 20min @ 121°C for solids).

The cells are released from the floor of the culturing
flask and re-suspended in a 50 uL. culture medium. The
cell suspension is mixed with 500 pL of the Na-alginate
solution and placed into the micronozzle reservoir
which is mounted on the rotor (Figure 2). Afterwards, a
batch of the cell-alginate suspension is encapsulated by
spinning for S5min at 20 Hz. The cell-containing Ca-
alginate beads within the receiving tube are then
extracted from the CaCl,, re-suspended in 5mL culture
medium and placed in a Petri-dish for optical investiga-
tion or vitality testing.

Figure 7 shows ensembles of HN25 and PCI12 cells
encapsulated into Ca-alginate beads (2w-%) using
different micronozzles and cell concentration. The
high concentration PC12 beads have been used for the
long-term vitality tests as described in the following.

Cell vitality

The number of living cells has been measured before the
encapsulation process by colouring the cells with trypan
blue and counting them in a Neubauer counting
chamber. The encapsulated cells are released by
incubating the Ca-alginate beads into a 0.1 M trisodium
citrate solution for Smin (Lee et al. 1991). Afterwards,
they are re-suspended in culture medium for the vitality
test. The results for the high PCI12 concentration
experiments are reproduced in Figure 8, displaying a
slight decrease of the number of living cells directly
after the encapsulation compared to the control test
(from 99.6% to 98.2%). Also, after 2 days of
encapsulation, the majority of the cells are still alive
(95.9%) and a significant decrease of vitality is not
observed until the fourth day (88% down to 42.9% at
day 11). The released cells have been further cultivated

in Petri-dishes, showing a similar vitality in terms of
adherent confluent growth compared to the control
lines.

Conclusion

This study added micro-bead fabrication capabilities to
the recently introduced centrifugal multiphase micro-
fluidic platform (Haeberle et al. 2007a, b). By adjusting
the spinning frequency and the nozzle geometry, the
main peak of the alginate solution can be pushed below
200 pm, exhibiting a CV down to 7% only. This size of
the alginate microbeads is compatible with applications
for therapeutic cell encapsulation. Compared to
existing methods, this novel centrifugal scheme offers
pulse-free und thus well reproducible droplet
generation.

The ability of the centrifugal encapsulation technol-
ogy to even process highly viscous liquids within small-
diameter and thus high-resistance micronozzles under
the impact of the centrifugally induced artificial gravity
conditions has been shown for highly concentrated
Na-alginate solutions (viscosity enhanced up to a factor
of 50 000 with respect to water). Finally, two different
cell types (PC12 and HN25) are successfully encapsu-
lated into single Ca-alginate beads. The gentle, cen-
trifugally induced droplet break-off allows one to
conserve the vitality of the cells.

Besides the capability to process high-viscous liquids,
another advantage of the centrifugal microencapsula-
tion technology is its conceptually simple and low-cost
set-up. The complete encapsulation equipment could be
realized in an enclosed disposable polymer tube similar
to spin-columns. These sterilized containers can be
processed in any standard flying-bucket rotor at a high
degree of parallelization. No additional equipment
other than the disposable is required, thus obviating
many cleaning and sterilization steps which are
common in present technologies. The here presented
technology hence enables even a resource-poor research
lab to carry out encapsulation experiments on demand
and to push the encapsulation of living cells technology
for drug delivery in general.
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