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Foreword

In November 1998 the COST 840 action “Bioencapsu-
lation — Innovation and Technologies” funded by the
European Community started its five-year work.
COST 840 is devoted “to develop the bioencapsula-
tion methods in view of their transfer and develop-
ment in agricultural and industrial applications”.
Thus, the extension of the knowledge in bioencapsu-
lation by input from people with different scientific
backgrounds and the broadening of application fields
for existing encapsulation technologies are major
items of this work.

Due to this interdisciplinary approach Cost 840 is
divided into five working groups with different focu-
ses. This special issue of the “Landbauforschung Vol-
kenrode” is the outcome of the workshop “Practical
Aspects of Encapsulation Technologies” held on 12.-
14.10.2001 in the Institute of Technology and Bio-
systems Engineering of the Federal Agricultural Re-
search Centre (FAL) in Braunschweig, Germany,
which has been organised by the working group 3
within COST 840, a working group with the focus on
the evaluation of encapsulation methods and techno-
logies for large scale applications.

The workshop has been attended by nearly 50 per-
sons, about 2/3 from academia and 1/3 from indu-
stry, and has been divided into oral and poster pres-
entations. Every author also submitted a full manu-
script of his contribution which is now printed in this
special issue after it has been reviewed by known
experts in the field of encapsulation.

The content of this special issue covers the whole
range from fundamentals to industrial-scale applica-
tions of different encapsulation methods and techno-
logies. It contains a more fundamental insight of the
different technologies for the production of beads and
their applicability to be scaled-up to industrial dimen-
sion, new encapsulation methodologies with a high
potential to be used in industry within the next years
and existing industrial scale applications both of
encapsulation methods and technologies.

The application fields of the presented contributions
range from agriculture and food industry over bio-
technology and medicine to chemistry. Thus, this
special issue gives a comprehensive summary of up
to date possibilities of encapsulation technologies and
applications.

Braunschweig, October 2002

UIf PriiBe and Klaus-Dieter Vorlop
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Bead production with JetCutting and rotating disc/nozzle technologies

UIf Priiie!, Ulrich Jahnz?, Peter Wittlich?, Jirgen Breford', and Klaus-Dieter Vorlop'

Abstract

Different technologies for the production of solid
beads from liquids via a single droplet state are com-
pared. The mentioned technologies include simple
dropping, electrostatic-enhanced dropping, vibration,
rotating disc, rotating nozzle and especially the Jet-
Cutter, which is discussed more in detail. The JetCut-
ter is a simple and efficient technology for the produc-
tion of monodisperse spherical beads from solutions,
melts and dispersions. Currently, it is the only tech-
nology which is also able to satisfactorily process
fluids with a viscosity up to several thousands mPa-s.
The cutting process and the reduction of the losses are
presented in detail. New developments in JetCutter
technology like a pre-gelation line, a heating device
and a two-fluid nozzle for simultaneous coating are
discussed. Finally, manifold applications in various
industrial fields are presented.

Keywords: JetCutter, rotating disc, rotating nozzle,
beads, spherical particles, encapsulation

1 Introduction

Solid particles (pellets, beads) in the size range be-
tween um and mm play an important role in various
industries like agriculture, biotechnology, chemical,
pharmaceuticals and the food industry. Thus, plenty
of particle production technologies exist and their
further development is of major interest both from an
economic and scientific point of view.

Generally, single and discrete solid particles may
be produced with three different approaches:

1. from larger solid entities by grinding,

2.from smaller solid entities by agglomeration,
granulation, pressing or tabletting - small fluid
entities may also be used if in-situ drying is ap-
plied -, or

3. from fluid entities in the same size range with an
immediate physical or chemical solidification
step.

Although it is necessary to produce solid particles
in industrial quantities, in recent years, solid particles
are required more and more to have an ideal spherical
shape. Such beads are much easier to dose, and pose

less danger to humans and equipment during manu-
facturing (less respirable abrasion and lower explo-
sion risk). Last but not least, they look much nicer
from an aesthetic point of view, which is very impor-
tant if the beads are part of a final product.

From the three different approaches named above,
the third is, in principle, best suited for the production
of ideal spherical beads. Only with this approach can
the solid bead be a more or less equally sized liquid
droplet — which is perfectly round due to the surface
tension — directly prior to its solidification. Corre-
spondingly, numerous different techniques exist
which use the principle of generating a droplet which
immediately afterwards is solidified to a spherical
bead by physical means, e.g. cooling or heating, or
chemical means, e.g. gelation, precipitation or polym-
erisation. This paper will give a short overview of
these techniques with the focus on high-throughput
techniques, like the rotating nozzle and rotating disc
technique and particularly the JetCutter.

2 Technologies for bead production
2.1 Dropping technologies

Three different methodologies are considered
dropping technologies: simple dropping, electrostatic
enhanced dropping and vibrational jet-breakup. In this
order the technologies become more and more com-
plicated but also more sophisticated. A scheme of
these technologies is shown in Figure 1, the literature
about these technologies is summarised by Kuncova
2002, Nedovi¢ 2002 and Lacik 2002.

Bead production by simple dropping (Figure 1,
left) is by far the easiest method. When a liquid flows
out of a nozzle or a cannula, a droplet begins to form
at the end of the nozzle. The “growing droplet” first
adheres to the nozzle. When the gravity force of the
growing droplet exceeds the adhesion force at the
nozzle, the droplet will be pulled off the nozzle and
will fall down. During falling the droplet will assume
a spherical shape due to the surface tension of the
liquid. Afterwards the generated single droplets may
be collected, e.g., in a gelation bath.

The bead size depends mainly on the viscosity of
the liquid and the diameter of the nozzle. Generally,
only large beads (¥ > 2 mm) are accessible by simple
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dropping, smaller beads will only be generated if an
additional annular air flow around the nozzle is ap-
plied. This air flow often leads to a significant broad-
ening of the size distribution, which otherwise is usu-
ally very narrow. Other disadvantages are the low
throughput of this technology, which limits its appli-
cations to the lab-scale, and the fact that only low-
viscous fluids can be processed without problems
(usually below 200 mPa-s).

electrostatic vibration

dropping

| P i

dropping

e
e e
® e Ir )
° ® ]
@ @ 1 15}
..... ..... .....
Figure 1:

Scheme of different dropping technologies for bead produc-
tion

The electrostatic enhanced dropping (Figure 1,
middle) is a quite similar technique. In this case, a
growing bead will be pulled off the nozzle, if the sum
of the gravity force and the electrostatic force exceeds
the adhesion at the nozzle. This technique allows the
production of very narrowly distributed beads in a
broad accessible size range (approx. 0.3-5 mm). Ne-
vertheless, the limitations concerning the low viscos-
ity of processible fluids and the low throughput are
still present, so that this technique is restricted to lab-
scale. Further details about this technique can be
found in this issue (Nedovi¢ et al. 2002).

The vibrational jet-breakup, or simply vibration
technique (Figure 1, right), is the most sophisticated
dropping technique. Bead production is achieved by
superposing a oscillation on a fluid jet coming out of
a nozzle. This vibration leads to a definite constriction
of the jet which finally disintegrates into discrete
beads which can be collected afterwards. The vibra-
tion technique also enables the production of very
narrowly distributed beads in a broadly accessible size
range (approx. 0.3-5 mm), but again, the low viscosity
of the processible fluids limits its applications. A
scale-up of this technology by multi-nozzle systems
has already been done, so that this technology might
also be used on a technical scale. Detailed information
about this technology can also be found in this issue
(Heinzen et al. 2002).

2.2 Rotating disc and rotating nozzle atomizer

Quite different from the dropping technologies are
the rotating disc and nozzle technologies (Figure 2,
for a literature overview see PriilBe and Vorlop
2002a). In these cases, the bead generation is achieved
by a spinning device which is either a disc (Figure 3)
or a multi-nozzle device (Figure 4) not too different
from a drum screen or the drum inside a washing
machine. The fluid is either fed onto the spinning disc
or into the spinning nozzle system and will flow over
the perimeter of the disc or through the nozzles. If the
disc/nozzle rotates, the flowing fluid disintegrates,
driven by the centrifugal force and its own inertia.
Depending on the rotation speed, three different disin-
tegration regimes might be distinguished:

1.slow rotation: single beads are formed directly at
the disc perimeter or the nozzle

2. medium rotation: ligaments are formed at the disc
perimeter or the nozzle which disintegrate after a
certain ligament length

3. fast rotation: a fluid film is formed which disinte-
grates in a irreproducible manner

rotating disc
atomizer

| )

rotating nozzle
atomizer

Figure 2:
Scheme of the rotating disc and nozzle technology for bead
production

Figure 3:
Photo of bead formation (ligament regime) by a rotating
disc device (Koch and Walzel 2001)
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Figure 4:
Photo of bead formation by a rotating nozzle device (Walzel
2001)

The bead size accessible with these technologies
ranges from between a few hundred microns up to
several millimetres. The size is mainly influenced by
the viscosity of the fluid and the rotation speed of the
disc/nozzles. The throughput has to be adjusted to the
spinning speed in order to be within the desired disin-
tegration regime.

In any case, the bead formation with these tech-
nologies is not as well defined as for the dropping
technologies, so that generally the particles are quite
broadly distributed. Another, very severe problem is
the occurrence of satellite beads (Champagne et al.
2000). Satellite beads are beads which are signifi-
cantly smaller than the beads which were produced.
They are generated by a non-ideal disintegration of
the ligaments. Although satellite beads might also be
generated by dropping technologies if the device is
not run correctly, they can almost entirely be elimi-
nated for the dropping technologies. In contrast, for
the two rotating technologies, the avoidance of satel-
lite beads is more the exception than the rule. Another
disadvantage is again a severe limitation in the fluid’s
viscosity, which usually has to be below a value of
approximately 200 mPa-s. Nevertheless, as these two
classical technologies possess a very high throughput,
they both are widely used for industrial processes.

JetCutter

|

b
0‘.'
.l.l‘

Figure 5:
Scheme of the JetCutter technology for bead production

2.3 JetCutter

The JetCutter technology is based on a completely
different principle from bead generation and is
achieved by a mechanical cut of a solid liquid jet
(Figure 5). The JetCutter is described in detail in the
next chapter. For a literature overview see Priile and
Vorlop 2002b.

3 The JetCutter
3.1 Principle and device

In bead production by the JetCutter, the fluid is
pressed with a high velocity out of a nozzle as a solid
jet. Directly underneath the nozzle the jet is cut into
cylindrical segments by a rotating cutting tool made
of small wires fixed in a holder. Driven by the surface
tension, the cut cylindrical segments form spherical
beads while falling further down to an area where
they finally can be gathered.

Bead generation with JetCutting is based on the
mechanical impact of the cutting wire on the liquid
jet. This impact leads to the cut together with a cutting
loss, which in a first approach can be regarded as a
cylindrical segment with the height of the diameter of
the cutting wire. This segment is pushed out of the jet
and slung aside where it can be gathered and recycled
(Figure 6). As only a mechanical cut and the subse-
quent bead shaping driven by the surface tension are
responsible for bead generation, the viscosity of the
fluid has no direct influence on the bead formation
itself. Thus, the JetCutter technology is capable of
processing fluids with viscosities up to several thou-
sand mPas.

liquid

. Jet
cutting .
wire cuting
\ / loss

>

movement +
of the wire I

cuttingloss

cut L
recycling

cylinder

bead —@

Figure 6:
Scheme of the cutting process, simplified model

The size of the beads can be adjusted within a
range of between approx. 200 um up to several milli-
metres. The main parameters are the nozzle diameter,
the flow rate through the nozzle, the number of cut-
ting wires and the rotation speed of the cutting tool. In
order to get narrowly distributed beads one has to
maintain a steady flow through the nozzle which may



achieved with a pressure vessel or a pulsation-free
pump and a uniform rotation speed of the cutting tool.

The cutting tool itself also has to fulfil one major
requirement. In order to produce beads of the same
size, the wires have to have equal distances. This is
best achieved by a circular stabilisation of the wires
on the outer perimeter as is shown in Figure 7.

Figure 7:
Photo of a cutting tool with 48 stainless steel wires (0 = 50
pum) and circular stabilisation

This circular stabilisation is essential even if the
wire diameter is reduced in order to decrease the cut-
ting losses (see also Figure 6). The diameter of the
cutting wire may be decreased down to 30 pm. Usu-
ally, stainless steel wires are used, but the application
of polymer fibres is also practicable.

Another requirement for the JetCutter is that a
solid jet is formed. Therefore, special solid jet nozzles
have to be applied. Even with these solid jet nozzles
the liquid jet disintegrates after a certain length. This
length depends on the viscosity and velocity of the
fluid. In order to ensure a perfectly shaped jet at the
point where it is cut by the wires, the cutting tool
should not be too far away from the nozzle outlet, e.g.
only a few millimetres (Figure 8).

Figure 8:
Arrangement of nozzle (left, in the white holder) and cutting
tool

3.2 Detailed description of the cutting process

At first glance, the principle of the JetCutter is
very simple. Nevertheless, at second glance, it is
much more complicated. The cutting process as
shown in Figure 6 is idealised and only holds true if
the velocity of the cutting wire is much higher than
the velocity of the liquid jet. Actually, these two ve-
locities are in the same range so that the progressive
movement of the liquid jet has to be taken into ac-
count for a proper description of the cutting process
(Figure 9, see also Priile, Bruske et al. 1998 and

Priifle, Fox et al. 1998a).
ts t ts

Locally and temporally resolved schematic representation of

™ ]

Figure 9:

the cutting process for a horizontal cutting plane (top) and
an inclined cutting plane (bottom), actual position of the
cutting wire: black circles, former and future positions of
the cutting wires: blank circles, cutting loss: dark grey,
liquid jet: bright grey, t = time

Figure 9 shows both a locally and temporally re-
solved scheme of the cutting process. On the very left
hand side, the liquid jet and the positions of the cut-
ting wires at the different times t; to ts (cutting plane)
in relation to the liquid jet are shown. Further to the
right, the progressive movement of the jet is shown at
each time (t; - t5) as well as the actual position of the
cutting wire at that time (black circle). Prior and sub-
sequent positions of the wire are indicated by blank
circles. The cutting loss which is pushed out of the jet
is also displayed.

In the case of a vertical nozzle and a horizontal
cutting plane (Figure 9, top) it can be seen that the
progressive movement of the liquid jet during the
cutting process leads to a diagonal cut through the
liquid jet. Accordingly, a proper inclination of the
cutting tool should lead to a straight cut through the
jet (Figure 9, bottom).

Figure 9 displayed that the progressive movement
of the jet during cutting leads to a diagonal cut
through the liquid jet. Thus, the cutting loss has a



U. Priif3e et al. / Landbauforschung Vélkenrode (2002) SH 241:1-10

somewhat ellipsoidal shape — and is therefore larger
than it is in the idealised model in Figure 6 — and the
cut cylinders are distorted (Figure 10). Further, it is
conceivable that the ends of the distorted cylinders
might be torn off from the rest of the cylinder and
form additional spraying losses. In that case the over-
all losses generated by the mechanical cut through the
liquid jet would be quite high. Nevertheless, it is also
shown that a proper inclination either of the cutting
tool (Figure 10, middle) or the nozzle (Figure 10,
bottom) lead to straight cut through the jet with the
“normal” cutting loss and no additional spraying
losses.

On the basis of this more sophisticated geometri-
cal model a set of equations displayed in Table 1 has
been derived which is capable of describing the cut-
ting process both for a perpendicular arrangement of
nozzle and cutting plane (horizontal cutting plane) as
well as for an inclined arrangement (inclined cutting
plane). Table 2 shows the check-up of the model.
Here, the experimental values of the overall losses
during the production of PVA beads in dependence on
the diameter of the cutting wires used are displayed.
Two sets of experiments are shown, one with a hori-
zontal cutting plane (cutting losses and additional
spraying losses) and one with a properly inclined
cutting plane (only cutting losses). For comparison,
the theoretical values are also given. Table 2 offers
three important pieces of information:

1. The losses decrease if a proper inclination is ap-
plied.

2.Experimental and theoretical values are in good
agreement, so that the model is suited to describe
the cutting process.

3.By using small cutting wires and an inclined cut-
ting plane, the losses can be decreased down to
less than 2 %. Such low losses are tolerable, no
loss recycling has to be applied.

Table 1:
Mathematical model of the JetCutter

parameter

horizontal cutting plane

liquid
jet liquid jet

cutting loss

additional
spraying loss

e bead-building
cutting volume

additional

spraying loss

liquid
jet
liquid jet

8 cutting loss

bead-building

volume

liquid jet
inclination
angle

- " - 8 cutting loss
cutting
wire

N bead-building

N volume

Figure 10:

Possible arrangements of nozzle and cutting tool and result-
ing losses, from top to bottom: perpendicular arrangement,
inclined cutting tool, inclined nozzle

inclined cutting plane
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Table 2:

Overall losses for horizontal (horiz.) and inclined (incl.)
cutting plane in dependence on the diameter of the cutting
wire, exp: experimental, calc: calculation

Wire Overall losses, %

diameter, horiz. cutting plane incl. cutting plane
mm exp calc exp calc
0.1 8.8 7.9 2.4 2.0

0.2 10.4 10.1 4.0 3.9

0.3 10.2 12.5 6.6 5.8

But, although the model is able to describe the
process in terms of losses and also the resulting bead
diameter, it is still a model. Thus, it is not really sur-
prising that the reality still looks different (Figure 11).

Lar:

~
L]
-
-
-
-
L
L

Figure 11:

High speed images of the cutting process during the produc-
tion of alginate beads, left: high wire velocity and low fluid
velocity = small beads, right: low wire velocity and high
fluid velocity = large beads

In Figure 11, two photos of the cutting process
taken with a high speed camera are shown. In both
cases a horizontal cutting plane has been applied. It is
obvious that the cut segments do not really have a
cylindrical shape. Nevertheless, these segments are
able to form spherical beads after a short period (Fig-
ure 11, left). With regard to losses, a bent end of the
cut segment is on top, but it remains almost in con-
tact with the cutting wire, which pulls it from the cut
segment as if it were molten cheese (Figure 11, right).
But in this case beads are still formed after a short
period of time. The photos clearly indicate that there
is still a lot of work to do in order to fully understand
the process of bead formation by JetCutting.

3.3 Throughput and scale-up

A necessary requirement for bead production in
JetCutting is that a really solid jet be pressed out of

the nozzle and that this solid jet be maintained until it
is cut by the wires. This can be achieved with a com-
bination of special solid jet nozzles and a high fluid
velocity (up to 30 m/s), the latter with corresponding
high flow rates. Due to the solid jet requirement, the
flow rate per nozzle is considerably higher for the
JetCutter than for any other bead production technol-
ogy. Nevertheless, since the two rotating techniques
both contain multi nozzles or multi bead generation
sites, the bead production rate from the rotating disc
in each device is higher for these two technologies as
compared with a single nozzle JetCutter. For the Jet-
Cutter technology two methods of scaling-up are
possible.

First, a multi-nozzle JetCutting device can be ap-
plied, in which the nozzles are staggered near the
perimeter of the cutting tool. In this case, special
attention has to be paid to avoid additional spraying
losses. If a horizontal cutting tool is used with verti-
cally arranged nozzles, considerable additional spray-
ing losses will be occur, which, of course, is undesir-
able. The application of an inclined cutting tool, al-
though perfectly suited for a single-nozzle system, is
not much better since the additional spraying losses
can only be avoided at one single site on the circuit,
whereas on the opposite side of the circuit these losses
would be even higher than usual. The problem can be
solved only if properly inclined nozzles are used to-
gether with a horizontal cutting tool. With this ar-
rangement, the additional spraying losses can be
avoided at any site on the cutting tool‘s circuit (Figure
12).

The second possibility for a JetCutter scale-up is
the increase of the cutting frequency. The cutting
frequency determines how often the jet is cut in a
definite time period and, thus, how many beads are
generated in that time. The cutting frequency is given
by the number of cutting wires in the cutting tool and
its rotation speed. Usually, the JetCutter is used with
cutting frequencies between 5000 and 10000 Hertz
(Hz) (maximum 14400 Hz), which means that from
5000 to 10000 beads per second are generated. A
further enhancement of the cutting frequency will be
achieved when a motor drive with a higher rotation
speed and a cutting tool with more wires are applied.
With this approach, for special applications cutting
frequencies of up to 25000 Hz might be realised.

The production rates of a single nozzle JetCutter
device for three common cutting frequencies are
shown in Table 3. The rates are given in terms of
L/(h-nozzle). Table 3 indicates that — depending on
the desired particle size — even with the single nozzle
JetCutter device and common cutting frequencies, the
production rate per day can range between one kilo-
gram and several tons of beads.
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Figure 12:
Scheme of a multi nozzle JetCutter operating without addi-
tional spraying losses

Table 3:

Theoretical throughput of the JetCutter in L/(h-nozzle) for
different bead diameters and a cutting frequency of 5000,
7500 and 10000 Hertz (Hz), respectively

Bead diameter,  Theoretical throughput, L/(h-nozzle)

mm 5000 Hz 7500 Hz 10000 Hz
0.2 0.08 0.11 0.15
0.4 0.60 0.91 1.2
0.6 2.1 3.1 4.1
0.8 4.8 7.2 9.7
1.0 9.4 14.1 18.8
1.5 31.8 47.7 63.6
2.0 75.4 113 151
2.5 147 221 295
3.0 254 382 509
4.0 603 905 1206
5.0 1178 1767 2356

3.4 New developments

Currently, three major developments concerning
the JetCutter are in process:

1. spraying tunnel for larger beads
2.heating device for melt processing
3.2-fluid nozzle for simultaneous coating

The high fluid, and therefore bead, velocity is one
of the advantages of the JetCutter, as high throughputs
are easily realised. Nevertheless, this high droplet
velocity is a problem for the collection of beads with
a spherical shape, especially for larger beads. If the
droplets were collected in a collection bath, e.g. a
CaCl, bath for alginate beads, the droplets may be
deformed at the liquid surface when entering the bath.
For small droplets, the problems are minor even at
speeds of up to 30 m/s. However, larger droplets
which have such high speeds will be deformed at the
collection bath surface due to their higher weight.

In order to overcome this problem, the droplets
have to be pre-gelled prior to entering the collection
bath. This pre-gelation is achieved by letting the drop-
lets fall through a tunnel (5 m length) equipped with
several spraying nozzles (Figure 13). The collection
bath is permanently pumped through the spraying
nozzles, which generate a fine mist (aerosol) from the
collection bath inside the tunnel. While falling, the
spherical droplets are covered with the mist and, thus,
are pre-gelled, maintaining their spherical shape. The
pre-gelation hardens the droplets — in fact they are not
droplets anymore but capsules — so that they maintain
their spherical shape when they enter the collection

bath.
% JetCutter
spraying
nozzle
\ ‘ s
°

°
5] o
spraying tunnel

collection bath

Figure 13:
Scheme (left) and photo (right) of the 5 m spraying tunnel
for pre-gelation

The second new development covers the process-
ing of all kinds of hot material, which might be melts,
e.g. waxes, or hot solutions, e.g. gelatin solutions. In
order to process such materials both the nozzle and
the cutting tool have to be heated to avoid clogging.
Therefore, the JetCutter has to be surrounded by a
heating chamber (Figure 14).

Figure 14:
Heating chamber surrounding the JetCutter sitting on top of
the 5 m tunnel



The heated JetCutter sits on top of the 5 m tunnel,
which in this case acts as cooling line. This cooling
line is sufficient to harden small beads, which have
high velocities. In order to harden larger beads as
well, the top of tunnel might be additionally equipped
with a device to distribute cold gas in the tunnel.

The third new development is devoted to the si-
multaneous coating of beads by a 2-fluid nozzle (Fig-
ure 15). For details about this procedure see Priifie et
al. 2000.

Figure 15:
2-fluid nozzle for the JetCutter

3.5 Applications

Since spherical beads are intermediates or pro-
ducts in different industrial sectors, e.g. agriculture,
biotechnology, pharmaceutical, chemical or food
industry, many applications exist for the JetCutter
technology. Generally, each application field has its
own requirements and restrictions concerning the
materials to be encapsulated, the type and viscosity of
the fluid, the desired particle size or the medium in

Figure 16:

which the beads should be gathered. In this connec-
tion it is advantageous that the JetCutter is capable of
processing all kinds of liquid material covering

e solutions,
e melts and
e dispersions.

A tabular summary — not necessarily complete —
of fluids tested so far or assumed to work with the
JetCutter, as well as substances and materials to be
encapsulated is given in Table 4.

Table 4:
Summary of fluids and materials applicable for bead pro-
duction/encapsulation with the JetCutter

Fluids Materials

o Alginate o Pharmaceuticals, pesticides
e Pectinate e Vitamins, amino acids

e Chitosan o Fragrances

o Gelatin e Bacteria, fungi, enzymes

o Cellulose derivatives e Dyes

o Waxes e Pigments

o Polymer melts e Magnetite

o Inorganic sols o Metal catalysts

Many of these substances can be connected to life
sciences. Indeed, life sciences is the application field
with the most diverse and challenging tasks for the
JetCutter technology. For example, formulations of
active agents or fragrances, controlled release systems
or functional foods (e.g. vitamins, amino acids, probi-
otics) are generally made by encapsulation in spheri-

Photos of different types of beads prepared by Jet Cutting (not in true scale). From top left to bottom right: Ca-alginate (@
= 0.6 mm), Ca-alginate, freeze-dried (@ = 0.3 mm), Ca-pectinate (@ = 0.53 mm), chitosan (@ = 0.5 mm), gelatin (& = 0.8

mm), wax (@ = 0.7 mm)
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cal beads. In these fields, special legal requirements
may exist which affect the encapsulation materials or
special substances, for example sensitive biological
matter, may need to be treated in a special manner.

The common polymers applied as an encapsula-
tion matrix in the life sciences (e.g. alginate, pecti-
nate, gelatin, cellulose derivatives, waxes) have al-
ready been used for bead production by the JetCutter.
Some examples of these beads are displayed in Fig.
16.

As already mentioned, one of the major advan-
tages of the JetCutter is that the viscosity of the fluid
does not limit bead generation. That means that not
only the formulation recipes used at the moment can
be applied to bead production by JetCutting, but also
those whose transformation into products failed due to
a too high viscosity. For the same reason biological
matter can be treated at lower temperatures, i.e. more
carefully, with the JetCutter since heating for viscos-
ity reduction is not needed.

In biotechnology the JetCutter was used for the
preparation of immobilised/encapsulated biocatalysts,
i.e., enzymes, bacteria or fungi (Muscat et al. 1996,
Priile, Fox et al. 1998b, Leidig et al. 1999, Jahnz et
al. 2001). In this field, the independence of the fluid
viscosity also was proven to be advantageous since
encapsulation matrices with high polymer contents
and corresponding high viscosities can be used (e.g.
polyvinyl alcohol) to form mechanically very stable,
abrasion-free beads. Such beads were also used for
the encapsulation of metal catalysts (Priile, Moraws-
ky et al. 1998).

As far as dispersions are concerned, sols, suspen-
sions and emulsions may be processed with the Jet-
Cutter. Two examples of processed suspensions are
shown in the Figures 17 and 18.

Figure 17:
20 % magnetite (in initial suspension) encapsulated in chi-
tosan beads (@ = 0.8 mm)

Figure 18:
40 % TiO, (in initial suspension) encapsulated in alginate
beads (0 = 1.3 mm)

4 Summary and prospect

Different bead production technologies based on
the generation of droplets prior to their solidification
were compared. Simple dropping and electrostatic-
enhanced dropping are well suited for lab-scale appli-
cations. Vibrational bead production is further used in
technical scale applications. The rotating disc and
rotating nozzle technology suffer from the broad par-
ticle size distribution. But as real high throughput
technologies they are widely used in industry. All
these technologies are limited due to the viscosity of
the fluids to be processed.

So far, the JetCutter is the only technology for
which bead generation is not limited by the fluid vis-
cosity. Thus, highly viscous fluids also can be trans-
formed into beads. Furthermore, the JetCutter is a
simple and efficient technology for the production of
spherical beads. Monodisperse beads in the particle
size ranging from approximately 200 um up to several
millimetres can be prepared with high production
rates. In addition, scaling-up the JetCutter will be
easily achievable. Losses can be regarded as negligi-
ble. None of the other technologies for beads produc-
tion shows this combination of advantages. Further,
the JetCutter may also be used to produce coated
beads in a one-step process.

The JetCutter technology can be applied in differ-
ent industrial sectors and for various applications such
as solutions, melts and dispersions are processible. In
the life sciences it might be used for the encapsulation
of active agents or fragrances, as well as for the pro-
duction of some functional foods (e.g. encapsulated
vitamins or probiotics). In the chemical industry,
applications such as the production of catalysts sup-
ports, packages for chromatographic columns or
polymer pellets are possible. Many other applications
are also imaginable.
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The JetCutter is a very promising technology for
the production of spherical beads with manifold ap-
plication possibilities. According to the sum of its
advantages, the JetCutter can be regarded as a supe-
rior technology for bead production. Accordingly, the
first technical scale application of bead production
with the JetCutter technology (capacity of about 1.2
tons/day for 1 mm beads with a density of 1 kg/L)
started in summer 2002.

Symbols and abbreviations

calc calculation

dyire diameter of the cutting wire
dpead bead diameter

D nozzle diameter

exp experimental

h hour

horiz. horizontal

Hz Hertz

incl. inclined

L litre

m meter, milli

mm millimetre

n number of rotations

p pressure

Pa Pascal

s second

t time

Uftuid velocity of the liquid jet
Uwire velocity of the cutting wire
Viess volume of the cutting loss
Vloss volume of the overall loss
z number of cutting wires

inclination angle

B cutting angle
pm micrometer
(%] diameter
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Cell immobilisation by electrostatic droplet generation

Viktor A. Nedovié¢!, Bojana Obradovié?, Denis Poncelet3, Mattheus F.A. Goosen®, Ida Leskogek-Cukalovié!, and

Branko Bugarski’

Abstract

This paper reviews the feasibility of electrostatic
droplet generation for the production of uniform hy-
drogel microbeads and applications of this technique
for cell immobilization. This is a novel extrusion
technique that uses electrostatic forces to disrupt a
liquid surface at the capillary/needle tip and form a
charged stream of small droplets. Experimental pa-
rameters which are critical for production of polymer
microbeads (in the range of 0.1 to 1 mm in diameter),
as well as mechanisms of alginate droplet formation
are presented here. It was shown that microbead size
was a function of applied potential, polymer surface
tension, needle size and electrode geometry. In addi-
tion, this technique was applied for immobilization of
several cell types (yeast, mammalian and plant cells).
There was no detectable loss in viability of these cell
cultures after exposure to high electrostatic potentials.
Cultivation studies of cells immobilized by electro-
static droplet generation showed good maintenance of
cell viability and activity, indicating broad potential
of this technique for the immobilization of a variety of
cell types for applications in different fields of bio-
technology, pharamceuticals and medicine.

Keywords: Electrostatic droplet generation, cell im-
mobilization, alginate carrier, microbead

1 Introduction

Hydrogel-immobilized cell systems are attractive
for a variety of applications in biotechnology and
medicine. Natural polysaccharides (e.g. agar, algina-
tes, k-carrageenan), gel-forming proteins (e.g. gelatin)
and synthetic polymers (e.g. polyacrylamide) have
gained a leading role as cell carriers in entrapment
and encapsulation technology (Jen et al. 1996; Mu-
rano 2000). Among these, spherical beads based on
Ca-alginate gels are the most-used supports for the
immobilization of living cells (Strand et al. 2000).

For many bioprocesses, there is a distinctive de-
mand for the utilization of very small hydrogel beads
(< 1 mm in diameter) with immobilized cells to avoid
diffusional limitations of nutrients and metabolic
products within the beads (Ogbona et al. 1991; Bugar-
ski et al. 1994a; Nedovic et al. 2001). In recent years,
several techniques were developed and established for
the production of such microbeads on laboratory and
industrial scales. These include an atomisation
method, emulsion technology, resonance method, jet
cutting method and electrostatic droplet generation
(Ogbona et al. 1991; Bugarski et al. 1994a; Branden-
berger and Widmer 1997; Jahnz et al. 2001; Poncelet
et al. 2001).

This paper reviews the feasibility of electrostatic
droplet generation for the production of uniform hy-
drogel microbeads and applications of this technique
for cell immobilization.

2 Formation of hydrogel microbeads by electro-
static droplet generation

The electrostatic droplet generation technique is
based on the use of electrostatic forces to disrupt a
liquid surface at the capillary/needle tip and form a
charged stream of small droplets (Bugarski et al.
1994a). Electrostatic potential is applied between the
droplet formation device and the collecting solution,
inducing a charge at the surface of the polymer solu-
tion, and resulting in a decrease in surface tension. In
this way, a significant reduction of droplet size may
be realized as compared to the simple dropping
method.

The basic experimental set-up for this technique is
shown in Figure 1. Spherical droplets were formed by
the extrusion of a polymer or polymer/cell suspension
through a blunt stainless steel needle using a syringe
pump. As the polymer solution was forced out of the
tip of the needle by the syringe pump, the droplets
were pulled off by the action of gravitational and
electrostatic forces. Droplets were collected in a hard-
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ening solution where the ion exchange took place,
providing gellation and the formation of microbeads.

Syringe
pump

Alginate solution
or alginate/cell
suspension

Luace d TV and VCR

Needle

Strobe H Droplets -
light H
: Video camera
TV ]

Magnetic Stirrer

Microscope

DC High Voltage
Power Supply

Figure 1:
Experimental set-up for electrostatic droplet generation

Investigated polymers were low viscosity alginate
at concentrations in the range 0.8 - 4 % and x-
carrageenan at a concentration of 4 % alone or in a
mixture with 0.25 % locust been gum (Keshavarz et
al. 1992; Bugarski et al. 1994a; Goosen et al. 1997).
Hardening solutions were CaCl, in concentrations of
1,5 or 2 % in the case of alginate and a mixture of
1.125 % KCI and 0.5 % CaCl, in the case of k-
carrageenan. The potential difference was controlled
with a voltage power supply with voltages from 0 to
30 kV.

In addition, distance between the needle tip and
hardening solution, flow rate of polymer solution and
needle diameter were varied in the ranges 2 to 10 cm,
4 to 45 ml/h, and 19 to 27 gauge, respectively, as
process parameters (Keshavarz et al. 1992; Bugarski
et al. 1994a; Goosen et al. 1997).

Video image analysis of the alginate extrusion
process revealed the influences of the electrostatic
field on mechanisms of droplet formation (Bugarski et
al. 1993;199%4a).

In the absence of an electrostatic field with gravi-
tational force acting alone, each alginate drop grew at
the tip of the needle until its weight overcame the net
vertical component of the surface tension force (Fig-
ure 2A). After a voltage was applied, the liquid me-
niscus at the needle tip was distorted from a spherical
shape into an inverted cone-like shape (Figure 2B). A
charge at the tip of the inverted cone reduced the
surface tension of the alginate solution resulting in
formation of a neck-like filament (Figure 2C&D).
When this filament broke away, producing small
droplets (Figure 2E), the meniscus relaxed back to a
spherical shape until flow of the polymer caused the
process to start again (Bugarski et al. 1994a). In this
way, under appropriate process parameters, a 6 to 10-

fold reduction in bead diameter as compared to the
simple dropping method was obtained.

Figure 2:

Droplet formation of a 1.5 % sodium alginate solution at a
needle tip: A) no electrostatic potential applied; B) menis-
cus formation when applied potential was between 4 and 5
kV; C) neck formation; D) stretching of the liquid filament;
E) brake-up of the liquid filament

Three electrode geometries were considered
(Bugarski et al. 1994a&b; Poncelet et al. 1994):

e a parallel plate arrangement in which the posi-
tive charge was applied to a plate held parallel
to the collecting solution and through the center
of which the needle protruded (Figure 3A). This
system was employed to produce a uniform
electric field in the same direction as that of
gravity. The grounded plate with the collecting
solution had the same dimensions as the upper
charged plate;

e a positive charge applied directly to the collect-
ing solution and a grounded needle (Figure 3B);

e a positively charged needle and a grounded col-
lecting solution (Figure 3C).

In the case of alginate bead formation, the most ef-
fective electrode and charge arrangement for produc-
ing small droplets was shown to be the third set-up,
i.e., a positively charged needle and a grounded col-
lecting solution (Bugarski et al. 1994a&b; Poncelet et
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al. 1999a). In this arrangement, a significantly smaller
area is available for charge distribution (needle tip),
resulting in higher overall surface charge and smaller
droplets as compared to the parallel plate set-up. In
addition, the positively charged needle induced the
concentration of positively charged small Na'-ions at
the droplet surface (Figure 4A). When the polarity of
the electrodes is permuted as in the second set-up i.e.
a positively charged collecting solution and a
grounded needle, the negatively charged functional
groups of alginate tend to be adsorbed at the droplet
surface (Figure 4B). As the alginate ions are much
larger than the Na'-ions and have lower diffusion
mobility, the surface charge is lower. Consequently,
the resulting droplets in this electrode arrangement are
larger as compared to those obtained in the positively
charged needle set-up (Figure 5).

A Needle

l.flL H

plate

H

@_+ VOLTAGE
C + VOLTAGE
l Needie

H

Figure 3:

Electrode geometry and charge arrangements: A) parallel
plate set-up with positively charged plate and grounded
collecting solution; B) grounded needle and positively
charged collecting solution; C) positively charged needle
and grounded collecting solution

13

Figure 4:

Schematic illustration of disposition of counter-ions (Na")
and macro-ions (alginate) for two opposite charge arrange-
ments. A) Positively charged needle causes the adsorption
of positively charged counter-ions at the droplet surface; B)
Positively charged collecting solution causes the adsorption
of negatively charged macro-ions at the droplet surface
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Figure 5:

Effect of applied potential on microbead size for two elec-
trode distances (2.5 and 4.8 cm) and for the 22-gauge needle
and alginate concentration of 1.5 %. (A) Parallel plate set-
up; (B) Positively charged collecting solution; (C) Posi-
tively charged needle
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For the parallel plate arrangement the critical po-
tential (U,) was mainly a function of the distance
between the electrodes (h) in the form:

/hv
U, = s 1
o e, (1)

where v, is the surface tension of the polymer so-
lution at zero voltage (in case of alginate solutions ¥,
is approximated by the surface tension of water), &, is
the permittivity of vacuum and k is a fitting parameter
accounting for geometrical and kinetic approxima-
tions.

For the positively charged needle set-up, the criti-
cal potential was a function of the capillary diameter
(d,) in a similar fashion:

/d.v
U — C o 2
or e, (2)

Droplet diameter (d) was then correlated to the
applied potential (U) in the form:

) V3

U
= —_ — 3
d dol( j 3)

cr

where d, is droplet diameter at U = 0.

As can be deduced from the above equations,
droplet diameter is mainly a function of the applied
potential, polymer surface tension and distance be-
tween electrodes or capillary diameter depending on
the electrode arrangement. In the parallel plate set-up,
a decrease in electrode distance resulted in a signifi-
cant decrease in critical potential and microbead di-
ameter (Figure 5A). Similarly, in the positively
charged needle set-up as the capillary diameter was
decreased, the critical potential was decreased and
microbead diameter reduced (Figure 6B&C). The
other investigated parameters had little effect on drop-
let diameter, such that two alginate concentrations of
0.8 and 1.5 % and three electrode distances (2.5, 3.4,
and 4.8 cm) resulted in microbeads with comparable
diameters (Figure 6A,B&C). The above model was
shown to fit well the experimental data for the posi-
tively charged needle set-up and for the parallel plate
arrangement at electrode distances significantly larger
than the capillary diameter (h >> d.) (Poncelet et al.
1999a).

Electrostatic droplet generation with positively
charged needle set-up and the applied potential of 6
kV, 26-gauge needle and 2.5 cm electrode distance
provided production of alginate microbeads with

diameters down to 170 mm at narrow size distribution
(Bugarski et al. 1994a).
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Figure 6:

Positively charged needle set-up: Microbead size as a func-
tion of electrode distance (A), alginate concentration (B,C),
and needle size (B,C)

3 Cell immobilization studies

The main objectives for cell immobilization are
the preservation of cell viability and activity. Major
concerns in the use of electrostatic droplet generation
for this purpose are possible negative effects of elec-
trostatic field on cells. These effects and cell immobi-
lization using this technique were investigated for
different cell types such as insect, fungi, bacteria,
yeast, mammalian, and plant cells.

The effects of electrostatic potentials were investi-
gated for insect cells (Spodoptera frugiperda), which
are attractive as hosts for baculoviruses, used for
genetic engineering (Goosen 1996). Suspension of
these insect cells at the initial cell density of 4 x 10°
cells/ml was extruded using an electrostatic droplet
generator with positively charged needle set-up at the
applied potentials of 6 and 8 kV. The cell concentra-
tion immediately after the extrusion remained essen-
tially unchanged at 3.85 x 10° and 3.8 x 10° cell/ml,
respectively, while the prolonged cultivation of these
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cells did not show any loss of cell density or viability
(Goosen 1996).

In a similar study, the effects of electrostatic po-
tentials were investigated for fungi (spores of Penicil-
lium chrysogenum), bacteria (Pseudomonas putida)
and yeast (Saccharomyces cerevisiae) (Keshavarz et
al. 1992). Suspensions of these cells were extruded
through an electrostatic droplet generator with posi-
tively charged needle set-up at the applied potential of
5 kV. As compared to the non-treated control cul-
tures, there were no detectable differences in the ger-
mination and growth for the spores, and growth of the
bacteria and yeast cell cultures.

Brewing yeast cells (Saccharomyces wuvarum)
were immobilized in alginate microbeads by electro-
static droplet generation and cultivated in growth
medium for 6 days (Nedovic et al. 2001).

Microbeads were produced by extrusion of cell
suspensions in 2 % sodium alginate through an elec-
trostatic droplet generator with positively charged
needle set-up at applied potentials in the range 0 - 8
kV. Initial cell concentration, needle size and elec-
trode distance were varied in the ranges 10° to 10°
cell/ml, 20 to 27-gauge and 2 to 8 cm, respectively
(Nedovic et al. 2001).

Diameter of microbeads loaded with yeast cells
was a function of the applied potential and needle
diameter (Figure 7) in a similar fashion as it was pre-
viously shown for pure alginate solutions (Figure 5C,
Bugarski et al. 1994b). However, critical potentials
for cell suspensions in alginate were significantly
higher than those for pure alginate solutions at ap-
proximately the same other process parameters. Con-
sequently, the obtained microbeads loaded with yeast
cells were larger than those without cells (see Figs
5C, 6B&C and 7). The possible explanation lies in the
mechanism of droplet formation. The investigated
yeast concentrations were sufficiently high to influ-
ence the surface tension of the droplet due to the
negative cell surface charge. In the case of the posi-
tively charged needle set-up used in this study, the
presence of negatively charged cells would decrease
the positive charge of the droplet surface and increase
the surface tension as compared to the pure alginate.

Effects of yeast immobilization by electrostatic
droplet generation were investigated over 6 days of
cultivation of the obtained microbeads in growth
medium in well mixed flasks (Nedovic et al. 2001).
Growth of the yeast cells in these microbeads of three
different sizes was compared to the growth of yeast
cells immobilized in alginate microbeads using extru-
sion under coaxial air jet (Figure 8). There were no
notable differences in growth curves and specific
growth rates of the immobilized yeast cells among the
experimental groups.
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Effects of applied potential and needle diameter on the size
of alginate microbeads loaded with brewing yeast at high
concentrations (~10° cells/ml of gel) for two electrode
distances
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Growth of immobilized yeast cells in alginate microbeads
obtained by electrostatic droplet generation (0.3, 0.5 and 2
mm bead diameters) and by extrusion under coaxial air jet
(0.6 mm bead diameter)

Islets of Langerhans were investigated for immo-
bilization in alginate-based microcapsules by electro-
static droplet generation for potential application in
diabetes therapy (Bugarski et al. 1997; Gasered
1998). Extrusion of a suspension of islets of neonatal
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rat pancreas using electrostatic droplet generator has
shown preservation of cell viability (Bugarski et al.
1997). The islet cells were then, in a separate study,
microencapsulated in alginate/poly-L-ornithine (PLO)
microcapsules using electrostatic droplet generation
and cultivated in tissue culture medium for 15 days
(Bugarski et al. 1997). Spherical capsules of 150-200
pm in diameter, each containing 1 islet, were subse-
quently produced using a positively charged needle
set-up at applied voltage of 5 kV. Over the cultivation
time there was no significant loss in cell viability: 94
and 89 % after 9 and 15 days of cultivation, respec-
tively. The microencapsulated islets retained their
morphology and activity over the cultivation period.

In a similar study, mouse islets were encapsulated
in alginate/poly-L-lyzine (PLL) microcapsules using
electrostatic droplet generation and cultivated in a
tissue culture medium for 2 days (Gasered 1998). The
cells encapsulated by this technique showed similar
insulin release as those encapsulated using extrusion
under coaxial air jet.

Callus cells from carnation leaves were immobi-
lized in alginate microbeads using an electrostatic
droplet generator with a positively charged needle set-
up at the applied potential of 5.7 kV and cultivated for
2 months in growth medium (Goosen et al. 1997).
Initial cell concentration was 20 % v/v in 2 % sodium
alginate. Over the cultivation time, the immobilized
callus cells retained viability and showed some
growth through cell division and cell enlargement
without clear differentiation. It was supposed that cell
differentiation was inhibited by high alginate concen-
tration (Goosen et al. 1997).

4 Scale-up

The parallel plate arrangement (Figure 2A) is suit-
able for the scale-up of this technique in which multi-
ple needles are protruded through the plate (Bugarski
et al. 1994a&b). Two multi-needle set-ups were con-
structed (Bugarski et al. 1994a; Géserad 1998).

The first set-up consisted of a 1.5 1 cylindrical res-
ervoir (15 cm height by 10 cm diameter) containing
20 stainless steel needles (22-gauge) positioned 1.2
cm radially apart and connected to a high potential
unit (Bugarski et al. 1994a). The liquid flow rate was
kept constant by adjusting the air pressure head above
the polymer solution. A ground collecting plate was
placed 2,5 cm below the needles. This set-up resulted
in production of alginate microbeads 950 + 100 mm
and 400 + 150 mm in diameter at the applied poten-
tials of 7 and 12 kV, respectively (Figure 9). The
processing capacity was 0,7 I/h (36 ml/h per needle).

MULTINEEDLE GENERATOR

500- \F-I\I_—AI

Microbead diameter ({L1m)
8
(=]

3 10 12 14
Applied potential (KV)
Figure 9:

20-needle set-up: Effect of applied potential on the size of
alginate microbeads

The second set-up consisted of a grounded plate
with 10 needles with outer diameters of 200 and 400
mm and a collecting solution connected to a power
supply of 0 - 10 kV (Gésered 1998). This set-up pro-
duced around 250,000 beads/min with diameters in
the range of 160 to 1000 mm at narrow size distribu-
tion (SD + 3 -5 %).

5 Conclusions

Electrostatic droplet generation was shown to be a
suitable system for production of hydrogel mi-
crobeads at uniform size distributions. The microbead
size was shown to depend on the applied potential,
polymer surface tension, and needle size or electrode
distance depending on the electrode geometry. In the
case of alginate bead formation, the most effective
electrode and charge arrangement for producing small
droplets was shown to be a positively charged needle
and a grounded collecting solution. This set-up and
the applied potential of 6 kV, 26-gauge needle and 2.5
cm electrode distance provided production of alginate
microbeads with diameters down to 170 mm at nar-
row size distribution.

Different cell types such as insect, fungi, bacteria,
yeast, mammalian, and plant cells were shown to be
insensitive to exposure to electrostatic fields. In addi-
tion, cultivation studies of cells immobilized by elec-
trostatic droplet generation showed preservation of
cell viability and activity.

Further development of large scale production de-
vices will make this technique potentially attractive
for variety of applications in cell immobilization
technology.
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Use of vibration technology for jet break-up for encapsulation of cells, microbes

and liquids in monodisperse microcapsules

Christoph Heinzen', Ian Marison?, Andreas Bergerl, and Urs von Stockar’

Abstract

Adding a vibration on a laminar jet for controlled
break-up into monodisperse microcapsules is one
among different extrusion technologies for encapsula-
tion of cells, microbes, yeast, enzymes and liquids
(Poncelet, 1997).

The vibration technology is based on the principle
that a laminar liquid jet breaks up into equally sized
droplets by a superimposed vibration. In the late 19th
century, Lord Rayleigh theoretically analysed the
instability of liquid jets (Rayleigh, 1878). He showed
that the frequency for maximum instability is related
to the velocity of the jet and the nozzle diameter.

The optimal vibration parameters are easily and
quickly determined in the light of a stroboscope. Once
determined, the parameters can be reset in the future,
making the process highly reproducible.

In this presentation we will show optimal produc-
tion parameters for beads and capsules including
monodispersity parameter for narrow size distribu-
tions, we will provide examples of encapsulation of
animal cells and organic liquids in microcapsules and
analyse the prerequisites for scale-up strategies of the
vibration jet break-up technology.

Keywords: vibrating, monodispersity, jet break-up,
immobilization, encapsulation

1 Introduction

Microcapsules are defined as particles, spherical
or irregular, in the size range of about 1 mm to 2 mm,
and composed of an excipient polymer matrix (shell
or wall) and an incipient core substance (Gutcho,
1979). Depending on material, manufacturing tech-
nique and application, microcapsules are divided into
four main classes. Solid particles are dispersed in a
matrix, while droplets are encapsulated either in
mono- or polynuclear form. A second wall layer can
be coated around the capsules to modify its perme-
ability and stability.

Microcapsules have been prepared by a variety of
different methods, that are often combined or overlap
to a certain extent. For the sake of simplicity, the

main microencapsulation techniques are categorized
as mechanical (see below), physico-chemical (simple
and complex coacervation, phase separation) or
chemical operations (in-situ polymerisation, interfa-
cial polycondensation).

Mechanical microencapsulation operations result
rather from mechanical procedures than from a well
defined physical or chemical phenomenon. Various
coating and spray drying methods are routinely used
in industry. Extrusion of polymer solutions through
nozzles to produce either beads or capsules is mainly
used on laboratory scale, where often simple devices
such as syringes are applied. If the droplet formation
occurs in a well controlled way (contrary to spraying)
the technique is known as prilling. This is preferably
done by pulsation of the jet or vibration of the nozzle
(Kegel, 1988; Heinzen, 1995). The use of coaxial air
flow (Lee and Palsson, 1993) or an electrostatic field
(Poncelet, 1994) are other common techniques to
form droplets. Mass production of beads can either be
achieved by multi-nozzle systems (Brandenberger,
1998), rotating disc atomizers (Goodwin, 1974) or by
the recently developed jet-cutting technique (Priisse,
1998a). Centrifugal systems using either a multi-
nozzle system or a rotating disk have also been devel-
oped for the mass production of microcapsules
(Somerville, 1980).

1.1 Why are cells and other ingredients encapsulated

The encapsulation of human, animal and plant
cells, microbes, enzymes and drugs or other ingredi-
ents into microbeads has different purposes: the en-
capsulated item must be protected from environ-
mental influences, e.g. immune system of a patient, or
it has to resist share forces in a bioreactor or must be
protected against oxidation. Following these demands,
the encapsulation technology has its use in many
different applications. A selection of known applica-
tions is presented below:

e Cell transplantation for the treatment of cancer,
diabetes or liver diseases

e Test systems for screening experiments for new
drugs

¢ Starter cultures in food production

! Christoph Heinzen and Andreas Berger, Inotech Encapsulation AG, Kirchstrasse 1, 5605 Dottikon, Switzerland

2 Tan Marison and Urs von Stockar, Laboratory of Chemical and Biochemical Engineering, Swiss Federal Institute of Technology (EPFL), 1015 Lausanne,

Switzerland



20

e Production of pharmaceutical drugs with en-
capsulated cell cultures

e Production of cosmetic products with encapsu-
lated flavours or fragrances

By encapsulating cells or other ingredients, it is
important that the beads:

e have a small diameter, preferentially less than
0.7 mm in order to prevent diffusion limitations
and necrotic areas in the centre of the beads.
Cells must be provided with nutrients, other-
wise cells in the centre of such beads will die
and they will send necrotic messages to living
cells.

e have a narrow size distribution of the diame-
ters. By using a suboptimal production tech-
nique, large droplets will be produced and they
will create diffusion limitations and send ne-
crotic messages to the living cells (see above)

e must be produced in a short production time. If
the production time - formation of droplets and
their solidification - exceeds a certain length,
the viability of the cells will decrease dramati-
cally.

1.2 Example of medical applications of encapsulation

Many diseases are caused by the inability of the
body to produce the necessary amount of a needed
molecule, such as a hormone, factor, or enzyme. Cell
therapy offers enormous potential for the treatment of
such diseases. Encapsulated cell systems consist of
living cells that are immobilized and protected inside
micro- or macrocapsules. Such capsules are implanted
into a patient, where the cells produce the therapeutic
substances that the body cannot produce itself. Figure
1 depicts the most important diseases that lend them-
selves to such treatment with encapsulated cells
(Kiihtreiber, 1999).

2 Technical background

As mentioned above, this article focuses on the
production of beads and capsules by using the vibra-
tion technology.

Five different mechanisms of droplet formation
occur at the nozzle outlet as a function of the jet out-
flow velocity (Figure 2). They arise through the inter-
action of gravity, impulse, surface tension and friction
forces (Miiller, 1985).

Alzheimer's
ALS Parkinson's

Affective disorders - Epllapsy

Huntington’s Dwarfism

Hypoparathyroidism — Strokes
Hemophilia —_—
> Chronic pain

Anemia — [
[ Spinal cord
injuries

™ Kidney failure

| ~ Diabetes

Infertility

Atherosclerosis

Muscular dystrophy

Figure 1:
Important diseases to be treated with encapsulated cells

t
Va Vz outflow velocity

Figure 2:
Different mechanisms of droplet formation (Miiller, 1985)

At a low outflow velocity, single droplets are di-
rectly formed at the orifice outlet (mechanisms 0 and
I, mechanism I is referred to as "Abtropfen" in Ger-
man). The droplet diameter dp is calculated in equa-
tion 1 from the equilibrium of the main forces present,
gravity and surface tension:

6d, o
d:/—N 1
P) 3gAp (1

Increasing kinetic force causes the uninterrupted
outflow of the jet, which breaks up afterwards by
axial symmetrical vibrations and the surface tension
(mechanism II, referred to as "Zertropfen"). A further
increase of the jet velocity leads to statistical distribu-
tion of the droplet size, that are caused either by spiral
symmetrical vibrations (mechanisms III, referred as
"Zerwellen") or by the high friction forces that are
present when the jet is sprayed (mechanism IV).
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The controlled formation of monodisperse drop-
lets is only possible via mechanisms I and II. How-
ever, only the latter is of industrial importance. By
introducing an additional sinusoidal force on the drop-
let formation mechanism II, the laminar jet breaks up
in droplets, the size of which can be freely chosen in
a certain range depending on the applied frequency.
This is in contrast to the droplet formation without
pulsation described in equation 1, where the droplet
diameter of a certain liquid depends only on the noz-
zle diameter. The sinusoidal force can be applied to
the prilling system by either pulsating the feed or by
vibrating the nozzle.

The technology is based on the principle that a
laminar liquid jet is broken into equally sized droplets
by a superimposed vibration. In the late 19th century,
Lord Rayleigh theoretically analysed the instability of
liquid jets. He showed that the frequency for maxi-
mum instability is related to the velocity of the jet and
the nozzle diameter (Equations (2) - (4), Figure 3).
The optimal vibration parameters have to be deter-
mined in the light of the incorporated stroboscope.
Once determined, the parameters can be reset in the
future, making the process highly reproducible. The
bead diameter can be set between 0.1 - 1.5 mm.

A== 2)

/ 3n
Ay =7N2d,y |1+
> v pod, (3)

d, =31.5d, Aopt @)

Figure 3:
Droplet formation parameters and photo of the droplet
formation

Figure 4 shows the dependence of the flow rate to
the jet velocity and the nozzle diameter as calculated
by equation 2 & 4. The working range of the jet ve-
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locity will normally lay between 1.5 and 2.5 m/s,
depending on the liquid viscosity and the nozzle di-
ameter.
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Figure 4:

Influence of the liquid jet velocity and the nozzle diameter
on the flow rate, as calculated by equation 2 & 4

Figure 5 shows the correlation between the vibra-
tion frequency and the bead diameter for five different
flow rates as calculated by equation 2 & 4. Lower
flow rates corresponding to lower pumping rates pro-
duce smaller beads. Higher vibration frequencies
produce smaller beads too.
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Figure 5:

Influence of the vibration frequency and the flow rate on the
bead diameter

The production of uniform beads or capsules is a
key factor in encapsulation processes. To avoid large
size distributions due to coalescence effects during the
flight and the hitting phase at the surface of the hard-
ening solution the use of the dispersion unit with the
electrostatic generator is essential (Figure 6). Droplet
formation without an applied potential of the electro-
static generator shows several particles of double or
triple size caused by coalescence (Brandenberger,
1999).
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Figure 6:

Beads produced WITH
the use of the electrostatic
dispersion unit:
Monodisperse & spherical beads

Beads produced WITHOUT
the use of the electrostatic
dispersion unit:
Non-spherical beads
Jumbo beads

Prevention of coalescence with use of Inotech's electrostatic dispersion unit

3 Materials and methods

The main parts of the concentric nozzle encapsula-
tor research are shown in Figure 7. All parts of the
instrument which are in direct contact with the cap-
sules can be sterilized by autoclaving. The product to
be encapsulated (hydrophobic or hydrophilic liquid) is
put into the syringe (1) or the product delivery bottle
(2). The shell material (polymer) is put into the sy-
ringe (3) or the product delivery bottle (4). Both lig-
uids are forced to the concentric nozzle by either a
syringe pump (S) or by air pressure (P). The liquids
then pass through a precisely drilled concentric-
sapphire-nozzle (7) and separate to into concentric,
equal sized droplets on exiting the nozzle. These
droplets pass an electrical field between the concen-
tric nozzle (7) and the electrode (8) resulting in a
surface charge. Electrostatic repulsion forces disperse
the capsules as they drop to the hardening solution.

Capsule size is controlled by several parameters
including the vibration frequency, nozzle size, flow
rate, and physical properties of the polymer-product
mixture. Optimal parameters for capsule formation
are indicated by visualization of real-time droplet
formation in the light of a stroboscope lamp (15).
When optimal parameters are reached, a standing
chain of droplets is clearly visible.

Once established, the optimal parameters can be
preset for subsequent capsule production runs with the
same encapsulating polymer-product mixture. Poorly
formed capsules, which occur at the beginning and
end of production runs, are intercepted by the bypass-
collection-cup (10).

Depending on several variables, 50 — 4000 cap-
sules per second are generated and collected in a
hardening solution within the reaction vessel (9).

M  Waste

Figure 7:

Schematic representation of the concentric nozzle encapsu-
lator research system. 1: Syringe (core), 2: Product delivery
bottle ( core), 3: Syringe (shell), 4: Product delivery bottle
(shell), 5: Pulsation chamber, 6: Vibration system, 7: Con-
centric nozzle, 8: Dispersion system, 9: Reaction vessel, 10:
Bypass cup, 11: Liquid filter, 12: Air filter, 13: Electrostatic
charge generator, 14: Frequency generator, 15: Stroboscope,
16: Filtration grid, 17: Bead collection flask, M: Magnetic
stirrer, P: Pressure control system, S: Syringe pump

Solutions in the reaction vessel are continuously
mixed by a magnetic stir bar (M) to prevent capsule
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clumping. At the conclusion of the production run, the
hardening solution is drained off (waste port), while
the capsules are retained by a filtration grid (16).
Washing solutions, or other reaction solutions, are
added aseptically through a sterile membrane filter
(11). The capsules can be further processed into
microcapsules, or transferred to the capsules collec-
tion flask (17).
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Figure 8:

Photo of Inotech Encapsulator Research IER-20 for
monodisperse production of beads and capsules under
sterile and reproducible production conditions

In general, all experiments were performed with
1.5 % Na-alginate (IE-1010, Inotech Encapsulation
AG, Switzerland). The hardening bath was a 0.1 M
solution of CaCl, (IE-1020, Inotech Encapsulation
AG, Switzerland). Size distribution of the capsules
were measured using a coulter counter (Coulter Elec-
tronics GmbH, Germany). Detailed encapsulation pro-
tocols are described elsewhere for CHO cells (Pernet-
ti, 2001) and for liquid core capsules (Heinzen, 2001).

4 Results

Using the vibration technology for jet break-up
performed with the Inotech Encapsulators (but also
with other devices using the vibration technology), we
and other scientists were able to encapsulate a large
variety of ingredients:

e islets, hepatocytes and other human and
mammalian cells for cell implantation

e genetically engineered cell lines, e.g. CHO cells
for medical application
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e microbes and yeast, e.g., bioconversion applica-
tions

e fragrances and flavours for food and cosmetic
applications

A detailed analysis of different applications of the
vibration technology for medical, food, agrochemis-
try, environment, cell storage, catalysed chemical
reactions and other application are presented in Mari-
son et al., 2000. Below two applications are described
in more detail, the encapsulation of CHO cells and the
production of liquid core capsules.

4.1 Encapsulation of CHO cells

Animal cells can be used as biocatalysts to pro-
duce pharmaceutical proteins, including monoclonal
antibodies, hormones, cytokines and viral vaccines
(Shuler et al., 1992). An interesting technique to pro-
tect cells from shear stresses and toxic metabolites
and to attain high cell density is immobilization in
microcapsules with a liquid core and a resistant mem-
brane. In this example, poly-L-lysine (PLL) was em-
ployed to form membranes composed of polyelectro-
lytic and covalent interactions (Pernetti, 2001).

The encapsulated CHO cells were seeded into a
spinner flask and grown in repeated fed-batch mode
for 30 days. Fresh medium was added when the glu-
cose concentration fell below 4 mM, in order to avoid
glucose limitation. Figure 9 shows that the cells colo-
nized the core to a great extent. The cells continued to
grow for more than 30 days retaining an efficient
metabolism, thus showing that they were neither af-
fected by the encapsulation protocol nor were there
any strong diffusion limitations.

4.2 Liquid core capsules

Recently, the availability of capsules having a lig-
uid core show a merging of interests from biotechnol-
ogy, food and cosmetic industry, e.g.

e hydrogel capsules with an organic core can be
used as controlled release tool for flavours and
fragrances

e liquid core capsules enable in-situ extraction of
organic compounds in a fermentation process

Figure 10 display sunflower oil-alginate capsules
after gelation in a hardening solution. Diameter of the
core bead vary between 400 and 800 mm, diameter of
the capsule vary between 550 and 1000 mm. The
relative standard deviation of the capsules vary for the
different samples between 2.8 and 4.9 % and demon-
strate therefore very narrow size distribution. All
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samples were produced by using the electrostatic
dispersion unit (Heinzen, 2001).

top left: after 1 day
top right: after 6 days

J0 left: after 30 days

Figure 9:

Microscope photographs during the repetitive fed-
batch culture of encapsulated CHO cells (Pernetti,
2001)
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Figure 10:

Liquid core capsules made of sunflower oil (core) and
1.5 % alginate (shell)

5 Conclusions

With the vibration technology and the specific
know-how of INOTECH ENCAPSULATION one is
able:

e to reproducibly produce beads with equal
diameters

e to produce beads with a spherical shape

e to work under sterile and reproducible working
conditions (complying to GMP)

e to set diameters between 0.1 up to 1.5 mm

e to scale up the process to flow rates up to 200
I/h (see fig. 11)

e to encapsulate without viability loss: Islets,
human T-cells, fibroblasts, hepatocytes, CHO
and many other cells!

Figure 11:
Scale-up of vibration technology: Multinozzle head of
Inotech pilot plant (5 1/h)

Advantages of vibration technology:

o Exact determination of droplet diameter

e Narrow size distribution

e Easy to scale-up: multiplication of 1 to x noz-
zles

Limits of vibration technology:

e Viscosity: the liquid should show Newton‘s
fluid dynamic

e Flow rate / nozzle: laminar flow jet limits a
maximum flow rate per nozzle

In this presentation, the identification of produc-
tion parameters for the vibration technology was de-
scribed and the use of the Inotech Encapsulator Re-
search with a concentric nozzle for the production of
liquid core capsules has been presented. Different
systems of core and shell material were tested and the
capsules show under reproducible production condi-
tions very narrow size distributions. Geometry of the
concentric nozzle was optimised and the use of the
dispersion unit is a very powerful tool for reproduci-
ble production conditions. Tests with a pilot scale
multinozzle system (production rate 5 1 / h) enabled
identical results. The possibility of encapsulation of
cells in a liquid core lead to better cultivation condi-
tions. The easy and reproducible production of mono-
disperse liquid core capsules with an organic liquid
offer a broad range of new applications in food and
cosmetic industry.



Ch. Heinzen et al. / Landbauforschung Volkenrode (2002) SH 241:19-25 25

Symbols and abbreviations Somerville GR and Goodwin JT (1980) Microencapsulation using
physical methods. In: Kydonieus AF (ed): Controlled release
technologies: methods, theory and applications. CRC press,

do droplet diameter Boca Raton, pp. 155-164

dn nozzle diameter Weber C (1931) Zum Zerfall eines Fliissigkeitsstrahles. Zeitschrift
frequency fiir angewandte Mathematik und Mechanik 11:136-154

c surface tension

A, density difference

vy jet velocity

Aopt optimal wavelength

n dynamic viscosity

p density
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Emulsification and microencapsulation: State of art

Denis Poncelet, Ernest Teunou, Anne Desrumaux, and Dominique Della Valle'

Abstract

Encapsulation processes generally involve dispers-
ing a liquid and solidifying the droplet. The contribu-
tion describes the different microencapsulation meth-
ods based on emulsification. It looks to provide some
information on the advantages and limitations of the
emulsification for encapsulating biological or bio-
chemical material.

Keywords: emulsion, static mixer, gelation
1 Introduction

Encapsulation was proposed more than 50 years
ago to immobilize, protect, release and functionalize
diverse types of materials. The process could gener-
ally be divided in two steps: liquid core dispersion
and encapsulation it-self of the dispersed material
(called solidification below). During solidification,
the dispersed phase is gelified or a membrane is
formed around the droplets of particles. The disper-
sion could be done in the air (spray, extrusion, grind-
ing) but also inside a non-miscible phase (mainly
emulsification). Both methods have advantages and
disadvantages. Obviously, emulsification is required
when an interfacial reaction between two non-misci-
ble liquids is involved or when encapsulation proceed
by coacervation (precipitation of polymers at the
droplet surface). Emulsification allows very large pro-
duction (up to tons per hour) even for very small mi-
crocapsules (down to a few micrometers). However,
there are some drawbacks with the emulsification
methods. The size dispersion is always large. In most
cases of bioencapsulation (aqueous core), the conti-
nuous phase is generally an oil phase. Washing of the
capsules may be a tedious problem and may cost as
much as the capsules it-self. The present contribution
will try to give an overview of the different encapsu-
lation technologies linked to the emulsification and
give some rules along when and how to use them.

2 Dispersion methods
2.1 Batch systems

Emulsification is generally done in a batch reactor
equipped with impeller or a rotor-stator system. The

most usual system at laboratory and pilot scale is the
Rushton’s turbine reactor (Figure 1). Such a system
optimizes the shear and then the drop breakage. With-
out baffles, the turbine entrains the liquid and the
mixing/dispersion effect is reduced. On the other
hand, baffles prevent vortex and foam formation.

£

]

Figure 1:

Rushton type reactor. Reactor description: Cylindrical
reactor equipped, D: turbine diameter, L: reactor diameter
(D*2), H: liquid height (D*2); Turbine: 6 vertical blades
located at H/2, Size D/4*D/4; Baffles: 4 located at distance
D/10 of the reactor wall, Width = D /5

At industrial scale, the type of impeller is often
different, looking more like a marine impeller. Sup-
pliers generally provide their equipment with charac-
teristic numbers to define the mixing regime.

In bioencapsulation, the continuous phase is gen-
erally vegetable or mineral oil. The viscosity ranges
from 30 to 60 mPa‘s and the interfacial tension with
aqueous dispersed phase is quite important (45-107
N/m). A lipophilic emulsifier such as Span 80 (1 %) is
often added to the mixture to reduce the interfacial
tension and get lower size distribution. For one de-
fined system (reactor, phase composition), the size
distribution is mainly determined by the rotational
speed of the impeller. Figure 2 presents some data
showing the influence of the viscosity of the dispersed
phase on the mean size.

The size distribution is generally defined by a log-
normal distribution. An interesting parameter to de-
fine the size dispersion is the span corresponding to
equation 1.

7 P
span = — ——— (1)
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where dgg, dso and dj, are the diameter corresponding
to 90, 50 and 10 % of the cumulative size fraction
(generally given as volumetric fraction). Span takes
into account a large part of the particles and is not
sensible to the extremes (very small and very large
particles). It is quite reproducible between samples. It
could be related to usual (but confusing) standard
deviation by dividing it by 2.67.
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Figure 2:

Mean size of nylon microcapsules (diamond) and «x-
carrageenan beads (2 % filled circles, 3 % open circles)
from Poncelet et al. 1990a and Audet et al. 1989

The span may range from 67 % to 160 % of the
mean (Figure 3). Kolmogoroff’s theory (see below)
predicts a value of 80 %. The size dispersion is lower
while reducing the mean size. It is also improved if
the two liquids have more similar physical properties
(density, viscosity). Interfacial tension has little influ-
ence on the size distribution.
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Figure 3:

Standard deviation of nylon microcapsules (open circles)
and k-carrageenan beads (diamonds) in function of the size

2.2 Continuous systems (static mixer)

Several disadvantages of the batch system are:

e Cleaning and filling reactor: these tasks reduce
the productivity

e Limitation for scale-up: it is difficult to expect
reactors larger than 1 cubic meter.

e Emulsifying viscous liquid in turbine reactor
requires 5 to 15 minutes of mixing.

¢ Good emulsification is linked to high shear that
may damage biological cells

Poncelet et al. (1993) then proposed to realize the
emulsification using continuous systems based on
static mixers (Figure 4). The static mixers consist of a
series of stationary elements placed transversely in a
tube. These elements form crossed channels that pro-
mote division and longitudinal recombination of the
liquid flowing through the static mixer. While applied
to a two-phase system, emulsion is formed. Figure 4a
shows an example of installation using a static mixer.
Figure 4b demonstrates the power of the static mixer
for emulsification. Passing through 10 elements Ken-
ics mixer (series of single elements), the flow is di-
vided 128 times longitudinally and 128 times trans-
versally. Sulzer mixers (Figure 4 c) are formed by
several stationary elements and are even more effi-
cient.

Phase aqueuse

oil

static mixers

pump

Figure 4:
Static mixers: a) installation, b) emulsification, c¢) Sulzer
mixers

The system could be run continuously, scale-up
was realized by simply increasing the tube diameter,
even for viscous system, residence or emulsification
times could be as low as 0.2 seconds while shear
stress was quite low (Poncelet et al, 1993).

With Sulzer mixers, 5 to 10 elements are needed
to get fine emulsion. Due to the higher dispersion
power of static mixers in regard to turbine mixers,
similar mean size could be reached without the use of
emulsifier. This constitutes an unexpected advantage
of the static mixers.

2.3 Size distribution prediction

Because of the variety of designs, one may be con-
fused by the number of different correlations pro-
posed to describe the dispersion in mixing devices.
However, most equations are based on Kolmogorov’s
theory. The droplet sizes are deduced from the size of
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the eddies formed by the agitation. This assumes that
the mixing regime is turbulent. The mean size is then
given by equation 2.

d _
2= a Wt @

where ds, is the mean Sauter diameter , D is the
reactor diameter, A is a constant function of the sys-
tem, We the Weber number. The mean Sauter diame-
ter, ds», is defined by equation 3.

Do d}

dyp = &)

> d}
;

where n; is the number of droplets having the di-
ameter d;. The mean Sauter diameter, dj, is equal to
the inverse of the specific surface or the surface per
unit volume of dispersed phase. The Weber number,
We, defines the ratio between inertial force and inter-
facial surface force and is given by equation 4.

——cu- D 4
7 5 “)

where p. is the density of the continuous phase, u
the linear liquid-to-blade velocity and o is the interfa-
cial tension between the two liquids. For turbine,
linear liquid-to-blade velocity is given by (m D N),
where N is the rotational speed of the impeller. For
static mixer, it will be given as the ratio of the flow
rate divided by the mixer section.

In fact, one may observe that equation 2 assumes
that most of the dispersion energy is linked to increase
interfacial surface. However, encapsulation generally
involves a viscous liquid (especially for internal
phase) and the mixing regime could be laminar or
transitional. The viscosity of the continuous phase and
the dispersed phase may influence the size distribu-
tion. Equation 2 may be rewritten (equation 5), based
on both mechanistic analyses and empirical correla-
tions (Hass 1987).

d 0.5
i:A We—0.6 Re—o.z (ﬁj (5)
D He

where . and 4 are the viscosities of the continu-
ous and dispersed phase. The Reynold number, Re, is
representative of the ratio between the inertial forces
and viscosity forces (equation 6).
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p u D

Re = ———
P (6)

Equation 1 (or 5) described above are valid to cal-
culate the mean diameter for turbine reactor and static
mixers. The value of constant A is function of the
design of both the impeller, reactor and/or static mix-
ers. For Kenics mixer, one could use 1.2 (Haas 1987)
and for SMV Sulzer mixer 0.2 (Streiff 1977). Lower
sizes could then obtained with Sulzer mixer. For a
more complete review, we advise readers to read the
series of papers from Calabrese et al. (1986) for tur-
bines and Legrand et al. (2001) for static mixers.

Referring to the Kolmogoroff’s theory, the size
distribution of eddies in the reactor determine the size
distribution droplets formed by liquid breakage in
turbulent system. This leads to a distribution follow-
ing a lognormal law. The frequency is then defined by
equation 7.

7

o? )

1) =t

where z = log(d) and o, is the standard deviation
of z. The span corresponds to 80 % of the mean.

3 Encapsulation methods

3.1 Interfacial polymerization and polymer cross-
linking

Interfacial polymerization consists of dispersing a
solution of one monomer in an immiscible solvent
and adding a second monomer soluble in the continu-
ous phase. A typical example is the reaction of a di-
amine (water-soluble) with a diacid chloride (oil solu-
ble) (Wittbecker 1959). The reaction generally requi-
res a solvent of high polarity (chloroform) and high
pH value (> 11). It was then necessary to improve the
method to apply it to biocatalyst encapsulation.

Three laboratories was involved in this research:
TMS Kondo (Wakamatsu, 1974) in Japan, MC Levy
(Guerin 1983) in France and R. Neufeld (Groboillot
1993) in Canada. Their results were quite similar. To
avoid drastic conditions, the process must involve low
pKa amine (like amino acid) and polyamine (like
proteins, polyethyleneimine) (Poncelet 1990b).

The process which then corresponds more to a
polymer cross-linking, could be performed at pH as
low as 8 and with a solvent like vegetal oil. The weak
point remains the use of a strong cross-linker such as
diacid chloride, which could react with the encapsu-
lated material near to the surface. Moreover, diacid
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chloride frees acid chloride by reaction with water and
the polyamine. The pH then drops quickly inside the
capsule (Hyndman 1993). Use of thiocyanate as a
cross-linker allows avoiding pH drop but capsules are
not as strong. Preliminary studies show that diacid
anhydride could be a good candidate to replace diacid
chloride. At this stage, interfacial polymer cross-
linking has been proved successful for enzyme
encapsulation (Monshipouri 1992) but still limited for
cell encapsulation (Hyndman 1993).

Interfacial polymerization may also be used to
form oil loaded microcapsules by dispersing the hy-
drophobic monomer solution in an aqueous solution
and then adding a water soluble monomer. This could
be useful for encapsulation of some enzymatic sys-
tems (such as lipase for ester synthesis). Another use
may be as a carrier of hydrophobic component. Sili-
cone loaded microcapsules have been proved very
efficient for transferring oxygen in bioreactor (Ponce-
let, 1993).

3.2 Coacervation

Coacervation relates to polymer precipitation. In
the frame of bioencapsulation, two processes have
been mainly developed. Prof. TMS Chang has devel-
oped a method (Chang 1966) consisting of dispersing
an aqueous phase in an ether solution of cellulose
nitrate to yield to a water-in-oil emulsion. The cellu-
lose nitrate is precipitated by addition of a non-sol-
vent (n-butyl benzoate). As only one polymer is in-
volved, this is called simple coacervation. The process
is not easy to control. The size distribution is a func-
tion of the mixing conditions but also the physico-
chemical properties during coacervation (Poncelet
1989). The toxicity of the solvent involved in the
process restricts its use to enzyme and biochemical
encapsulation.

Complex coacervation involves the precipitation
of two or more polymers together. The most well
known example is the emulsification of oil in water
phase containing arabic gum and gelatin. By dropping
the pH, the charge of the gelatin becomes positive and
a complex is formed with the negative arabic gum
(Madam 1972). This method was extensively used in
industry for carbonless copy paper and aroma encap-
sulation. It could be of interest for enzyme release in
consumer products.

3.3 Thermal gelation

Thermal gelation is probably the most usual and
simple method of encapsulation by emulsification. A
K-carrageenan, agar or agarose solution is dispersed in
oil at 45°C and the temperature is dropped to cause

gelification (Scheirer 1984, Tosa 1979). Suppliers
now provide low temperature (28-30°C) gelling ma-
terial which allows encapsulation of even fragile ani-
mal or plant cells.

Dropping the hot gelling solution in cold water
forms thermal gel beads but emulsification in oil
allows larger scale (Audet 1989). The use of static
mixers even opens production to a very large scale
(Descamp 2002).

3.4 lonic gelation

Since its introduction (Kierstan, 1977), alginate
beads remains the favorite system for cell entrapment.
The dropping technologies have been strongly im-
proved and allow now relatively large production.
However, for very large scale (cubic meters), espe-
cially for small microcapsules (down to 25 pm), an
emulsification method is still beneficial. The key
point is that alginate gelifies in the presence of cal-
cium ions. The question remains of how to transfer
calcium through an oil phase.

Paul Heng (Chan 1990) proposed to add a calcium
chloride solution to an alginate solution-in-oil emul-
sion. However, the transfer of the calcium is critical.
The bead size is very inhomogeneous and the shape of
the capsules is not spherical. A better alternative is to
introduce an insoluble calcium source (CaCOs;) into
the alginate solution before dispersing it in the oil. By
addition of a small volume of acetic acid (soluble both
in oil and water), the calcium is released provoking
gelation of the dispersed alginate droplets (Poncelet,
1992). The calcium vector must be well selected and
in the form of a very fine powder (2 um). It is possi-
ble then to provoke gelation in a very small pH range
(dropping from 7.5 to 6).

4 Transfer and washing of capsules

In many applications, traces of organic solvent,
even vegetable oil, will be a source of problems. As
for example in beer production, even a small amount
of hydrophobic liquid could alter the taste and influ-
ence foam formation. At lab scale, the transfer and
washing of the microcapsules from an organic solvent
could be performed using three main methods:

e Removing as much as solvent as possible,
transferring the microcapsules to a high con-
centrate water soluble emulsifier (Tween 20 at
50 %), dilution with water, filtration and resus-
pension in water

e Transferring the bead-in-oil suspension in a
baker containing some water and gently mixing
the interface between the phase with a flexible



D. Poncelet et al. / Landbauforschung Vélkenrode (2002) SH 241:27-31

tube to allow a settling of capsules to the lower
aqueous phase.

e Filtrating the bead-in-oil suspension on nylon
mesh (40 pm) under vacuum, washing of mi-
crocapsules by spraying water on the filter.

The selection of the method depends on the type
of microcapsules and solvent. However, while scal-
ing-up the production, the transfer and washing may
become a critical point. The volume of water needed
to get clean capsules could be important (200 ml for
20 g of capsules) and the cost associated with this step
as high as the microcapsule cost it-self. If some data
exists at the industrial or pilot scale, they don’t seem
to have been published.

5 Conclusions

This review is not expected to be complete but to
give a good introduction of the potential and limita-
tion of the microencapsulation using emulsification as
dispersing techniques. When to use emulsification
methods? If one of the extrusion or dropping methods
could fit your needs, don’t use emulsification. It will
allow narrower size dispersion and it will reduce the
washing problem. However, extrusion methods don’t
allow reaching as large scale as emulsification.

On the other hand, sometimes, emulsification set-
up may be simpler than extrusion (for example during
thermal gel bead preparation). Very strong capsules
may be obtained by interfacial polymerization. Emul-
sification is the first method useful for oil-loaded
capsules.
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Optimization of the pelletization processes — A review

Evdokia S. Korakianiti and Dimitrios M. Rekkas'

Abstract

Pelletization is a process of converting fine pow-
ders of drugs and/or excipients into small (0.5 - 1.5
um) free-flowing spherical units, which are called
pellets. There are several techniques and types of
equipment for their preparation. Thus a series of proc-
ess and formulation factors affect their quality charac-
teristics. The formulator should be aware of the fact
that the above mentioned parameters do not equally
contribute to the desired pellets’ specifications.

For this reason it is necessary to use the appropri-
ate tools for the identification of the factors affecting
the process, their relative importance and possible
interactions (Process characterisation). The result of
such an approach is the reduction of variability, which
is inversely proportional to quality. Furthermore, the
selected important factors can now be used to opti-
mise the process. This simply means the determina-
tion of the region that the values of these factors
should fall in order to have the best possible response
(Process optimization). Experimental design techni-
ques such as factorial design, response surface meth-
odology etc., provide the means of the characterisa-
tion and optimization of a process like pelletization.
These methods have been widely used and during
recent years their value has been recognised by scien-
tists, because the statistical design of experiments is
probably the most effective tool against variability.

Keywords: Pellets, pelletization, experimental design,
optimization, response surface methodology

1 Introduction

Pellets are spherical or semi-spherical free flowing
particles whose diameter varies between 200 um and
2000 pm, but usually between 500 and 1500 pm
(Ghebre-Sellasie 1989). They are filled into hard gela-
tine capsules, but they can also be compressed into
tablets (Bechgard and Leroux 1992), (Millili and
Schwartz 1990).

Oral multiple unit dosage forms have gained im-
portance due to the technological and therapeutical
advantages they offer (Ghebre-Sellasie 1989). Pellets
disperse freely in the gastro-intestinal tract (GI tract)
resulting in reduction of the variation in gastric emp-
tying rates and overall transit times (Clarke et al.

1995). The uniform distribution of the multi-particu-
lates in the GI tract results also in reduction of peak
plasma fluctuations (Sandberg et al. 1998) and high
local concentrations (Bodmeier 1997). The lowered
risk of side effects caused by dose dumping is another
major advantage. Moreover spherical particles exhibit
good flow properties, they are less friable compared
to other solid dosage forms and are ideal for coating
because of their minimum surface to volume ratio
(Ghebre-Sellasie 1989).

Most of the methods employed for the production
of pellets are multi-variable processes, in which sev-
eral factors affect the final characteristics of the pel-
lets produced. Despite the fact that many formulation
and development studies are conducted by varying
one factor at a time, this approach is both time and
energy consuming and thus expensive. Moreover,
misleading conclusions can be drawn, particularly
when there are interactions between the variables
(Wehrle et al. 1993). For this reason the pelletization
processes should be regarded as good candidates for
the application of statistically designed experiments.

2 Pelletization techniques

There are many different pelletization techniques
(Vervaert et al. 1995). Pellets can be produced by
spraying a solution or suspension of a binder and a
drug onto an inner core (solution /suspension layer-
ing) (Singh et al. 1995), spraying a melt of waxes
from the top of a cold tower (spray congealing) (Thies
and Kleinebudde 1999), spray drying of a solution or
a suspension of the drug and formation of pellets due
to the evaporation of the solvent (Ghebre-Sellasie
1989). A common method for producing pellets is
extrusion spheronisation. It consists of four steps: wet
granulation of the masses, shaping of the granules into
cylinders (extrusion), forming the particles into
spheres (spheronisation) and drying of the pellets
(Law and Deasy 1997), (Krogars et al. 2000), (Baert
et al. 1993). The most recent method for pellet pro-
duction is pelletization by means of wet granulation in
a fluid bed rotary processor (Vecchio et al. 1994),
(Vertommen et al. 1997), (Vertommen and Kinget
1997), (Rashid et al. 1999), (Vertommen et al. 1996),
(Kristensen et al. 2000), (Vertommen et al. 1998),
(Holm et al. 1996). It is a one step method, where
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pellets are produced dried and coated with the same
equipment.

3 Experimental design

Regardless of the pelletization technique em-
ployed, several factors affect the production process
and consequently the quality characteristics of the
pellets. In general, a production process is a system
with input factors and output variables. The process
transforms the inputs into a finished product (output)
that has several quality characteristics.

Some of the input factors are controllable and
some are uncontrollable such as the environmental
conditions. The identification of the significant factors
that affect the process and the quality characteristics
of the output from the non-significant ones (process
characterization) can be achieved by the means of a
designed experiment. This is an approach of system-
atically varying the controllable input factors in the
process and determining their effect on the output
product parameters. Statistically designed experi-
ments play a crucial role in reducing the variability in
the quality characteristics of the output. A major type
of a designed experiment is the factorial design
(Montgomery 1997).

Once the significant variables that affect the proc-
ess output have been identified, then it is useful to
model the relationship between the influential factors
and the output quality characteristics. This enables the
determination of the region that the values of these
factors should fall in order to have the best possible
response (Process optimization) (Wehrle and Stamm
1994), (Montgomery 1996).

4 Optimization

The aim of optimization is, as previously men-
tioned, to determine those values of the independent
variables that maximize the objective. Two different
methodologies can be applied to obtain the optimum
values. With the first, one may determine the general
configuration of the response to fit a second order
polynomial to the data (Response surface methodol-
ogy). With the other, one could proceed in finding the
optimum without determining the general form of the
response (Path of steepest ascent/descent). The most
commonly used optimization technique is that of
Response surface methodology, which is discussed in
detail below.

4.1. Response Surface methodology (RSM)

Response surface methodology based on experi-
mental designs is an economical approach aimed at

collecting the maximum information with a minimum
of properly designed experiments (Gonzalez 1993).
Another important advantage is that the experimental
field can be run sequentially until an efficient model
is found to describe the process (Wehrle et al. 1996).
According to Montgomery (Montgomery 1996), re-
sponse surface methodology is a collection of mathe-
matical and statistical techniques useful for modeling
and analysis in applications where a response is influ-
enced by several variables and the objective is to
optimize the response.

The first step in RSM is to find a model that ap-
proximates adequately the relationship between the
response (y) and the independent variables (x;). Usu-
ally a low order polynomial is employed. If the re-
sponse is adequately described by a linear function,
then the first order model is used (1)

k
y:ﬂ0+2ﬂi‘xi+g ()
i=1

If there is a curvature in the system, then a higher
order degree is employed. Usually a second order
polynomial (2) approximates adequately the experi-
mental field under study

v=20 +Zﬂixi +Zﬁ,~ix,-2 +Z Zﬂiixixj te (2
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The method of least squares is employed for the
estimation of the parameters in the polynomials and
analysis of variance is performed to validate the
model.

The second step in RSM is to challenge the model
obtained. This is achieved by conducting further ex-
periments under the predicted optimum conditions
and by comparison between the estimated and the
observed values of the responses.

Commonly used designs for fitting the first order
model are the 2* factorial and fractions of the 2¥, as
well as the simplex design. For fitting the second
order polynomial the central composite (CCD), the
Box — Behnken, the 3* factorial or more rarely some
equiradial designs can be used.

4.2. Multiple response optimization

During optimisation, usually several responses
should be optimised. Some of these response vari-
ables should be maximized and some minimized. In
many cases these responses compete, meaning that
improving one response may have a negative effect
on another. Therefore all responses should be taken
into consideration during the optimization process



E. Korakianiti and D. Rekkas / Landbauforschung Vélkenrode (2002) SH 241:33-37 35

(Khawala et al. 1996). To solve this problem, several
approaches have been proposed like the use of con-
straint optimization, the superimposition of contour
diagrams or the use of desirability functions. The
latter offers several advantages because it permits the
comparison of both qualitative and quantitative fac-
tors or of factors with different scaling, while it trans-
forms all different responses in one measurement. The
simplified form of the desirability function as it has
been introduced by (Derringer and Suich 1980) has
been used effectively for optimization purposes
(Bodea and Leucuta 1998), (Khawala et al. 1996),
(Outinen et al. 1998).

These functions take one of the following forms
depending on whether the response is to be maxi-
mised (3) or minimised (4)

0
. y{low
y—low - ,
- - low < y < high
d [high - lowj AOWA y e ©)
| yyhigh
1
o ) y(low
d= [w] low < 7 < high @)
low — high A
yyhigh

0

where: high and low are the maximum and mini-
mum acceptable values of each response respectively.
In the case of maximisation and for s=1 the desirabil-
ity function rises linearly from 0 at the low value to 1

Table 1:

at the high value. For s <1 it increases quickly at the
beginning and then levels off, while for s > 1 it in-
creases slowly at first and then speeds up. When mini-
misation is desired, the function has a similar shape to
that of maximisation, but it starts at 1 for the low
value and goes to 0 for the high.

After the calculation of the individual desirability
values, the overall desirability can be determined
according to the following equation (5)

D={dd,...dy}"™ (5)

where m represents the number of responses.

5 Applications of optimization methodology in
pelletization techniques

Table 1 depicts a review of the optimization tech-
niques that can be found in the literature for optimiz-
ing pelletization processes.

6 Conclusions

The increasing use of experimental design tech-
niques for process characterization and optimization
is a clear recognition of their value, since with rela-
tively few properly designed experiments the gained
information allows the researcher to minimize the
variability in products and processes.

The reduction of variability is the definition of
quality improvement. This is the reason why experi-

Review of the optimization techniques used in optimizing pelletization processes

Ref. Purpose of optimization Pelletization Independent variables Responses Optimization
technique used technique
involved
Noche et Optimizing the pelleti-  Extrusion- Amount of granulating liquid, ~ Size, Friability, Coat-  2* full facto-

al. 1994  zation and coating

rocess
s ‘Waurster coat-

spheronisation, Kneading time, Screen plate
diameter, Batch size, Pulveri-
zation rate, Pulverization

ing efficiency, Sieving rial design
efficiency, Drug dos-
age, Dissolution con-

g pressure, Inlet air rate, Outlet ~ stant
air temp.

Vojnovic Optimization of the High shear Impeller speed, Amount of Porous structure, Size  Doehlert and
et al. production of theophyl- mixer binding solution distribution simplex
1995 line pellets matrix
Zhou F.  Optimization of the Fluid bed rotor Impeller speed , Mixing time  Yield 3x3 orthogo-
et al. process for producing  granulation nal array
1998 matrix pellets based on

waxes and starch
Bodea A. Evaluation of three Coating pan Film thickness, Lacquer con-  tgs, Stuck pellets, Dura- Box-
et al. process parameters for centration, Plasticizer concen- tion of process Behnken,
1998 the application of ethyl- tration Desirability

cellulose films to obtain function

sustain release pellets
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continuing Table 1:

mental design has been considered the key to the
magic kingdom of Quality (Bhote 1991).

References

Baert L, Vermeersch H, Remon JP, Smeyers-Verbeke J, Massart
DL (1993) Study of parameters important in the spheronisation
process. Int J Pharm 96:225 -229

Bechgard SR, Leroux JC (1992) Coated pelletized dosage form:
effect of compaction on drug release. Drug Dev Ind Pharm
18:1927-1944

Bhote KR (1991) World class quality. Using design of experiments
to make it happen, AMACOM, New York, p 25

Bodea A, Leucuta SE (1998) Optimization of propanolol hydro-
chloride sustained release pellets using Box Behnken design
and desirability function. Drug Dev Ind Pharm 24(2):145-155

Bodmeier R (1997) Tabletting of coated pellets. Eur J Pharm
Biopharm 43:1-8

Clarke GM, Newton JM, Short MD (1995) Comparative gastroin-
testinal transit of pellets systems of varying density. Int J
Pharm 114:1-11

Derringer G, Suich RJ (1980) Simultaneous optimization of several
response variables. J Quality Technol 12:214-219

Fekete R, Zelko R, Marton, Racz (1998) Effect of the formulation
parameters on characteristics of pellets. Drug Dev Ind Pharm
24(11):1073-1076



E. Korakianiti and D. Rekkas / Landbauforschung Vélkenrode (2002) SH 241:33-37 37

Ghebre-Shellasie I (1989) Pellets: A general overview. In: Ghebre-
Shellasie I. Pharmaceutical Pelletization Technology. Marcel
Dekker, New York, pp. 6-7

Gonzalez AG (1993) Optimization of pharmaceutical formulations
based on response surface experimental designs. Int J Pharm
97:149-159

Heng PWS, Wan LSC, Tan YTF (1996) Optimization of spheroid
production by centrifugal processing. Int J Pharm 143:107-112

Holm P, Bonde M, Wigmore T (1996) Pelletization by granulation
in a roto-processor RP-2. Part I: Effects of process and product
variables on granule growth. Pharm Tech Eur 228:22-36

Kennedy JP, Niebergall PJ (1996) Development and optimization
of a solid dispersion hot melt fluid bed coating method. Pharm
Dev Tech 1(1):51-62

Khawala AI, Garcia Contreras L, Robert LD (1996) Preparation
and Evaluation of Zidovudine-Loaded Sustained Release Mi-
crospheres. 2. Optimization of Multiple Response Variables. J
Pharm Sci 85(6):572-576

Korakianiti ES, Rekkas DM, Dallas PP, Choulis NH (2000) Opti-
mization of the pelletization process in a fluid bed rotor granu-
lator using experimental design. Pharm Sci Tech 1(4), nr 35

Krinstensen J, Schaefer T, Kleinebudde P (2000) Direct pelletiza-
tion in a rotary processor controlled by torque measurements. I.
Influence of process variables. Pharm Dev Tech 5(2):247-256

Krogars K, Heinamaki J, Vesalaht J, Marvola M, Antikainen O,
Yliruusi J (2000) Extrusion spheronisation of pH- sensitive
polymeric matrix pellets for possible colonic drug delivery. Int
J Pharm199:187-194

Ku CC, Joshi YM, Bergum JS, Jain NM (1993) Bead manufacture
by extrusion / spheronization a statistical design for process op-
timization. Drug Dev Ind Pharm 19(13):1505-1519

Law M, Deasy PB (1997) Use of a cononical and other analyses for
the optimization of an extrusion-spheronization process for in-
domethacin. Int J Pharm 146:1-9

Millili GP, Schwartz JB (1990) The strength of microcrystalline
cellulose pellets: The effect of granulating with water/ethanol
mixtures. Drug Dev Ind Pharm 16:1411-1426

Montgomery DC (1996) Design and Analysis of experiments, 4th
edition, John Wiley, New York USA

Montgomery DC (1997) Quality improvement in the modern
business environment. In: Montgomery DC (ed) Introduction to
Statistical Quality control, 3rd edition, John Wiley, New York,
pp-12-14

Noche C, Barochez BH, Brossard C, Horvard S, Cuine A (1994)
Optimizing the manufacturing process for controlled release
pellets. Pharm Tech Eur April:39-43

Outinen K, Haario H, Vuorela P, Nyman M, Ukkonen E, Vuorela H
(1998) Optimization of selectivity in high performance liquid
chromatography using desirability functions and mixture de-
signs according to PRISMA. Eur J Pharm Sci 6:197-205

Rashid HA, Heinamaki J, Antikainen O, Yliruusi J (1999) Effects
of process variables on the size, shape surface characteristics of
microcrystalline cellulose beads prepared in a centrifugal
granulator. Drug Dev Ind Pharm 25(5):605-611

Sandberg A, Blomqvist I, Johnson UE, Lundborg P (1998) Pharma-
cokinetic and pharmacodynamic properties of a new controlled
release formulation of metoprolol: a comparison with conven-
tional tablets. Eur J Clin Pharmacol 33:9-14

Singh SK, Dodge J, Durrani M, Khan MA (1995) Optimization and
characterisation of controlled release pellets coated with an ex-
perimental latex: I. Anionic drug 125:243-255

Thies R, Kleinebudde P (1999) Melt pelletization of a hydroscopic
drug in a high shear mixer. Part. 1. Influence of process vari-
ables. Int J Pharm 188:131-143

Vecchio C, Bruni G, Gazzaniga A (1994) Preparation of indobufen
pellets by using centrifugal rotary fluidized bed equipment
without starting seeds. Drug Dev Ind Pharm 20(12):1943-1956

Vertommen J, Jaucot B, Rombaut P, Kinget R (1996) Improvement
of the material motion in a rotary processor, Pharm Dev Tech
1(4):365-371

Vertommen J, Kinget R, (1997) The influence of five selected
processing and formulation variables on the particle size, parti-
cle size distribution and friability of pellets produced in a ro-
tary processor. Drug Dev Ind Pharm 23(1):39-46

Vertommen J, Rombaut P, Kinget R (1997) Shape and surface
smoothness of pellets made in a rotary processor. Int J Pharm
146:21-29

Vertommen J., Rombaut P, Kinget R (1998) Internal and external
structure of pellets made in a rotary processor. Int J Pharm
161:225-236

Vervaet C, Baert L, Remon J (1995) Extrusion Spheronisation. A
literature Review. IntJ Pharm 116:131-146

Vojnovic D, Moneghini M, Masiello S (1995) Design and optimi-
zation of theophylline pellets obtained by wet spheronization in
a high shear mixer. Drug Dev Ind Pharm 21(18):2129-2137

Wehrle P, Koner D, Benita S (1996) Sequential statistical optimiza-
tion of a positively charged submicron emulsion of micona-
zole. Pharm Dev Tech 1(1):97-111

Wehrle P, Nobelis Ph, Cuine A, Stamm A (1993) Response surface
methodology: An interesting statistical tool for process optimi-
zation and validation: Example of wet granulation in a high-
shear mixer. Drug Dev Ind Pharm 19(13):1637-1653

Wehrle P, Stamm A (1994) Statistical tools for process control and
quality improvement in the pharmaceutical industry. Drug Dev
Ind Pharm 20(2):141-164

Zhou F, Vervaert C, Massart DL, Massart B, Simon J-P (1998)
Optimization of matrix pellets based on the combination of
waxes and starch using experimental design, Drug Dev Ind
Pharm 24(4):353-358



38



K. Eichler / Landbauforschung Vélkenrode (2002) SH 241:39-40

Fluid bed filmcoating

Klaus Eichler!

1 Introduction

With the increasing number of pharmaceutical
sustained-release products on the world market, there
is also an increasing need for reliable processing
equipment, warranting perfect reproducibility of the
process parameters and therewith of the film mor-
phology.

Since fluid bed technology is renowned for its op-
timal heat and mass exchange, it is particularly suit-
able for the application of filmcoating. It causes fast
and effective evaporation of the liquid vehicle which
transports the coating material to the surface of the
substrate, irrespectivewhether the latter is a powder, a
crystal, a granule, a pellet or a tablet.

The fluid bed method offers three processing op-
tions:

e top spray
e bottom spray
o tangential spray

Each method will be individually discussed as
each spray method has different effect on the final
film quality. The coating principle, however, is the
same for each option.

Whenever a particle passes through the coating
zone, small patches of coating material are applied
until the entire surface has been covered. Droplet
formation, contact, spreading, coalescence and evapo-
ration occur almost simultaneously during the proc-
ess. By continuous repetition of the 'patchwork,' the
film thickness can be steadily increased. Actually, the
drug itself maybe applied as a neutral nuclei with
filmcoating, a process we would then call "layering".

Usually, air atomized spray nozzles are used for
all fluid bed filmcoating options, since the atomiza-
tion air allows better control of droplet size compared
with airless nozzles. A common target of each option
is also to minimize droplet travel distance for uniform
and optimal spreadability.

2 Top spray coating

The conventional top spray method shown has
been used for nearly 20 years (40 years for fluid bed
drying and granulation), originally for the lipid coat-
ing of vitamin granules.
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The coating material is sprayed downwards on the
fluidized product. To prevent agglomeration, the
particles should travel fast enough through the coating
zone and the droplets should be small enough not to
embrace the suspended particles, but to just deposit
the coating material on the surface of the substrate.
The finer the droplets the denser the final film. How-
ever, the droplets must still remain spreadable on the
surface of the substrate, i. e. premature evaporation of
the liquid vehicle is not desired.

Like any other fluid bed process, top spray film-
coating is a thermo-dynamic process, thus requiring
moisture control, i.e., by carefully monitoring the
product bed temperature and process air volume.

Since a maximum product surface is exposed to
the spray mist, this is a fast process and feasible for
batches up to 1500 kg. But since the fluidization pat-
tern is random and unrestricted, a perfect control of
each droplet's travel towards the substrate is not pos-
sible as in pinholes or spray-dried particles on the
surface of the final film. However, for taste masking
or enteric coating of non-toxic substances, this may
present satisfying results.

For lipid coating (hot melt), top spraying is the
system of choice. The product container of the top
spray system is designed for an unrestricted particle
flow, an important feature for hot melt coating. Mate-
rials with a melting point of less than 100°C can be
applied to the fluidized particles by carefully control-
ling the liquid and atomizing air temperatures and the
product bed temperature. The degree of protection
offered by the coating is related to the rate at which it
is applied and how slowly it congeals. Keeping the
product bed temperature close to the coating's con-
gealing temperature results in a significant increase in
the viscous drag in the bed.

3 Bottom spray filmcoating

Also known as the "Wurster" system, originally
designed by Prof. Dale Wurster from the University
of Wisconsin for the coating of tablets - meanwhile
used for the coating of all kindsof particles down to
80 micron.

The processing hardware is quite different from
the top spray configuration. The coating chamber
contains a cylindrical partition and a perforated bot-
tom screen with varying free areas. The largest free

' Klaus Eichler, Technology Training Center, Buehlmuehle, 79589 Binzen, Germany
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area is just below the central partition, thus leading
the majority of the processing air through this nozzle
provides a very dense spreading is at its best.

If particles are exposed in very regular time inter-
vals to a very uniform spray mist with droplets of
uniform spreadability, the film is bound to be of an
uniform thickness, without the imperfections intro-
duced by the randomness of the top spray system.

4 Tangential spray coating

This is a relatively new technology, using a fluid
bed with a rotating disc in the bottom of the product
container. Originally this technology had been con-
ceived for high-density fluid bed granulation and is
now frequently used to produce high-dose pellets by
layering drugs on nuclei. A controlled release film
may subsequently be applied.

The rotor processor consists of a cylindrically
shaped product bowl and expansion chamber. The
rotor disk sits at the base of the product bowl and
seats along the circumference of the chamber when
the rotor is not in motion. The disk is raised during
processing to create a slit between the edge of the
rotor disk and the conical shaped bottom of the rotor
product bowl. The patented adjustable disk height
allows control of air volume through the slit inde-
pendent of velocity. This key feature permits very low
drying rates for direct pelletization and pelletizing by
powder layering. For coating applications requiring a
medium to be evaporated quickly, the air volume can
be significantly increased while keeping air velocity
constant. This flexibility results in a single unit proc-
essor capable of granulating, pelletizing, layering and
coating.

The fluidization pattern in the rotor processor can
best be described as a spiraling helix. Three factors
act on the product to create this flow pattern. The
centrifugal force of the rotating disk causes product to
flow radially towards the product bowl wall. Airflow
through the slit creates a vertical force causing the
product to become fluidized. Gravity soon overcomes
the force of the airflow and the fluidized product falls
back into the bowl towards the center.

Liquids or powdered solids can be added to the
process through air atomizing nozzles located on the
product bowl side wall. The nozzles spray tangen-
tially into the processing chamber in the same direc-
tion as the fluidization pattern.

For the filmcoating application, the tangential
spray systems compares equally to the bottom spray
system, since the three main physical criteria are the
same:

1. Concurrent spraying, with the nozzle buried in-
side the product. Hence: Minimal droplet travel
distance

2. Uniform statistical exposure of the particles to
the spray mist

3. High product density in the spraying zone

Consequently, the quality of the film produced by
tangential spray coating fully measures up to the bot-
tom spray standard.

S Summary

The evaporative efficiency of fluidized bed
equipment and the ability to apply a film to particles
discretely suspended in an air stream have resulted in
widespread use of this technique for coating products
ranging from 100 pm particles to tablets. The three
fluidized bed techniques, all of which are used com-
mercially for film coating, offer a variety of applica-
tions.

These methods have some common features and
variables, but each has unique advantages and limita-
tions. In the development of a product with commer-
cialization as the ultimate goal, criteria such as eco-
nomics, product and process variables, and dosages
form performances must be considered.

In recent years, there have been significant im-
provements in instrumentation and control for the
many variables encountered in fluidized bed process-
ing. Further equipment evolution may result in either
the improvement of the limitations of a given tech-
nique or the development of an entirely new method.



G. Kuncova et al. / Landbauforschung Vélkenrode (2002) SH 241:41-46

41

Immobilization of biomaterials into organic-inorganic matrices

Gabriela Kuncova, Jiti Hetflejs, Jano§ Szilva, and Stanislav Sabata!

Abstract

We compared activities and mechanical properties
of two Lipolase 100 L biocatalysts that differed in the
manner of their entrapment into organic-inorganic
matrices. Model reactions for evaluation of the activi-
ties of the biocatalysts were esterification of stearic
acid with aliphatic alcohols in hexane, toluene and
acetone and the hydrolysis of canola oil. In the first
process, one step sol-gel technique, the enzyme was
entrapped into silica prepolymers prepared from
tetramethoxysilane, methyltrimethoxysilane, propyl-
trimethoxysilane and

(3-aminopropyl)triecthoxysilane. The two-step
process was based on immobilization by sorption of
enzyme on fine inorganic particles and their subse-
quent entrapment into a silicone based polymer. In a
typical example Lipolasel00 L was sorbed on the
surface of poly(methylhydroxysiloxane) particles that
were entrapped into poly(dimethylsiloxane) and
cross-linked. The biocatalysts were shaped by mold-
ing. The one- step biocatalysts were fragile and hard.
Mechanical properties of the two-step biocatalysts
were changed from the hard, high abrasion resistant
material, to elastic rubber. The activities of two-step
biocatalysts (22.5 Mgrotein/ Sviocatalyst) WeTe proportional
to their swelling of the biocatalyst in reaction media
and were to a certain extent insensitive to modifica-
tions of the elasticity and dimensions of biocatalyst
particles. In the esterification of stearic acid, the activ-
ity of two-step immobilized lipases was higher than
that of the commercial sol-gel lipase Fluka.

Keywords: immobilization of lipases, sol-gel, silicone
rubber

1 Introduction

Immobilization of biomaterials into an organic-
inorganic matrix with a sol-gel technique ensured that
biocatalysts would be non-toxic, highly thermal and
chemically stable. The variability of the sol-gel proc-
ess makes possible a tailoring of the chemical compo-
sition and porosity of the matrix to be optimal for
desired enzyme and catalytic reactions. To preserve
the high activity of biomaterial, the entrapment proc-
ess should be done under mild conditions, low tem-
perature and pH near 7. Under these conditions, how-

Czech Republic

ever, polymerisation and polycondensation of alkoxy-
metals are difficult to control. The low temperature
treatment and inelasticity of oxide-based materials
resulted in a poor abrasion resistance of biocatalysts.
Uncontrolled changes in prepolymer structure have
lead to difficulties in shaping biocatalysts. These
drawbacks of the immobilization into organic-inorga-
nic matrices were overcome a with a two-step proc-
ess of immobilization into a silicone based matrix.

When compared to other enzymes, lipases immo-
bilized by the sol-gel process often show higher activ-
ity than the native enzyme in both water and organic
solvents (M.T. Reetz et al. 1996; 1. Gill et al. 1999).
The increased activity of lipases resulting from the
use of a particular sol-gel procedure and the effects of
precursor composition, polymerizaton procedure and
drying on specific surface and porosity of biocatalysts
are still to be elucidated. One reason is that porosity
data reported so far were determined by BET method,
using gel heated at 100-150°C in vacuo. Under the
conditions of enzymatic catalysis the matrices are
swelled, and the actual porosity is thus quite different
from BET porosity. This difference is very likely
responsible for unexpected relations between the BET
surface and biocatalyst activity.

Lipases differ from other enzymes in that they op-
erate on a hydrophobic-hydrophilic interface. Their
characteristic feature is their activation in the presence
of hydrophobic interfaces. When these interfaces are
absent, lipases have some elements of secondary
structure (“lid”) covering their active sites and making
them inaccessible to substrates (Fernandez-Lafuente
R. 1998). In the presence of hydrophobic interfaces,
the conformational changes take place, yielding the
“open structure” of lipases. The enzyme is adsorbed
on hydrophobic interfaces through hydrophobic sur-
face. This complex mechanism of the enzyme action
makes the understanding and control of the behavior
of lipases in organic synthesis difficult.

Many lipases were immobilized into organic-
inorganic matrices by various techniques. The ob-
tained results can be hardly compared because in
addition a to different immobilization process also a
variety of enzymes and activity assays were used. In
our experimental work we compared biocatalysts
based on inorganic-organic carriers using esterifica-
tion of carboxylic acids with alcohols under anhy-
drous conditions as a model reaction.
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The goal of this study was to develop a reproduci-
ble process of immobilization of lipases into organic-
inorganic matrices. The process of preparation of
highly active and abrasion resistant biocatalyst should
be readily scaled up.

2 Experimental
2.1 Materials

Lipolase 100L was commercial product of Novo
Nordisk (5 mgproweine/ml), Lipase Sol-Gel AK (Asper-
gillus niger), tetramethoxysilane (TMOS), methyltri-
methoxysilane (MTMS), (3-aminopropyl)triethoxysi-
lane (APTS), propyltrimethoxysilane (PTMS) and the
other compounds were purchased from Fluka. Sol-
vents were dried with 4 A sieve prior to use. Zn(2-
ethylhexanoate),, Sn(2-ethylhexanoate),, poly(dime-
thylsiloxane)-silanol terminated (HO-PDMS, viscos-
ity 45-85 ¢St and 100 cSt) were supplied by ABCR
(Karlsruhe, FRG), NaBH, and poly(methylhydrosilo-
xane) (PHMS, 98% Si-H bonds) were purchased from
Sigma-Aldrich. Ethyl silicate 40 was from the labora-
tory stock, bentonite BENTOGRAN® was gift of
Compo co. (Czech Rep.).

2.2 One-step immobilization
2.2.1 Entrapment of lipase into a silica prepolymer

The prepolymer was prepared by stirring a mix-
ture of alkoxysilanes (8 g) and water for 24 h with a
magnetic stirrer. Mol. ratios of the silanes were
TMOS:MTMS = 3:1, 1:1 and 1:3, TMOS:PTMS =
3:1 and 1:1, HCI conc. 6.10° mol/l. The molar ratio of
silanes:water was h = 0.22. The acidity of the pre-
polymer was adjusted to pH 6.5 by 1M-phosphate
buffer (I ml) and the lipase was immediately added.
The solutions gellified during the few minutes after
pouring into moulds (i.d. 3 x 2 mm cylinders). Pre-
polymer with APTS and TMOS was prepared with
the reported procedure (Kuncova et al. 1995). Gels
were dried at 25°C for 5 days under laboratory condi-
tions and for 2 days in dry air. Xerogels were crushed,
sieved and 0,1-0,3 mm particles were collected.

2.3 Two-step immobilization

2.3.1 Preparation of poly(methylhydroxysiloxane)
(PHOMS)

To a magnetically stirred suspension of NaBH,4
(1.52 g, 40 mmol) in anhydrous ethanol (40 ml), a
solution of Zn(2-ethylhexanoate), (14.08 g, 40 mmol)

in anhydrous ethanol (40 ml) was added during 30
min while cooling the mixture on a water bath. Then
PHMS (50 ml, 0.78 mol) was added dropwise during
80 min, the water bath was removed, the mixture
warmed up to 50 °C and was maintained at this tem-
perature for 1.5 h and at 70 °C for 2.5 h, and then set
aside to cool to ambient temperature overnight. The
IR showed complete solvolysis of the Si-H bonds of
PHMS (the absence of the Si-H stretch band at 2168
cm™). NMR spectrum indicated that poly(ethoxyme-
thylsiloxane) (further PEtOMS) so prepared is to
about 20 % cross-linked.

The viscous mixture was diluted with ethanol-
water (1:1, 350 ml), alkalized by adding SM-NaOH
(200 ml) in one portion, and the silanolate solution so
formed was acidified with SM-HCI to pH 5-6 under
efficient stirring. The fine precipitate of PHOMS was
separated by vacuum filtration, washed several times
with water to remove NaCl (checked by the absence
of CI” in the filtrate) and stored wet in a refrigerator.

2.3.2 Immobilization of lipase on PHOMS

PHOMS-adsorbate

In a typical example, an aqueous lipase solution
(20 ml containing 100 mg lipase) was added to a
stirred, wet ice-cold PHOMS (30 g, 28 wt. % solids)
in 0.05M hexametaphosphate buffer (36 ml) and iso-
propanol (4 ml). After 15 min-stirring, ice-cold 0,25M
hexametaphosphate buffer (30 ml) was added and the
mixture stirred for another 2 h. Then lipase-PHOMS-
adsorbate was separated by filtration with suction,
washed successively with three 30 ml-portions of ice-
cold 0,25 M-buffer, acetone, and pentane. The filtrate
was analysed on the content of lipase (see below the
chapter ,,Characterization of biocatalysts”), and the
lipase-PHOMS-adsorbate was dried at room tempera-
ture for 2 h and then stored in a dessicator over a
molecular sieve. As found by repeated experiments,
the adsorption efficiency of PHOMS was 95.2 % for
20 mg lipase per 1 g PHOMS conc. and 91.6 % for
100 mg/g conc.

PHOMS-bentonite-adsorbate

The lipase-PHOMS-adsorbate containing 90 and
10 w. % bentonite resp. were prepared by the proce-
dure described above, except that the alkaline hy-
drolysis of PEtOMS to the silanolate was carried out
after addition of the bentonite to the stirred poly(alko-
xymethylsiloxane) solution. The washed samples ob-
tained by vacuum filtration were dried at room tempe-
rature and pulverized before activity tests.
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2.4 Encapsulation of PHOMS-adsorbate (PHOMS-
SR)

In a typical example, a dry PHOMS-adsorbate (3.4
g) was homogenized with HO-PDMS (4 g each of
m.w. 1750 and 26.000), then ethyl silicate 40 (3.6 g)
and Sn(2-ethylhexanoate), (96 mmol) were added and
the medium was stirred to achieve its homogeniza-
tion. The homogeneous mixture was poured onto a
Petri dish or coated on an expanded metal and cured
at room temperature for 4 h. The flexible sheet (15 g,
1.5 mm thick) was cut into 1xI mm and 2x2 mm
cubes, 5x40 mm 1.2 mm thick sheets.

2.5 Characterization of biocatalysts

Specific surface areas and mean pore sizes of bio-
catalysts were measured after drying of xerogels
(120°C, 2 hod.) by N, absorption (BET) with ASAP
2010 instrument. The average pore diameter (D) was
calculated by BJH method. Concentrations of immo-
bilized proteins were determined by measuring inten-
sities of the fluorescence of tryptophane of the resid-
ual lipases in solutions after immobilization. Swelling
of rubber-like biocatalyst (PHOMS-SR). The 40x5x1
mm sheets of the biocatalysts were weighed before
and after 12 h-immersion in solvent at 40°C.

2.6 Model reactions

Esterification of stearic acid with alcohols. Alco-
hol (butanol, ethanol, and propanol - 2 mmol), solvent
(acetone, benzene, decane, hexane and toluene - 10
ml), stearic acid (2 mmol) and a biocatalyst contain-

Table 1:
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ing the lipase equivalent 4 KLU were placed in a 25
ml flask. After 48 h reaction at 25°C, the residual
stearic acid was determined by potentiometric titra-
tion.

Hydrolysis: Canola oil (5 ml) and distilled water
(4 ml) were placed in a 25 ml-flask. After 4 hours
(shaker 300 rpm) at 40°C the biocatalyst was removed
by pouring off the emulsion and the free fatty acids
were determined (Kuncova et al. 1994).

Leakage of lipases from biocatalysts was deter-
mined by the measurement of stearic acid conversion
(or the content of free fatty acids in the case of the
hydrolysis) obtained with the lipase released into
solution during the first reaction cycle.

3 Results and discussion

The lipases immobilized into a prepolymerized
TMOS were not active in esterification reactions. In
order to form solid hydrophobic-hydrophilic inter-
faces we added organosilanes (MTMS, PTMS or
APTS) to precursor solutions. Increasing MTMS
content did not improve the conversion of stearic acid
(SAC) (Table 1). This might be explained by two
opposite effects of MTMS content. The higher con-
tent of methyl groups leads to the more hydrophobic
sol-gel matrices thus, increasing the activity of lipases
by opening the lid. Or, the biocatalyst with MTMS or
PTMS had lower specific surface. PTMS biocatalysts
were very fragile and the lipase was released during
the first cycle. APTS (the most frequently used com-
pound for binding proteins on glass surfaces) is ex-
pected to improve fixation of the hydrophilic part of
the enzyme. The biocatalyst with APTS showed 30 %

The influence of precursor composition on specific surface (BET), specific surface of mesopores (S), BJH Adsorption
Average Pore Diameter (D), stearic acid conversion (SAC), and stearic acid conversion by the lipase released after first

reaction cycle (SACRL)
Matrix, Precursors composition ~ BET, m%/g S, m%/g D, nm SAC, % SACRL, %
TMOS 650 380 1.6 5 0
TMOS:MTMS=3:1 350 160 2.1 35 0
TMOS:MTMS=1:1 27 33 2.2 32 0
TMOS:MTMS=1:3 0.03 - - 30 0
TMOS:PTMS=3:1 71 - - 95 95
TMOS:PTMS=1:1 0.9 - - 95 95
TMOS+APTS 300 120 2.0 30 15
PHOMS adsorbate 36 18 10 95 13
PHOMS-SR 0 0 0 95 0
Lipase Sol-Gel AK 0.1 - - 35 15
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SAC, but lipase was partially released. In organic
solvents the biocatalysts with the molar ratio
TMOS/MTOS < 1/1 were rigid and brittle. These
materials were suitable for column reactors.

The biocatalysts with sol-gel matrices showed
higher hydrolytical activities than free enzyme (see
also Kuncova et al. 1995). In aqueous solutions the
silica particles of the biocatalyst swelled and became
very soft, the column reactors became stuffed, and in
reactors with intensive mixing the biocatalysts were
disintegrated.

Commercial Sol-Gel lipase Fluka showed similar
activity to the biocatalysts prepared in the present
work (Figure 1). The conversion of stearic acid ob-
tained with the lipase released from the commercial
lipase was 15 % (SACRL). Any leakage of lipase
from the biocatalysts containing MTMOS and TMOS
was not detected. In a purely inorganic matrix, which
is resistant to swelling in hexane, lipase is probably
closed in fine pores, which blocked enzyme release
and substrate conversions. In organic-inorganic matri-
ces, hydrophobic interactions with alkyl groups
probably increased lipase activity by opening the lid.
The impact of decreasing surface area on the effi-
ciency of these biocatalysts has been masked by hy-
peractivation. The influence of silica matrix composi-
tion and of solvents on the esterification of stearic
acid with propanol (SAC) is shown in Figure 1. Simi-

i
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stearic acid conversion [%]
_

100L free

lar relations as with propanol were also observed with
ethanol and butanol. The activities of lipases in-
creased in the sequence ethanol > propanol > butanol.
The entrapment of the enzyme in TMOS/MTOS ma-
trices decreased SAC. Solvents, acetone and toluene,
impaired the free enzyme activity. In the case of the
immobilized enzyme, these solvents led to lesser
changes in SAC compared to the free enzyme. This
agrees with common finding that immobilization
suppresses the action of denaturation and inhibition
agents. The inhibiton of free Lipolase 100L by or-
ganophosphates was eliminated by the entrapment
into sol-gel matrix and also by its immobilization on
hydrophobic glass surfaces (Kuncova and Sivel
1997).

The biocatalysts prepared by the adsorption of li-
pase on poly(methylhydroxysiloxane) (PHOMS ad-
sorbate) led to SAC > 90 %. The low specific surface
might be an artifact caused by the condensation of
hydroxy groups during drying before BET measure-
ments (see Table 1). The effect of drying was proba-
bly stronger than in the case of sol-gel biocatalysts,
because of the higher content of OH groups. The
PHOMS-adsorbate encapsulated into silicone rubber
(PHOMS-SR) was shaped into 1x1 mm and 2x2 mm
cubes, and 1,2 mm thick sheets, and coated on ex-
panded metal (Figure 2).

decane
hexane
benzene

toluene

acetone

Sogﬁiel!a“p PHOMS =\ oms
dsorbat -
adasorbal SR

Oacetone

Etoluene

Ebenzene

A hexane

B decane

Figure 1:

Esterification of stearic acid with propanol in organic solvents catalyzed by Lipolase 100L free, and entrapped in
TMOS/MTOS = 1:1, 3:1 and 1:3, Sol-gel lipase Fluka, lipase 100 L immobilized on poly(methylhydroxysiloxane)
(PHOMS-adsorbate) and PHOMS-adsorbate encapsulated in a silicone rubber (PHOMS-SR)
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Figure 2:

The lipase adsorbed on poly(methyhydroxylsiloxane) en-
capsulated in a silicone rubber (PHOMS-SR) shaped in
cubes, sheet and coated on an expanded metal

The shaping of biocatalyst to sheets or coating on
a expanded metal enables changing of reactor design
from columns to more efficient reactors, e.g., reactors
with vibrating liquid. The elasticity of PHOMS-SR
biocatalysts can be decreased by increasing the con-
tent of cross-linking agent - Sn(2-ethylhexanoate),.
The changes in the content of hardener + 10 % modi-
fied hardness and elasticity of the biocatalyst without
decreasing SAC. However, the brittle biomaterial
with dense polymer network obtained with a twofold
amount of hardener did not catalyze the esterification
of stearic acid in hexane. Thus, the lipase immobi-
lized on hydrofobic-hydrofilic interface might be
inactive after encapsulation into polymer with an
unsuitable network.

PHOMS-SR, and also PHOMSR-SR with bentoni-
te, had zero specific surfaces, as measured by BET
(Table 1). SACs in hexane and in toluene were > 90
%, but the extent of hydrolysis of oil in water was
only 4 %. The activities of the rubber-like biocatalysts
have been proportional to the degree of their swelling
in reaction mixture (Figure 3). After 12 hours
PHOMS-SR sheets adsorbed 40 % vol. of hexane, 30
% of toluene, 13 % of acetone and < 5 % of water-
canola oil.

In general, the choice of optimal polymer network
depends not only on the polymer mixture components
but also on a given reaction performed.

The time dependencies of stearic acid conversion
(SACQ) presented in Figure 4 show that in hexane the
reaction rate is not substantially decreased when using
the biocatalyst shaped to 1-mm particles or to 40x5x1
mm sheet. In acetone and toluene, the low conver-
sions during the first day of the reaction might be
ascribed to a slow swelling of the silicone polymer
into which PHOMS-adsorbate was encapsulated. The
higher conversions after two days were probably
caused by the penetration of the reaction components
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into a disrupted biocatalyst. The dispersion of
PHOMS-adsorbate in silicone polymer was not per-
fectly homogeneous and thus in PHOMS-SR there are
spots with highly different hydrophobicity. Heteroge-
neous penetration of the solvent and reaction compo-
nents into different places disrupted the compact bio-
catalyst. The reaction was very probably catalyzed on
the surface of newly developed cracks.

We further tried to substitute PHOMS by the less
expensive carrier — bentonite preparing two samples
in which 10 res. 90 % of poly(methyhydroxysiloxane)
support were replaced by bentonite.
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Figure 3:

The influence of solvent adsorption by PHOMS-SR biocata-
lyst on conversion of stearic acid in acetone, toluene and
hexane. Water*- hydrolysis of canola oil; adsorption of
water + canola oil emulsion
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Figure 4:

Time dependence of conversion of stearic acid (SAC) cata-
lyzed by PHOMS-SR in hexane, acetone and toluene.
PHOMS-SR biocatalysts were cut into cubes 2x2 mm, 1x1
mm and monolith sheet 5x2x40mm
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PHOMS-bentonite-adsorbates showed SAC higher
then 80 % (48 h reaction, hexane). After encapsula-
tion of the biocatalyst containing 10 % of bentonite,
SAC decreased to 50 %, and with 90 % of bentonite it
was < 10 %. Screening of cheaper carriers is under
current research. After 10 recycles the decreasing of
conversions of stearic acid catalyzed by PHOMS-SR
biocatalysts (all prepared shapes) were < 15 %.

4 Conclusions

The two-step immobilization of lipase into sili-
cone based polymer was first reported by Gill, 1999.
In this study we report the reproducible and easily
scaled-up procedure of a preparation of the biocatalyst
- PHOMS-SR - which is highly active in organic
solvents swelling the polymer matrix. The biocatalyst
can be used as flexible several mm thick sheets with-
out decreasing its activity as compared to a granulate.
A comparison of PHOMS-adsorbate and PHOMS-SR
with the biocatalyst prepared by entrapment of lipase
into prepolymerized organoalkoxysilanes - one-step
immobilization - showed that increasing lipase activ-
ity due to immobilization on hydrophobic surfaces
can be masked by decreasing accessibility of the en-
zyme for reaction components.
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Electrostatic microencapsulation of parathyroid cells as a tool for the investigation

of cell’s activity after transplantation

Stefan Rosinski', Dorota Lewinska', Malgorzata Migaj’, Bogdan Wozniewicz, and Andrzej Werynski'

Abstract

Parathyroid cells were entrapped in alginate beads
using an electrostatic microcapsule generator and
cultured for three weeks in a Chang medium. Micro-
scopic analysis of cells in bead cross sections revealed
that at the beginning of culturing the majority of more
than 107 entrapped cells was strongly aggregated and
concentrated in clusters of more than 200 cells on
average. During the culture period the number of
aggregates decreased and the number of small clusters
increased but the total number of cells did not change
significantly. Concentration of parathyroid hormone
outside the beads decreased gradually from the initial
value of more than 2700 ng/ml to zero during three
weeks. The reasons for this behaviour and relevance
of results for evaluation of the activity of transplanted
parathyroid cells are currently being investigated.

Keywords: parathyroid cells, alginate beads, micro-
encapsulation

1 Introduction

Cell microencapsulation has been done in various
ways to protect transplanted cells from immune cells,
antibodies and the entire immunological system of the
host. In the case of postoperative parathyroid defi-
ciency (hypoparathyroidism), considerable experience
has been collected concerning the possible application
of microencapsulated parathyroid tissue and cells for
the medical treatment. Successful experimental rat
transplantations of, e.g., parathyroid cells encapsu-
lated in calcium alginate-poly-L-lysine-alginate cap-
sules (Fu and Sun 1989), parathyroid tissue in barium
alginate (Hasse et al. 1998), cells and tissue in multi-
layer polyacrylate-alginate capsules (Gaumann et al.
2001) have been reported. Normalization of calcium
and parathyroid hormone (PTH) levels for two pa-
tients after allotransplantation of barium alginate
microencapsulated parathyroid tissue was achieved
during twelve weeks without immunosuppression
(Hasse et al. 1997). On the other hand, similar but
long-lasting (even over one year) effects of treatment
without immuno-suppression were observed in clinics
after allotransplantation of cultured and HLA class II

antigen-depleted, but non-encapsulated, parathyroid
cells (Tolloczko et al. 1996). Although it is a very
promising approach, there are still some problems
with the cell’s activity because two months after
transplantation it is retained in less than 40 % of re-
cipients. Disregarding immunological reasons, this
can be due to some physiological in situ problems,
including limited diffusion, cells aggregation and lack
of attachment to blood capillary wall. To assess the
reasons for the graft (either encapsulated or not) fail-
ure it is advisable to investigate a microencapsulated
cells culture as a simpler system. The topic of the
actual presentation is to comment on the influence of
aggregation on success or failure of parathyroid cells
culture.

2 Materials and methods

2.1 Cells

Single human parathyroid cells (without tissue
fragments), obtained post-operatively from a hyper-
parathyroidic patient, were cultured in Chang medium
(Sigma, USA) in a humidified atmosphere (37°C, 5 %
CO,). A sample of cells in the medium (about 4 ml)
with a concentration of 1.5x107 cells/ml was collected
for cell entrapment in alginate. Cells were floating
freely in the culture medium without any signs of
aggregation.

2.2 Microencapsulation

Concentrated cells were suspended in 1.5 ml of
1.5 % sodium alginate (Sigma, medium viscosity) in
0.9 % NaCl solution and entire cell alginate suspen-
sion was forced under gas pressure into a 1.1 % cal-
cium chloride gellifying bath. Microencapsulation
was performed using the electrostatic microcapsule
generator (EMG, Figure 1) of our own construction.
EMG worked in an impulse mode under the static
voltage of 8000 V. Obtained alginate microbeads with
entrapped parathyroid cells were carefully washed
twice in 0.9 % NacCl solution and transferred to Dul-
becco Minimal Essential Medium (DMEM). After
one hour of incubation they were resuspeneded in
Chang medium.

! Stefan Rosinski, Dorota Lewinska and Andrzej Werynski, Institute of Biocybernetics and Biomedical Engineering, Trojdena Str 4, 02-109 Warsaw, Poland
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Size distribution of alginate microbeads with cells
was evaluated twice with the help of an crystallo-
graphic type optical microscope: in calcium chloride
solution immediately after microencapsulation and
after incubation in the culture medium.

manometer

gas

voltage
generator alginate
- + solution
]

— o] %"

stirrer
Figure 1:
Schematic diagram of electrostatic microcapsule generator

2.3 Microencapsulated cells culture

Microbeads with entrapped cells were cultured in
Chang medium with the addition of human serum
inside a polypropylene flask in a humidified atmos-
phere (37°C, 5 % CO,) during three weeks (Figure 2).

Figure 2:
Microencapsulated cells after two weeks of culture

The culture medium was exchanged every two
days and samples were collected regularly during the
culture period. Samples of microbeads were fixed
with formaldehyde, embedded in paraffin, cut on mi-
crotome, stained in hematoxylin and eosin and exam-
ined under an optical microscope equipped with an
image analysis system. Living cells in cross sections
inside microbeads were counted by two methods:
manually and using computer program SigmaScan
Pro 5 (SPSS Science, USA) and number of cells per

investigated microbead was estimated using geomet-
rical conversion factors. Along with this, photographs
of microbeads in the culture medium were analysed
for cell number and distribution. PTH concentration
in the samples of the culture supernatant was deter-
mined by RIA. Student t-test was used for analysis of
significance of differences.

3 Results

Microbeads comprised of two fractions regarding
their size: a majority was contained in the main frac-
tion, accompanied by a small satellite fraction which
contributed less than 2 % to the total volume of mi-
crobeads. In calcium chloride solution immediately
after microencapsulation, the measured average dia-
meter with standard deviation SD was 0.278 + 0.013
mm (coefficient of variation CV, calculated as a quo-
tient of SD and average multiplied by 100 %, was 5
%) for the main fraction and 0.070 + 0.013 mm (18
%) for the satellite fraction (Figure 3a). After incuba-
tion of the microbeads in the culture, medium average
diameters increased due to swelling to 0.415 + 0.017
mm (4 %) and to 0.134 + 0.021 mm (16 %) for both
fractions respectively (Figure 3b).
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Figure 3:

Size distribution of alginate microbeads (a) in a gellifying
bath after cell microencapsulation and (b) in a culture me-
dium. Contribution of small satellite fraction exaggerated
for the purpose of comparison

First of all the microscopic analysis revealed that
parathyroid cells are viable and strongly aggregated
inside microbeads after the microencapsulation proc-
ess. For the purpose of analysis, the cells found inside
microbeads were divided into three groups according
to the following convention: single cells (abbreviated
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Sing), small clusters of several tens (Teen, between 2
and 50) of cells and aggregates (Aggr)-big clusters of
more than 50-100 cells. The number of cells in each
group was counted using individual microcapsule
cross sections (Figure 4) and average numbers of cells
inside each of the groups were determined. This
analysis was performed for both fractions of mi-
crobeads separately and in different times during the
culture period. Results of analysis concerning percent
contributions of the Sing, Teen and Aggr groups to
the average number of cells per single microbead
(taken as 100%) are presented in Figure 5.

Figure 4:
Sample of microbead prepared for microscopic analysis for
cell viability and distribution

Calculation of average total numbers of cells per
bead (main fraction) gives the values 1190 + 520
cells/bead at the beginning of culture and 1080 + 460
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cells/bead at the end (the difference non-significant
according to Student t-test at p = 0.02). Correspond-
ing values for the small microbead fraction are one
cell on average at the beginning and 70 + 26 cells/
bead, concentrated in clusters, at the end of culture.

Concentration of PTH in the culture medium out-
side microbeads decreased gradually during the cul-
ture period. It was 2700 pg/ml on the 3™ day, 2590
pg/ml on the 6™ day, 560 pg/ml on the 10" day, 310
pg/ml on the 13™ day, 160 pg/ml on the 16™ day and
below the determination level on the 21* day. Cells
were viable until the 21* day and after 23 days were
all dead.

3 Discussion and conclusions

According to the authors knowledge, previous en-
capsulations of parathyroid cells and tissue were per-
formed using air jet microencapsulation devices for
droplet formation (e.g. Fu 1989; Gaumann et al. 2001;
Hasse et al. 1997,1998; Kobayashi et al. 2000). In this
work it was proven that one can use also the electro-
static droplet formation device for this purpose. After
encountering high static voltage of 8 kV, more than
95 % of all microencapsulated cells were viable and
able to produce PTH. The best proof of the prolifera-
tion ability of parathyroid cells after encapsulation is
the seventy-fold increase in their number inside mi-
crobeads of small size fraction (Figure 5c and Figure
5d). Another interesting aspect of electrostatic micro-
encapsulation is the spatial distribution of big cell
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Figure 5:

Cell distribution in both fractions of microbeads. In the main fraction: at the beginning of culture (a) cells are mostly in
big clusters (average number of cells 230 per bead), the minority are single cells and small clusters (average 9 per bead);
at the culture end (b) number of small clusters significantly increases (with 25 inside on average) while single cells dis-
appear and number of big clusters (with average 320 cells per bead) decreases. In small microbeads: there are only single
cells at beginning (c), during culture period develop (d) small and big clusters
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clusters inside microcapsules. As the detailed inspec-
tion of microbead photographs shows, they are lo-
cated inside beads with no clusters penetrating the
bead surface. Inclusion of cells in the microcapsule
boundary is a known problem by the common air jet
encapsulation of e.g. Langerhans islets.

Parathyroid cells do not leave the beads during
culture, no single cells or clusters were found outside
alginate beads during the culture period. This is con-
trary to the behaviour of, e.g., microencapsulated by
the similar procedure hybridoma WEHI cells which
were able to move out of beads (Lewinska et al.
2000).

It is not easy to explain the observed behaviour of
microencapsulated parathyroid cells in in vitro cul-
tures. Concentration of PTH decreases but the number
of living cells does not. Cells can grow intensively in
small microbeads as Figure 5 shows. As this is only a
fraction of a few percent of the total cell number, they
do not contribute significantly to the total PTH re-
lease. On the other hand, as the results show, cells in
microbeads of the main fraction maintain a kind of
dynamic equilibrium state and do not decrease sig-
nificantly in number. There seem to be two parallel
processes: intensive growth of cells in small clusters
and accompanying decline of big clusters inside mi-
crobeads. On average, there are four big clusters per
microbead at the beginning, and at the end there are
only two. Nevertheless, one can hardly explain the
decreasing level of PTH by the decrease of the total
number of cells. Starting level of PTH concentration
equal to 2700 pg/ml per total of 1.5 ml volume of
microbeads is quite satisfactory, especially compared
with the same cells encapsulated in polypropylene
hollow fibers. In such experiments, the PTH level was
between 53 and 59 pg/ml (Granicka et al. 2000), with
1.8x10° cells in total volume of fibers equal to 47 ml
(fiber outer diameter 1 mm, fiber length 1 cm). Com-
paring the efficiency of cells in microbeads with an
estimated level of physiological PTH release per ac-
tive parathyroid cell, one observes that it is about two
orders of magnitude lower.

One possible reason for the observed cell behav-
iour could be that parathyroid cells really “do not
like” to exist in clusters and big aggregates. Interest-
ingly enough there are examples of failures of in vitro
cultures in the case of encapsulation of tissue frag-
ments. Gradual decrease of the PTH concentration
over three weeks was noted for human parathyroid
tissue in carrageenan capsules complexed with phe-
nyl-ethylene derivatives (Kobayashi et al. 2000).
Another group (Gaumann et al. 2001) observed much
better functioning of encapsulated single parathyroid
cells than tissue fragments. Further experiments are
planned to see how a better dispersion of cells in an

encapsulation matrix influences the results. Another
goal is to gain more insight into the possibility of
undesired interactions between the encapsulation
matrix, cells and medium.
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Comparison of different encapsulation strategies for living cells and mechanical
characterization of microspheres by scanning acoustic microscopy

Christian Schwinger', Albrecht Klemenz®, Kay Raum?, and Jorg Kressler!

Abstract

Microencapsulation is a novel strategy for immo-
bilization and immunoprotection of cells where mi-
crocapsules are used for long term production of re-
combinant proteins, hormones, and growth factors in
culture or in vivo.

The focus of this study was the comparison of
three different strategies for the production of calcium
cross-linked alginate beads of a small size (< 350
mm) to immobilized and immunoprotected mammal-
ian cells. The following strategies for bead production
have been used, a) the AirJet technology (coaxial gas
flow extrusion), b) the vibrating nozzle technology,
and c) the JetCutter technology and for the successful
immunoprotection of the cells were used the estab-
lished alginate/poly-L-lysine/alginate complexation as
the polymeric system.

It was shown that all three methods may be used
for production of homogeneous beads with a diameter
< 350 mm. While the vibrating nozzle technique was
limited to an alginate viscosity of 0.2 Pa-s or less, the
AirJet and JetCutter technology were less sensitive to
higher viscosities. Optimum parameters for produc-
tion of beads with specific characteristics were de-
fined for the three methods.

In conclusion, this study describes optimized me-
thods for alginate microencapsulation of genetically
modified mammalian cells, which may be used for
treatment of human diseases in vivo.

High frequency Scanning Acoustic Microscopy is
used for mechanical characterization of the micro-
spheres as well as for investigation of surface proper-
ties. The mechano-elastical properties are measured in
terms of acoustic impedance. Additionally, 2- and 3D
images show the surface of the microspheres with a
spatial resolution of 1.5 um. Mechanical stiffness is
obtained from bulk measurements of acoustic velocity
and mass density.

Keywords: alginate, microcapsule, AirJet, vibrating
nozzle, JetCutter, viscosity, scanning acoustic micros-
copy, acoustic impedance

Halle, Germany

Halle, Germany

1 Introduction

Microencapsulation is a procedure where materi-
als, such as enzymes, bacteria, yeast, or eucaryotic
cells are enclosed within microscopic, semipermeable
containers. Microencapsulation of mammalian cells is
a novel and versatile means of delivering therapeuti-
cally important natural or recombinant molecules in
vivo. It can also have numerous applications as a
platform for gene therapy of metabolic or neurologi-
cal disorders and cancer (Vallbacka et al. 2001, Lohr
et al. 2001). Most of the previous work done on en-
capsulation of transgenic mammalian cells was con-
centrated on protection against the immune response
of the host and on minimizing local inflammatory
reactions generated by the microcapsules (Kulseng et
al. 1999, Sakai et al. 2000). However, encapsulation
techniques additionally are limited by physical fac-
tors, e. g. viscosity of the biopolymer solution, size
distribution, or mechanical strength of the produced
microcapsules. With the prevalent methods for bead
formation, such as vibrating nozzles, gas jet droplet
generators or laminar jet break-up, rather low-
concentrated alginate solutions can be employed
(Klock et al. 1997). In addition, beads with a small
diameter (< 300 mm) are more difficult to produce
than those with a larger diameter (> 500 mm) al-
though smaller microcapsules may have several ad-
vantages, such as better oxygenation of encapsulated
cells, smaller implant volume, and easier application
to organs in vivo (De Vos et al. 1996, Robitaille et al.
1999).

A serious disadvantage of low viscosity alginate
solutions is the lack of mechanical stability of the
alginate hydrogel which is formed by cross-linking of
the alginate molecules with polyvalent cations (Pei-
rone et al. 1998). Therefore, covering solid beads with
outer alginate layers and protective polycationic shells
resulting in alginate-poly-L-lysine-alginate (APA)
microcapsules, or the use of Ba®'- instead of Ca’'-
alginate has been suggested for improving the me-
chanical stability of hollow core microcapsules (Thu
et al. 1996a and b, Gaumann et al. 2001).

The purpose of this study is to evaluate the physi-
cal properties of alginate microcapsules produced by
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three different methods, shown in Figure 1, laminar
gas flow (AirJet), vibrating nozzle, and JetCutter with
the aim of optimizing the production of small size (<
350 um) microcapsules suitable for biomedical appli-
cations in humans, and to investigate the proliferation
of normal, neoplastic, or transgenic cells in these
granules.

High-frequency Scanning Acoustic Microscopy
(SAM) was used for investigation of mechanical
properties in terms of acoustic impedance and 3D-
surface topography of full alginate microspheres (di-
ameter: 350 um). Mean surface impedance was meas-
ured with SAM at 900 MHz with a spatial resolution
of 1.5 um. The sensitivity and reproducibility of SAM
had to be increased considerably to receive and quan-
tify signals in the very low impedance region. A multi
layer analysis method was developed to get quantita-
tive data with SAM at a microscopic level. 3D images
show details of structure and surface topography.

The mechanical stiffness c¢;; was obtained from
mass density and longitudinal ultrasound velocity,
measured with a pulse echo method at 6 MHz.

2 Materials and methods
2.1 Encapsulation materials

Sodium alginate powder was obtained from
Inotech AG (Dottikon, Switzerland) and from Fluka
(Buchs, Switzerland). Preparation and further dilution
of all alginate solutions was done with aqua dest. All
alginates as well as a 0.1 % (w/v) poly-L-lysine solu-
tion (PLL; My 25.700 g/mol; Sigma) were sterilized
by filtration through a 0.22 um filter (Merck), and
stored at 4°C. The MOPS buffer used for rinsing the
microcapsules between single encapsulation steps
consisted of 10 mM MOPS (ICN Biomedicals, Esch-
wege, Germany) and 0.85 % (w/v) NaCl (pH = 7.3).
Calcium chloride (ICN Biomedicals, Eschwege, Ger-
many) was dissolved in 10 mM MOPS to 100 mM
concentration. Trisodium citrate (Merck Eurolab) was
dissolved with 10 mM MOPS and 0.45 % (w/v) NaCl
to 50 mM concentration. The solutions were adjusted
to pH 7.4, sterilized by autoclaving, and stored at
room temperature.

2.2 Viscosity measurements

The zero shear viscosity of the described alginates,
with the solution range between 1.0 and 2.0 % (w/v),
was determined by a temperature of 20°C with a
CSL 100 - Rotational Rheometer from Carri-Med
(Diisseldorf, Germany) with a cone-plate measuring
system (cone diameter 60 mm, angle 2°, gap 57 pm).

2.3 Cell line and culture

The murine fibroblast cell line GLI 328 (PA317;
Rainov 2000, Ram et al. 1997) used in this study was
from Dr. E. Otto, GTI Inc., Gaithersburg, MD. It was
maintained in DMEM with 1 g/L glucose (Biochrom
KG, Berlin, Germany) with addition of 10 % (w/v)
donor calf serum (CS; Gibco BRL Life Technologies,
Karlsruhe, Germany) and 1 % penicillin/streptomycin
(Gibco BRL) at 37°C in humid atmosphere containing
5% (v/v) CO,.

2.4 Encapsulation methods and procedure

Three methods for preparing alginate microcap-
sules are shown in Figure 1. The AirJet (A) apparatus
was self-made and was described elsewhere (Prokop
et al. 1998, Schwinger et al. 2001, Wolters et al.
1992). The vibrating nozzle apparatus was from
Inotech AG (Dottikon, Switzerland; Inotech 2001)
and the JetCutter system (Priisse et al. 2000), was
from genialLab GmbH (Braunschweig, Germany).

Gas flow

alginate/cell
sugpension

| | nozzle

cutting
wire
| cutter .
Y ~cut /
cylinder  /

ead

Figure 1:
Left: Principle of AirJet method, middle: Vibrating nozzle,
right: Principle of the JetCutter

Microspheres from alginate type Fluka 71238
were produced by the AirJet and the JetCutter method
with a concentration of 1.5 (w/v). For the vibrating
nozzle method 1.5 % (w/v) sodium alginate from
Inotech was used. 8 ml of a suspension with 2.0 x 10°
GLI 328 cells/ml were added to all alginate solutions.
The JetCutter and the AirJet systems were placed in a
class two clean bench to allow bead production under
semi sterile conditions The vibrating nozzle system
was operated under sterile GMP conditions. The drop-
lets were collected in 200 ml sterile calcium chloride
solution (100 mM) containing 10 mM MOPS buffer.

2.5 Post-processing of alginate beads

Beads were separated from the collection bath by
sieving. Subsequent formation of outer layers was
carried out according to a simplified alginate-poly-L-
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lysine-alginate (APA) protocol (Lim and Sun 1980).
In brief, the beads were incubated in 0.1 % (w/v)
poly-L-lysine (PLL) for 10 min and then washed
twice with 10 mM MOPS buffer. An outer layer of
alginate was formed by incubation for 10 min in a
0.03 % (w/v) alginate solution, and followed by wash-
ing with MOPS. The alginate core was then dissolved
with trisodium-citrate buffer for 30 min, and capsules
were washed once with MOPS. At the end of the
encapsulation procedure, the microcapsules were
transferred to standard culture medium in 75 cm’
tissue culture flasks (Biochrom KG). The medium
was changed weekly.

2.6 Scanning Acoustic Microscopy

The acoustic microscope SAM 2000 (Kraemer
Scientific Instruments, Herborn, Germany) with a
broadband lens (0.8 - 1.3 GHz, 100° aperture angle)
was operated at 900 MHz. It works in burst mode.
The principle has been described elsewhere (Lemons
and Quate 1974). Distilled and degassed water was
used as coupling fluid. This provides a lateral resolu-
tion of 1.5 pm at the applied frequency.

The contrast of SAM primarily depends on the ul-
trasound reflection of the insonified region, which is
related to the angle of incidence and the acoustic
impedances of the coupling fluid and the specimen,
respectively. In focal position all incident waves have
no phase differences and the resulting wave can be
considered as plane. Then the signal amplitude is
determined by the angle-dependent reflectance func-
tion. At normal incidence this function simplifies to
the reflection factor r (Briggs 1992):

p, _Z,-Z,

r=—=
P, Zm+Zw (1)

p: and po are the reflected and incident pressure
amplitudes, Z,, and Z, are the impedances of the
specimen (microsphere) and the coupling fluid (wa-
ter), respectively.

The focal distance of the lens is 40 pm. During
scanning of the lens, the microspheres under investi-
gation were moving too, caused by shear forces in the
coupling fluid. Therefore the spheres were fixed right
at their bottoms in an agarose matrix (2.0 % (W/v)
agarose in aqua dest.). Because of high attenuation,
GHz-ultrasound penetrates alginate by only a few
microns (Gracewski et al. 1988, Daft et al. 1989) so
that the reflected signals represent surface properties.
Additionally, device and environmental parameters
must be considered for quantitative data analysis.
Since attenuation and sound velocity are strongly
temperature dependent, all measurements were per-
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formed in a temperature controlled water tank at 25.0
+ 0.1°C and at constant room temperature. Signal
drifts were eliminated by temperature stabilization of
the electronic circuitry.

For every alginate concentration a total of 15 mi-
crospheres were investigated and mean values and
standard deviations calculated.

2.7 Bulk Method

Acoustic velocity and bulk density were measured
to estimate the mechanical stiffness. Alginate concen-
tration varied from 1.0 to 2.0 % (w/v) in steps of 0.25.

2.8 Acoustic velocity

The bulk longitudinal wave velocity was estimated
with a pulse-echo method. A total of 30 cylinders (6
per concentration step) were investigated and the
sound velocity was measured at 3 positions per cylin-
der. The alginate sample was placed in a water tank
on a plain polished steel reflector. The transducer
(diameter: 5 mm) was set normally to the reflector on
the top of the alginate sample and the pulse runtime
tpl between transducer and reflector was estimated
with a digital oscilloscope (LeCroy 9430). Then the
transducer was shifted down by a definite but small z-
distance. Since at small deformations alginate is elas-
tic, no significant change in density is expected. ty, is
measured and the longitudinal wave velocity c; is
calculated from:

2z
C, =
| — 2)

Assuming alginate to be isotropic, the elastic stiff-
ness in longitudinal direction c;; is (Zimmermann et
al. 1990):

¢, =pc =Zc 3)

3 Results and Discussion
3.1 Viscosity of alginate

Owing to the fact that the shear field in nozzles is
very high, it can be assumed that the tailoring of vis-
cosity is extremely important for the successful appli-
cation of different microencapsulation techniques.

In Figure 2 can be seen, that there are significant
differences between the zero shear viscosity of the
two investigated alginate types and that the differ-
ences have serious implications on the flow behaviour
of the solutions. As an example, the viscosity of algi-
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nate from Inotech remains below 0.2 Pa's even at a
concentration of 2.0 % (w/v) and the viscosity of
alginate from Fluka at 2.0 % (w/v) increases to a
value of more than 1.6 Pa-s.

1.8+ ®  |notech
1,6 ® Fluka
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Figure 2:
Zero shear viscosity as a function of alginate concentration
for the two different species

3.2 Bead Size of the different encapsulation strategies
3.2.1 AirJet method

This method was refined for producing microcap-
sules smaller than 450 pm, because these capsules
have an optimal secretion kinetics of insulin (Chiche-
portiche and Resch 1988). The size distribution of the
produced microcapsules is shown in Figure 3.

Settings: Gcapiary=300 pm, Alginate Fluka c=1.5% (w/v),
Mo = 0.48 Pa's, V\,=4800 I/h, V,ginae= 10 mi/h
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Figure 3:

Size distribution with optimal settings of the AirJet appara-
tus

The particle diameter and the arising size distribu-
tion are not only dependent on the volume flow of
alginate and gas and the viscosity of the alginate. In
this study a significant influence of the outer diameter
of the capillary on the size distribution was found. It
can be shown that under laminar gas flow conditions a
monodisperse distribution only can be obtained if the
capsule size is smaller then the diameter of the capil-

lary. The optimal parameter settings of the AirJet
apparatus are shown in the Figure 3 and Figure 1.

3.2.2 Vibrating nozzle method

The microcapsules are very homogeneous in size,
as shown in Figure 4, together with the optimal set-
tings. The disadvantage of the vibrating nozzle
method is the strong dependence on the viscosity. In
this study alginate solutions were capable with a very
low zero shear viscosity, e. g. solutions from the Ino-
tech alginate with a range of the zero shear viscosity
between 0.08 and 0.18 Pa's for concentrations be-
tween 1.00 and 2.00 % (w/v).

Settings: Doz = 120um, Alginate Inotechc=1.5%,

Mo = 0,035 Pas, V,iginaie:= 240 mifh, F = 3500 Hz,
180
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Figure 4:
Size distribution with optimal settings of the vibrating noz-
zle apparatus

3.2.3 JetCutter method

Beads produced with the JetCutter method with
settings as shown in Figure 5 are also uniform in size.

Setting: ﬂlee =200pm, n = 50, Alginate Fluka,
c=1.5% (wiv),n,=0.48 Pa's, V=492 mi/h
600
500 ]
4004
]
S 300+
0
o
200
1004
0+ | .
25 85 145 205 265 325 385 445 505
bead diameter [um]
Figure 5:

Capsule size distribution and optimal parameters of the
JetCutter

Beads were used for the determination of size dis-
tribution. More than 60 % of the beads were within a
range of 295 to 325 pm in diameter, and only 1 % are
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smaller than 265 pm. Larger beads are probably
caused by collision and coalescence of falling drop-
lets. As an example, two merging beads of 320 pum
result in one bead of 400 um diameter which possibly
may explain the relatively high percentage of this
fraction.

3.3 Cell growth after encapsulation

After encapsulation of the cells by the different
strategies, the cell growth shows a similar behaviour.
After one day, the cells formed a compact aggregate
in the middle of the capsule. After approximately one
week a significant cell growth can be seen and after
four weeks the cells fill the whole capsule, as shown
in Figure 6.

Encapsulated cells: GLI 328,
2x108 celis/ml

=y =— 6d
4 it
fis, *
(-8 0
- 3%
1d 30d
Figure 6:

Cell growth in a period of 30 days after encapsulation

3.4 Scanning Acoustic Microscopy

Figure 7 left shows the impedance image of an
alginate sphere (1.5 % (w/v)) as plane projection of
the reflected ultrasound signals. The concentric steps
represent the z-increment of the scans. The surface of
the sphere is not ideally smooth. It contains some
depressions and elevations. Local changes of grey
level represent inhomogeneities in the membrane
structure. The bright dots are microbubbles of air that
adhere on the surface. The real diameter of the sphere
is 300 um. To show the entire sphere is not possible
because of the inclination of the surface: with increas-
ing angle of incidence, fewer signals are reflected
back to the transducer and the signal amplitude de-
creases more and more down to the noise level.

The topography profile in Figure 7 right along the
dotted line in Figure 7 left indicates that the z-distance
from the center to the margin of the registered part of
the sphere is 15 um. Figure 8 shows the 3D image of
the sphere.

The results of the impedance measurements in de-
pendence of alginate concentration are shown in Fig-
ure 9.
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Figure 7:
Left: 2D-picture of an alginate sphere, right:  Topography

profile along the dotted line in left part of the figure

Figure 8:
3D image of the top of an alginate microsphere. Structural
analysis shows surface inhomogeneities and topographical

details
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Figure 9:

Impedance versus concentration of alginate microspheres.
Results from SAM

Table 1:
Densities and longitudinal sound velocities of alginate
specimens, conc. = concentration

Alginate conc., Density, Sound velocity
% (W/v) g/cm? x 10°, m/s
1.0 1.0110 + 0.0003 1.4916 £ 0.0095
1.25 1.0113 1.4978

1.5 1.0114 1.5006
1.75 1.0123 1.5094

2.0 1.0142 1.5284
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3.5 Bulk method

The measured densities and longitudinal sound ve-
locities are presented in Table 1. The stiffness data of
alginate samples are shown in Figure 10.

2,40
s.d.
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S
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w 2,304
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Alginate concentration [%(w/v)]
Figure 10:

Mechanical stiffness of alginate samples. Data are
measured with the bulk method (see text)

4 Conclusions

The results demonstrate that a custom made en-
capsulation AirJet device is well suitable for alginate
encapsulation of mammalian cells and that it is com-
parable with a commercially available vibrating noz-
zle device (IEM-40, Inotech AG). Both encapsulation
methods show the feasibility of generating uniform
alginate microbeads for APA microcapsules.

The vibrating nozzle method is one of the most
frequently used methods for large scale production of
microbeads. It requires low viscosity of the biopoly-
mer, however. Extrusion by coaxial gas flow (AirJet)
is less sensitive against high viscosity polymers, but
has a low throughput. It is therefore suitable for ex-
perimental purposes, but not for large scale produc-
tion of microcapsules.

The JetCutter technology also seems to be appro-
priate for alginate encapsulation of living mammalian
cells. Small alginate beads (320 pm) containing viable
cells could be produced at a very high throughput.
The encapsulated murine fibroblasts formed colonies
and proliferated at a considerable rate, which indicates
that the mechanical stress during the encapsulation
procedure is well tolerated and does not irreversibly
damage the cells.

Sterilisation or autoclaving of the parts of the Jet-
Cutter being in contact with the alginate-cell suspen-
sion, usage of sterile working solutions, and place-
ment of the whole set-up in a clean bench may pre-
vent contamination of the cultured beads and allow
for microcapsule mass production under GMP condi-
tions.

Another important aspect is the mechanical stabil-
ity of the beads. One possible and rather straightfor-
ward approach is to increase the polymer content of
the hydrogel, e. g. to use higher concentrated alginate
solutions (2 to 5 %). At present the JetCutter is the
only technology that is able to process alginate at such
concentrations.

Scanning Acoustic Microscopy is a suitable and
sensitive tool for measuring elasto-mechanical proper-
ties of alginate specimens in terms of quantitative
acoustic impedance. Measurements on different con-
centrations of alginate are presented. The alginate
spheres are investigated in their presumed environ-
ment, i.e. water. There is no further preparation re-
quired that could possibly change mechanical proper-
ties, as for electron microscopic methods. The topog-
raphy of the surface as well as detailed structural
information with a resolution of 1.5 pm can be ob-
tained. The latter can be helpful for detailed studies of
the surface inhomogeneities caused by material and
by topography as well as for the optimization of the
production process of the spheres.

Bulk mechanical stiffness is estimated with low
frequency ultrasound.

However, SAM is not only able to provide infor-
mation on surface impedance of full microspheres but
it also has the potential of investigating the elastic
properties of capsule membranes. Because the SAM
can be applied with both low- and high-frequency
ultrasound, there are measurements at different stages
of spatial resolution possible, beginning from bulk up
to high resolution surface measurements.
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Downstream processing of microcapsules: Quality control of capsule morphology,
permeability and mechanical properties as a function of raw material endotoxin

levels

David Hunkeler', Christine Wandrey?, Ion Ceausoglu’, Dianelys Sainz Vidal’, and David Espinosa’

Abstract

The large-scale production of microcapsules with
defined membrane thickness and permeabilities, both
decoupled from the mechanical resistance, is demon-
strated. Specifically, a novel apparatus, which con-
trols the downstream part of the microencapsulation
process has been developed. The oscillating reactor
system permits the formation of capsules with con-
trolled membranes based on pre-cast microbeads. The
precise manipulation of the reaction time, and its
distribution, between polyanion beads and the cationic
receiving bath has been found to be critical. Given
this, microcapsule diameters can be produced within +
10 %, both within and between batches. The mem-
brane thickness can also be controlled to a tolerance
of + 5 micrometers. The Automatic Reaction Control
has been tested on polysaccharide blends of alginate
and cellulose sulfate, and found to produce identical
capsules, independent of the endotoxin level of the
biomaterial. When this is combined with the demon-
stration that alginate and cellulose sulfate can be
depyrogenated to fractions of the limit imposed by the
FDA, the novel technology enables, for the first time,
the production of clinical quantities of sterile micro-
capsules suitable for transplantation. The downstream
control of microcapsule reaction parameters can be
coupled with any front-end system for bead genera-
tion, based on air-stripping, electrostatics or jet cut-
ting. It is demonstrated on the former, using calcium
and poly(methylene-co-guanidine) hydrochloride as
the cations.

Keywords: Alginate, bioartificial pancreas, cellulose
sulfate, endotoxin, microencapsulation

1 Introduction

The transplantation of encapsulated cells for
therapies aimed at the treatment of hormone deficient
and neuro-degenerative diseases, such as type I diabe-
tes, Alzheimer’s and Parkinson’s, have been the topic
of extensive research over the past two decades. Fol-
lowing the pioneering work on the bio-artificial pan-

creas (Lim and Sun, 1980), significant attention has
been devoted to the pairing of transplant site with a
biocompatible capsule with the appropriate morphol-
ogy and permeability (Schuldt and Hunkeler, 2000),
as well as the centering of the cells within the micro-
capsules of the more commonly applied microbeads.
However, the production of immuno-isolated cells, or
bio-artificial organs, under clinically relevant condi-
tions has not been addressed. Furthermore, despite the
advances in the depyrogenation of polysaccharides
such as alginate on a small scale using multi-step
procedures (Klock et al., 1994), the method has yet to
be scaled up or generalized to other polyanions.

Microencapsulation technologies are generally
categorized into the means by which the droplet is
produced, with air stripping, vibrating nozzles and
electrostatics the most common methods (Hunkeler,
1997). While these techniques can yield excellent
sphericity and control of bead size, with polydispersi-
ties as low as 3% for the air and vibration-based
methods, there has been little work on the control of
membrane properties. Given that membrane growth is
a function of microcapsule size, and that membrane
thickness correlates with reduced diffusion, the con-
trol of downstream process conditions is essential if
the diffusional characteristics of the microcapsule are
to be tuned to a specific application (Stegemann and
Sefton, 1996).

This paper summarizes work on the development
of a large-scale, by medical standards, downstream
encapsulation device, which can control the micro-
capsule reaction conditions. It will be demonstrated
that the membrane characteristics can be concomi-
tantly regulated with the microcapsule morphology.
The technique will be shown to be applicable to depy-
rogenated polysaccharides without any loss in per-
formance of the microcapsule. A scaled-up method
for the endotoxin reduction of alginate, and cellulose
sulfate, will also be highlighted.

! David Hunkeler, AQUA+TECH Specialties, 4 Chemin du Chalet du Bac, 1283 La Plaine, Geneva, CP 117, Switzerland
2 Christine Wandrey, Ton Ceausoglu, Dianelys Sainz Vidal, and David Espinosa, Laboratory of Polyelectrolytes and BioMacromolecules, Swiss Federal Institute
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2 Experimental
2.1 Materials and purification

Sodium alginate (SA) (Keltone HV Kelco/Nu-
traSweet, San Diego, CA, USA) and sodium cellulose
sulfate (SCS) (Across Organics, Geel, Belgium) were
employed as polyanions. The polycation poly(methyl-
lene-co-guanidine) hydrochloride (PMCG) was pur-
chased as 35 % aqueous solution from Scientific
Polymer Products, Inc. (Ontario, NY, USA).

SA and SCS were dissolved in highly purified de-
ionized water from a Milli-Q PF water purification
system (Millipore, Switzerland). The solutions, hav-
ing concentrations of 1.5 % (SA) and 2 % (SCS),
were successively filtered through filters with de-
creasing pore size in the range 30 to 0.22 mm. The
filtration was followed by precipitation in sol-
vent/non-solvent mixtures, polymer isolation, and
drying (patent pending). The endotoxin content was
determined by a standard kinetic turbidimetric method
(LAL-5000 Series 2), and as recommended by the
new FDA guidance (FDA, 1987). Each test was per-
formed in duplicate.

2.2 Polymer solutions

All solutions were prepared, one day prior to en-
capsulation, with purified water with a resistance
greater than 18 Mohm-cm from the Millipore model
Milli-Q (Volketswil, Switzerland). A 0.22 mm cellu-
lose acetate membrane was used to filter solutions of
unpurified polymers with an applied pressure of 5
bars. The membranes (from Winiger ref. C26027)
were autoclaved with the entire air pressure system to
ensure sterility. Volumes up to 50 mL were filtered
using the sterile vacuum-based devices from Schlei-
cher&Schuell (ref. 443401). For experiments requir-
ing less than 5 mL of solution Schleicher&Schuell
filters (ref. 462200) were also employed. The stock
NaCl, PBS and CaCl, solutions (Fluka, Buchs, Swit-
zerland) were “Bio” labelled (green top). Depyro-
genated polymers were stored in solution, at 10 °C,
and applied after warming to room temperature with-
out further modification.

Alginate/cellulose sulphate/poly(methylene-co-gu-
anidine) hydrochloride/calcium chloride (Alg/CS//
CaCl,/PMCG) microcapsules (diameter 400 um) were
produced in a two-stage procedure, which comprised
the formation of calcium/polyanion beads, followed
by a membrane generation stage where the beads are
suspended in a solution of polycation (in our case
PMCG). A polyanion solution containing 0.6 % Alg
and 0.6 % CS in 0.9 % NaCl, was employed for bead
formation, with a gelation batch consisting of 1.5 %

CacCl, in 0.9 % NaCl. The PMCG concentration in the
reacting solution was 1.2 %. All solutions, as well as
the equipment, were sterilised by filtration or auto-
claving prior to use and the capsule production unit
was placed inside a laminar flow hood, during sterile
production.

2.3 Droplet generation

Droplet formation proceeds by first generating
liquid spheres. A droplet generator, which comprises
a droplet “sizer” connected with an air-flow regulator
and a syringe pump, was employed. The sizer is com-
posed of a movable needle holder and a fix gas cham-
ber and gas jacket. Two microstages allow accurate
positioning of the needle within the gas jacket on the
y- and z-axes. The gas jacket shape and the accurate
positioning together with flow control are critical for
the droplet production without satellites and within a
narrow size distribution. Microlance® 21 gauge nee-
dles with a length of 40 mm, from Becton Dickinson,
were employed for droplet generation.

2.4 Microencapsulation

A scaled-up apparatus, referred to as the Auto-
matic Reaction Control (ARC) method has been spe-
cifically developed to permit production rates in the
range of 500,000 capsules per hour. The method,
based on oscillating semi-batch reactors, ensures the
highest reproducibility and the lowest contamination
risk, as minimal handling is needed. Briefly, the drop-
lets were collected during 30 seconds and gelled for a
further 30 seconds in a bath containing 15 ml of 1.5 %
calcium chloride, 0.9 % sodium chloride and 1 %
polyethylene glycol (MW 1000) and which was
stirred at 100 rpm with a magnetic stirring bar. To the
same bath was then added 50 ml of 1.2 % PMCG in
0.9 % sodium chloride (pH adjusted with NaOH to
7.4) which was stirred at 100 rpm with a magnetic
stirring bar. The reaction time was 15 s in order to
obtain 20pum membrane thickness. The final step was
washing with 150 ml 0.9 % NaCl, during 10 seconds
and collecting the capsules from the bath. A diagram
detailing the ARC is shown in Figure 1.

2.5 Microcapsule characterization

The variation of the capsule diameters within each
experiment were determined visually by examination
under a standard inverted-light microscope (Axiovert
100, Carl Zeiss Jena GmbH, Jena, Germany). Pools of
forty eight empty capsules, randomly selected from
the same batch, were measured with an estimated
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Figure 1:

NaGl PMCQ CaGl

A diagram detailing the large scale Automatic Reaction Control microencapsulator. The sketch illustrates that the flow of the
liquid microcapsule precursors is regulated through a set (1-4) of bevelled 21 gauge needles. This enters the first "reactor",
which contains the polycation solution. After a sufficient number of microcapsules are collected, the reactors shift place so

that the droplets fall into the second reservoir, which is washed and contains a virgin polycation solution. After a pre-set time

the reaction is stopped by dilution and the solution is drained. The gelled membrane-containing capsules are collected in the

reservoir. The horizontal oscillation of the two reservoirs, to control the reaction time and membrane thickness, is noted by
the symbol A. The sequentially filling of the two reaction reservoirs is noted, respectively, by the symbols B and C

accuracy of + Sum. The desired production require-
ments were set at 400 pm size, within a tolerated
range of = 10%. The choice of 400 pm came as the
best compromise between the necessity to reduce the
ingress/egress distance for nutrients and oxygen,
which is 200 um in hydrogels. The upper tolerance of
440 pum is governed by the maximum volume that one
lobe of the human liver can withstand, if it were to
require half a million microencapsulated islets, as
would be the case for a diabetes therapy. A lower
limit of 350 um provides assurance that the largest
islets will have full immunoprotection. In order to
control the reproducibility of the production techni-
que, we have determined the variation of capsule size
between the experiments, as will be demonstrated
herein. The mechanical resistance of microcapsules to
compression was determined on a texture analyzer
(Ta-XT2I, Stable Micro Systems, Godalming, U.K.).
Each single capsule was compressed until bursting
applying a speed of 0.4 mm/s. Force values at the
bursting point were registered. The mechanical tests
were performed after an equilibrium phase of five
days. Further discussion of mechanical testing of
microcapsules is provided in Rehor et al. 2001.

3 Results and discussion

The control of microcapsule size, in inter-batch
experiments performed under independent conditions,
over eighteen consecutive months, is shown in Fig. 2.

Relative to the target value of 400 micrometers,
which is ideal for oxygen ingress and nutrient egress,
the box plots demonstrate excellent quality control.
Specifically, the majority of the capsules, in all
batches, are below the maximum transplant tolerance
of 440 micrometers, with an overall deviation of + 10
% (Ceausoglu and Hunkeler, in press).
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Figure 2:

Intra- and inter-batch microcapsule size distribution. The
"box" within the plots contain 50 % of the data with the
vertical lines the upper, and lower, 25 % of the distribution.
Outliers are denoted with discrete symbols. This quality plot
demonstrates that 20 batches, prepared over twenty months
with completely independent solutions and same device
settings are within the quality bands (400 pm + 10 %), y-
axis = range
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Figure 3 demonstrates that the membrane thick-
ness can also be maintained, within a tolerance of +
25 %. The latter is possible due to the fact that the
distribution of reaction times of the microcapsules is
controlled. Specifically, the period during which the
anionic is added to the reactive cationic solution is
much shorter than the reaction time. The oscillating
reactor principle, which is equivalent to several con-
tinuous stirred tanks in series, or a long tubular reac-
tor, therefore provides a means to continuously pro-
duce membrane-containing microcapsules with con-
trolled permeabilities and mechanical properties, as is
detailed in a publication (Ceausoglu and Hunkeler, in
press) and a submitted patent application.
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Figure 3:

Intra- and inter-batch membrane thickness distribution. The
"box" within the plots contain 50 % of the data with the
vertical lines the upper, and lower, 25 % of the distribution.
Outliers are denoted with discrete symbols. This quality plot
demonstrates that 20 batches, prepared over twenty months
with completely independent solutions and same device
settings are within the quality bands (20 £+ 5 micrometers)

The microcapsules produced with the new ARC
technology have good mechanical properties (data not
shown). The effect of reducing the endotoxin level to
1/10™ of that required by the FDA (FDA, 1987) does
not alter at all the mechanical properties of the micro-
capsules, nor the membrane thickness or its distribu-
tion (data not shown). This indicates that the removal
of endotoxin is selective, since high yields of SA and
SCS were obtained. Figure 4 illustrates examples of
microencapsulated islets of Langerhans as well as
empty alginate/cellulosesulfate//poly(methylene-co-
guanidine) capsules. The control of the capsule size
and membrane thickness, within a batch, is evident.
The random distribution of islets between capsules is
acceptable provided the diameters are within tolerance
and there is no tissue protruding the membrane, as is
the case.

Figure 4:

Photographs of a typical family of empty microcapsules
produced with the ARC apparatus (right) as well as micro-
encapsulated islets of Langerhans (left)

4 Conclusions

The present study demonstrates that the down-
stream processing of membrane containing microcap-
sules is critical for the production of clinical grade,
transplantable, immunoprotection systems. By con-
trolling the reaction time of the polyanion precursor
beads in the oligocation solution, the membrane
thickness, and hence permeability and mechanical
resistance, of the microcapsules can be manipulated
both within, and between, batches. These microcap-
sules, containing islets, have been transplanted intra-
peritoneally in rats, revealing long term diabetes re-
versal (Wang et al., 1997). Results of a research coop-
eration with Professor Morel’s group at the University
Hospital in Geneva (HUG) will be published sepa-
rately, and document the lack of any acute or chronic
side effects during the transplantation of ten thousand
empty capsules per kilogram of body weight in large
white pigs.
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Application of polycarbamoylsulfonate (PCS) for fabrication of enzyme sensors

Bernd Griindig'

Abstract

Operational stability of enzyme sensors is usually
the single most important factor in limiting their ap-
plicability. A promising material for a careful and
stable immobilization of proteins was found with
Polycarbamoylsulfonate (PCS)-prepolymers. These
form synthetic, self-adhesive, polyurethane-based
hydrogel layers on planar structured electrochemical
sensors. The self-adhesive characteristics of the PCS-
hydrogel play a key role in its usability in combina-
tion with reusable planar sensors chips which are
fabricated by means of mass production technologies
as known from microelectronics. Both the careful
entrapment and the covalent cross-linking during the
gelating process may account for the good stability of
different enzymes in the PCS-matrix, as it was found
for a range of oxidases, oxygenases and hydrolases
which were applied as sensitive layers of thick-film
chip sensors developed for applications in food indus-
try, bioprocess monitoring and clinical diagnostics.
The operational stability of the different sensors was
tested under conditions of flow injection analysis.
Depending on the enzyme / enzyme system, most of
the different enzyme sensors operate stably between 7
days and 35 days at room temperature, retaining at
least more than 50 % of their initial sensitivity.

Keywords: Polycarbamoylsulfonate, enzyme immobi-
lization, thick film sensors, operational stability

1 Introduction

Over the medium to long term, an increasing de-
mand can be expected for rapid, inexpensive analyti-
cal tools for application in almost every field of ana-
lytical science including; clinical diagnostics, envi-
ronmental control, food-quality control and monitor-
ing of biotechnological processes, which can only be
satisfied by innovative solutions. Biosensor technol-
ogy, which is increasingly being transferred from
basic research into commercial products, represents
one such innovative, alternative solution.

Nevertheless, the widespread application of bio-
sensors is still limited by the instability of their biolo-
gical compounds. Enzymes used in an artificial envi-
ronment undergo more or less rapid unfolding of their
structures. Unfortunately, our knowledge of the fac-

' Bernd Griindig, SensLab GmbH, Bautzner Str. 67, 04347 Leipzig, Germany

tors affecting the protein integrity is far from com-
plete. A sum of various forces like hydrophobic
forces, hydrogen bonding, salt bridges, dipole-dipole,
and other electrostatic interactions together with the
binding of metal ions, substrates and cofactors con-
tribute to the structural integrity of an enzyme (Fig 1).
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Figure 1:
Bondings responsible for protein integrity

Factors such as temperature, ionic strength, and
pH, but also chemical reagents and solvents of the
surrounding medium, affect the protein stability
(Zaborski 1975, Kennedy and Carbal 1987, Weetall
1975, Schellenberger 1989).

Initial steps of enzyme deactivation are the break-
ing down of hydrogen bondings, which cause the
disruption of large molecule domains, the unfolding
of the protein, and the dissociation of the prosthetic
groups or catalytic ions (Craig et al. 1998). The re-
sulting decrease of catalytic activity of the enzyme is
associated with a loss in sensitivity and linearity of
the corresponding biosensor.

2 Strategies for enzyme immobilisation in biosen-
sors

Therefore, a range of different immobilization
procedures has been established in order to minimize
such conformational changes but to maintain func-
tional stability (Figure 2) (Kennedy and Carbal 1987,
Weetall 1975, Schellenberger 1989). Widely-used
procedures are based on entrapment and covalent
bonding of the proteins (Table 1). Recently, a novel
stabilization procedure has been commercialised
based on crystallization of the protein (ALTUS.com
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2001). The use of macroscopic crystal approaches of
enzymes in biosensors are still being studied by dif-
ferent working groups. Two of the most widely-used
procedures for biosensor applications are based on gel
entrapment and chemical cross-linking of the proteins
(Wong and Wong, 1992, Carr and Bowers 1980,
Schmidt et al. 1992).

Usual Enzyme Immobilization Methods for Biosensors

Bonding

e

— (nonionic) adsorption

Entrapment

— ionic bonding

S S

— covalent bonding

— entrapment from
- monomer precursors
- oligomer precursors
- long chain polymers
i
O

EE

— crosslinking cross-linking of

protein cristals

entrappment with covalent bondings/
cross-linking

Figure 2:
Immobilization procedures for enzymes in biosensors

The gel entrapment method involves entrapping

the enzyme within the lattice of a water-insoluble
polymeric network without any chemical binding

Table 1:

between the enzyme and the gel matrix. The poly-
meric gel framework can be obtained from mono-
mers, oligomeric or polymeric precursors, by chang-
ing the solubility variables such as solvent, tempera-
ture, ionic strength and pH, and taking into account
the cross-linking reaction (Kennedy and Carbal 1987).
The application of gel entrapment methods usually
lead to enzyme layers with high retention of the spe-
cific enzyme activity. But the leakage of a small sized
enzyme molecules or dissociated monomers of an
enzyme from the layer may occur depending on the
cut off of the polymeric network. Nevertheless, gel
entrapment ensures the highest enzyme loadings
compared with other immobilization methods.

Chemical cross-linking of enzymes aims at pre-
serving the secondary and tertiary structure of the
protein to maintain the active conformation. The for-
mation of intra- and intermolecular cross-links is
achieved by bi- or multifunctional reagents which
generate three-dimensional, cross-linked, water-
insoluble enzyme aggregates. Depending on the func-
tional groups of the enzyme which have to be acti-
vated for binding, and the chain lengths for the brac-
ing groups of the cross-linking reagent hydrophobic
or hydrophilic characteristics of the protein could be
manipulated. In this way the stability of the enzyme
aggregate could be markedly improved. Due to the
strong bonds between the enzyme molecules, or the
enzyme and a carrier protein by the cross-linker, the
enzyme immobilization usually shows a good opera-
tional stability. However, owing to difficulty of con-
trolling the intermolecular cross-linking reaction, this
leads partly to non-gelatinous layers with poorly de-
fined mass transport characteristics. In addition, the
intramolecular cross-linking could also involve func-
tional groups of the catalytically active centre of the
enzyme decreasing the activity of the enzyme layer
(Wong and Wong 1992).

Considering the advantages and drawbacks of the

Comparison of the three most applied immobilization procedures for biosensors, considering results from Kennedy and

Cabral, 1987

Characteristics Immobilization Method

Covalent bonding Cross-linking Entrapment
Preparation difficult intermediate intermediate
Binding Force strong strong intermediate
Enzyme activity intermediate intermediate high
Stability intermediate high high
Costs of immobilization high intermediate low
Compatibility to mass production limited limited good

Main advantages

Main drawbacks

no enzyme leaching

low enzyme loading

high enzyme stability
no enzyme leaching

poor reproducibility of the
cross-linking reaction

high enzyme activity
high enzyme loading

enzyme leaching



B. Griindig / Landbauforschung Volkenrode (2002) SH 241:63-70

entrapment and chemical cross-linking immobiliza-
tion methods as compared in Table 1, it is reasonable
to assume that the conjugation of both methods by
entrapping the enzyme and cross-linking it with intra -
and intermolecular spacer links could result in more
stable enzyme immobilizations (Carr and Bowers
1980, Schmidt et al. 1992). In addition, the immobili-
zation procedure has to be optimised for the individ-
ual target enzyme or enzyme system.

3 Criteria for enzyme layers in biosensors

The enzyme layer in planar structured biosensors
for enzyme substrate detection must fulfil a range of
needs. The most important criterion is the mainte-
nance of both operational stability for a certain num-
ber of measurements, and storage stability within a
defined time scale. In addition, for the application at
planar structured transducers, the enzyme must be
fixed directly at the planar transducer surface. There-
fore, the immobilization matrix and the resulting layer
must meet the following conditions:

1. careful immobilization procedure without damag-
ing the enzyme activity

2.enzyme stabilizing effects of the framework

3. high enzyme loading / enzyme reserve ensuring
nearly constant sensor sensitivity within the ap-
plication period (>1000 measurements), low sen-
sitivity towards inhibitors and variations of pH
and temperature

4. diffusion controlled reaction in order to obtain a
linear measuring range between two and
five decades

5.no hindrance of the enzymatic function by con-
formational, steric, or partitioning effects of the
immobilization method, accessibility of the sub-
strate, cofactor to the active sites of the enzyme
molecule

6. sufficient mass transport of substrates, cofactors,
electron mediators and products of the enzyme
through the layer

7.1ow leaching of the enzyme from the matrix /
layer

8. procedure must be easy to handle and compatible
with potential mass production technologies

4 Hydrogel matrix with promising characteristics

A promising material for a careful and stable im-
mobilization of proteins was found with Polycar-
bamoylsulfonate (PCS)-prepolymers, forming syn-
thetic, self-adhesive, polyurethane-based hydrogel
layers (Vorlop et al. 1992).
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Both the careful entrapment and the covalent
cross-linking may account for the good stability of
different enzymes in the PCS-matrix, as was found for
a range of oxidases, oxygenases, hydrolases and re-
ductases. Prototypes of enzyme sensors using PCS-
hydrogel as an immobilization matrix have been de-
veloped for applications in environmental control,
clinical diagnostics and bioprocess monitoring.

PCS is a bisulphite-blocked hydrophilic isocy-
anate prepolymer based on the isomers 2,4 - and 2,6 -
toluene - diisocyanate and polyol. It is deblocked by
neutralization, that forms an entrapping three-dimen-
sional framework of PCS-hydrogel for the entrapment
of the enzyme in an aqueous solution. Residual isocy-
anate groups of the prepolymer are also expected to
bond covalently to amino groups of the entrapped
protein (Figure 3).
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Figure 3:

Preparation and immobilization scheme of Poly(carbomo-
yl)sulfonate (PCS): Blocking of isocyanates by bisulfite
(A), PCS framework formation entrapping the enzyme (B),
formation of additional covalent bondings (C)

Adhesion of hydrogel on the surface of the trans-
ducer was significantly improved using an aqueous
polyethyleneimine solution for adjusting the pH of the
prepolymer solution. To reach a diffusion controlled
enzyme reaction, the enzyme load applied in the hy-
drogel layer was varied depending on the enzyme
activity and protein concentration of the purified
charge. The thickness of the unsoaked layer was esti-
mated to be about 15 to 25 um (Kotte et al. 1995).
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5 Results and Discussion
5.1 Enzyme sensors
5.1.1 Glucose / Lactate sensors

The different enzyme sensors based on planar
structured amperometric signal transducers which
were manufactured by polymeric thick film tech-
niques. The enzymes or enzyme systems were immo-
bilized by PCS as described in the previous section,
forming a self-adhesive layer at the working electrode
(Figure 6).

The amperometric sensors detect the formation of
hydrogen peroxide of oxidase-based indicating reac-
tions as illustrated for the glucose detection in Figure
4.

The response time of the sensors studied under
conditions of a stirred batch measuring cell range
between 20 sec and 60 sec (Figure 5). Depending on
the enzyme or enzyme system used, most of the sen-
sors respond linearly to concentrations of 1 mM or 5
mM (compare Table 2).

The operational stabilities of the different sensors
were tested in a flow-injection analysis arrangement
using flow through cells as shown in Figure 6. Usu-
ally, a measuring frequency between 30 and 60 sam-
ples of 1 mM analyte concentration per hour were
applied. Long-term studies using model analyte solu-
tions have shown that the lactate- and glucose sensors
retain at least between 80 % and 90 % of their initial
sensitivity after 10,000 measurements.
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lactone

anode
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Figure 4:
Glucose oxidase based amperometric detection principle of
glucose

Furthermore, during continuous long term meas-
urement of 0.24 mM glucose, a 20 % increase of
sensitivity was observed. This rare effect is likely due
to a swelling effect of the working electrode material
increasing the electro-active area of the working elec-
trode (Figure 8).
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Figure 5:

Glucose oxidase based amperometric detection principle of
glucose

PCS - enzyme layer

Modified working Wiring paths

electrode @ 0.5

W\

Plastic support

(8 x 60 mm?) Indicating window (0.7 x 0.7 mm2)
(working-, reference- and
counter electrode)
Figure 6:

Scheme of a screen printed enzyme sensor (SensLab)

Figure 7:
Sensor / flow-through cell cascade arrangement
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Table 2:
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Parameters of enzyme sensors based on PCS immobilization. Sensitivities and measuring ranges were obtained under
steady state measuring conditions using a stirred 5 ml batch measuring cell. Operational stabilities were obtained in a FIA
arrangement applying model analyte solutions (Griindig 1999)

Analyte Enzyme / Enzyme System Sensitivity / Measuring Operational stability
uA mM'em™ Range / mM Number of FIA Time /
measurements days
glucose glucose oxidase 20...30 0.005 -1 10.000 30
lactate lactate oxidase 40...70 0.005 -1 10.000 30
alcohols alcohol oxidase 15...20 0.01-5 3.000 10
sucrose fructosidase, mutarotase, GOD 35...50 0.01 -5 >10.000 >21
glutamate glutamate oxidase (GLOD) 40...70 0.005 -1 3.000 >21
glutamine glutaminase, GLOD 20...30 0.01-1 1000 3
urea urease 20...40 0.005 -1 500 2
phenols tyrosinase 400...1000 510°-1107 300 1
nitrite nitrite reductase 200...700 0.05 - 0.100 50 -
nitrate nitrate reductase 30...50 0.005 - 0.100 50 -
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Figure 8:

Operational stability of a glucose sensor based on glucose
oxidase - PCS immobilization during continuous measure-
ment of 0.24 mM glucose in 0.1 M phosphate buffer solu-
tion pH 6.8 at room temperature, flow rate: 0.5 ml min™,
three electrode arrangement on chip: AE: Pt, GE: Pt, RE:
RE 32-SL, Up,: 300 mV

The enzymatic lactate sensor operates more than
37 days at room temperature (20...35°C) without
losing more than 10 % of its initial activity after the
37™ day of continuous measurement of 1 mM lactate
(Cheng et al. 2000). The baseline current was checked
by exchanging the analyte solution for buffer solution.
Fluctuations and variations of the sensor signal were
caused by air bubbles, changes in room temperature
between day and night and exchange of analyte solu-
tion. The results look promising for the employment
of the sensors in clinical analyzers.
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Figure 9:

Operational stability of a lactate sensor based on lactate
oxidase - PCS immobilization during continuous measure-
ment of 1 mM glucose in 0.1 M phosphate buffer solution
pH 6.8 at room temperature, flow rate: 0.5 ml min!, three
electrode arrangement on chip: AE: Pt, GE: Pt, RE: RE 32-
SL, Upei: 300 mV

5.1.2 Phenol sensor

In order to obtain highly sensitive phenol sensors
with moderate operational and storage stability, but
maintain the high activity of the tyrosinase, the en-
zyme was immobilized by PCS-hydrogel on the sur-
face of a methoxy-methylphenazonium-phenylborate-
modified working electrode which was part of a
screen-printed two electrode arrangement.

The enzymatic oxidation of phenols, which gener-
ates quinoid products, was combined via the reduced
electron mediator of the working electrode to an effi-
cient chemical signal amplification system enabling
the detection of subnanomolar phenol concentrations
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(Figure 10). The linear response obtained by the phe-
nol sensor ranged between 50 nM and 5 pM.
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Figure 10:
Phenol detection principle applying an enzymatic—electro-
chemical signal amplification

Long-term stability was examined in an FIA ar-
rangement injecting consecutive samples of 2 uM
phenol with a frequency of 20 samples per hour. After
300 measurements, the sensitivity of the sensor was
still 50 % of its initial sensitivity as can be seen in
Figure 11. A satisfactory storage stability of more
than 100 days was obtained by storing sensors both in
buffer solution at + 5°C and dry at -18°C, whereas
storage of the sensors at room temperature resulted in
a complete loss of their sensitivity within 20 days.
The conditions under which the sensors are stored
significantly affects their operational stability. Obvi-
ously temperature has the strongest influence on sta-
bility of the enzyme layer.

Sensor sensitivity / 103 x yA cm-2 mM-1

0 50 100 150 200 250 300 350
Number of FIA measurements

Figure 11:

Operational stability of an phenol sensor based on tyrosi-
nase - PCS immobilization tested under FIA conditions,
injection frequency: 20 samples (of 1 uM phenol) per hour
at room temperature, carrier: 0.1 M phosphate buffer pH
6.8, flow rate: 0.8 ml min’, three electrode arrangement on
chip: AE: Pt, GE: Pt, RE: RE 32-SL, U,: 300 mV

5.1.3 Other enzyme sensors

PCS-hydrogel was successfully applied for the
immobilization of a range of further enzymes used as
receptor compounds of our sensors (Griindig 1999).
Table 2 gives an overview of the sensor parameters
obtained with the different enzyme sensors which use
PCS for the immobilization of the enzyme or enzyme
system. Most of the enzyme sensors have shown re-
markable operational stabilities compared with en-
zyme immobilizations known from the literature.

The sucrose sensor which contains a three enzyme
system of fructosidase, mutarotase and glucose oxi-
dase (Figure 12) operates stably at least for 7 days at
room temperature, retaining more than 90 % of its
initial sensitivity (Figure 13). After 21 days of opera-
tion in a FIA system, the sensitivity was decreased to
70 % of its initial activity.

[rsrose |- imee)

+H,0

a-D-glucose

glucose /\
oxidase 0,

glucono-s-
lactone

B-fructose

anode
(U,=+300 mV)

Figure 12:
Indicating principle for sucrose using a three enzyme sys-
tem immobilized by PCS at the working electrode surface
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Figure 13:

Operational stability of a sucrose sensor based on fructosi-
dase/ mutarotase/ GOD - PCS immobilization tested under
FIA conditions, injection frequency: 40 samples of 5 mM
sucrose per hour at room temperature, carrier: 0.1 M phos-
phate buffer pH 6.8, flow rate: 0.8 ml min™, three electrode
arrangement on chip: AE: Pt, GE: Pt, RE: Ag/AgCl, Uy,
450 mV
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Storage studies of such sucrose sensors of about
three months have shown a loss of sensitivity between
5 % and 10 % (Mitzkat and Strehlitz 2002).

Although the alcohol oxidase is known as an en-
zyme with strong limited lifespan, the alcohol sensor
based on the PCS-alcohol oxidase sensing layer
shows an operational stability of about 3.000 FIA-
measurements within 10 days, until the sensor has lost
50 % of its initial sensitivity (Figure 14).

50 % sensitivity

Sensitivity / yA cm? mM™

0 T T T T T T T T T T
0 2 4 6 8 10
Time / days

Figure 14:
Operational stability of an alcohol sensor based on alcohol
oxidase - PCS immobilization tested under FIA conditions,
injection frequency: 25 samples (of 2.5 mM alcohol) per
hour at room temperature, carrier: 0.1 M phosphate buffer
pH 6.8, flow rate: 0.8 ml min’, three electrode arrangement

on chip: AE: Pt, GE: Pt, RE: RE 32-SL, U,,;: 300 mV

Sensitive and stable amperometric biosensors
were obtained for the determination of creatine and
creatinine using the three - enzyme sequence creatine
amidinohydrolase and sarcosine oxidase for creatine
and creatinine amidohydrolase, creatine amidinohy-
drolase and sarcosine oxidase for creatinine. The
enzymes were co-immobilized in the PCS-hydrogel
matrix onto the surface of a platinum working elec-
trode for the amperometric detection of enzymatically
generated hydrogen peroxide. Both sensors showed a
detection limit of 0.3 uM. The sensor response has a
linear range of 1-150 uM, which corresponds to the
relevant physiological range for the monitoring of
kidney function. The sensors retained about 50 % of
their initial sensitivity after 24 h continuous flow at
37°C. The storage stability at 8°C was found to be 6
months without loss of sensitivity (Schneider et al.
1996).

Similar results were obtained for glutamate sen-
sors based on glutamate oxidase - PCS immobiliza-
tion (Kwong et al. 2000). The immobilization of
urease at an amperometric ammonia sensor yielded an
operational stability of about 500 FIA measurements
within 2 days (Strehlitz et al 2000). In contrast, the
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immobilization of nitrite and nitrate reductases has
not really been successful up to now. It is reasonable
to assume that the instability of the very delicate en-
zymes is caused mainly by the number and complex
arrangement of their redox centres.

Also, the PCS-hydrogel is a suitable matrix for
preparing membranes loaded with microorganisms as
detecting layers of sensors (Vorlop et al. 1992, Konig
et al. 1996).

6 Conclusions

The results obtained from studies, started 6 years
ago, have shown that PCS-hydrogel is a favourable
matrix for the preparation of enzyme immobilization
layers or membranes for biosensors. The immobiliza-
tion procedure using PCS-prepolymer can easily be
handled. The PCS-hydrogel framework shows only a
low toxicity towards the biological compounds, which
ensures a careful entrapment of the delicate proteins.
The most interesting sensor features revealed by the
application of the PCS-matrix are summarized as
follows:

e high storage and operational stability

e fast response time (90 % steady state response
within 20-60 s, depending on protein loading)

e submicromolar concentrations are detectable

sensor can be stored dry after use

short rehydration / swelling time

Moreover, the self-adhesive characteristic of the
PCS-hydrogel is an important aspect in view of cost-
effective strip-sensors with improved stability and
mass production compatibility.
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Preparation of monodisperse controlled release microcapsules

Thorsten Brandau'

Abstract

Since the handling of many active agents in their
pure form causes many problems, microencapsulation
is used to have better properties in the product. With
the patented BRACE-Processes it is possible to en-
capsulate a very wide range of materials in monodis-
perse microspheres or microcapsules in a diameter
range of 50-6000 um with a very narrow size distribu-
tion. The microsphere units from BRACE can be
custom-tailored to the materials and all necessary
specifications such as FDA, GMP/GLP, EX, CIP,
WIP, etc. The throughput of the BRACE microsphere
Units ranges from between 10 ml/h (small laboratory
scale) up to over 1000 I/h (production scale) while the
production cost are very low, especially if compared
directly to competitive processes such as spray-drying
or fluidized bed coating.

Keywords: microspheres, microencapsulation, phar-
maceuticals, food, cell encapsulation

1 Introduction

Most technically or industrially available products
take the form of grains, flakes, blocks or powders.
With this granulometry, many disadvantages surface.
Especially when handling of active agents is required,
the difficulties are enormous. Not only is the applica-
tion itself in many cases troubled, e.g. due to instabili-
ties of the active agent in air, but also the dosage with
potent or expensive agents or the handling of oily
substances leads to expensive machinery with many
problems.

2 The BRACE-processes

The solution to these problems can be achieved
with microencapsulation with BRACE microspheres
and microcapsules. The microspheres are solid
spheres with a matrix encapsulated active agent, while
the microcapsules consist of a solid shell with a liquid
or solidified core (Figure 1).

The main difference between these two types of
microgranules is their release profile. While micro-
spheres usually have diffusion controlled release
profiles with a permanent release rate kinetically
controlled by the particle size, microcapsules expel

their content in a single high burst as the shell breaks
(Figure 2).

Figure 1:

Schematic drawing of microcapsules and microspheres.
From left to right: microcapsule with solution as core,
microcapsule with cell suspension as core, microsphere with
matrix encapsulated active agent

Release profiles

Release [%]
=

TII'.TPE

Figure 2:

Release profiles of different types of microspheres and
microcapsules. While small microspheres have a fast release
profile (bright red), larger microspheres have slower release
rates (bright green). The burst time of microcapsules de-
pends on the thickness of their shell (dark red and dark
green)

The patented BRACE-Processes for producing
microspheres and microcapsules are basically vibrat-
ing nozzle processes. These processes produce parti-
cles with monomodal grain size distributions with a
single sharp maximum. d/dg.-values lower 1.10,
1.05 or even 1.01 are common for spherical granules
produced with the BRACE microsphere units. It is
possible to obtain microspheres or microcapsules in a
diameter range of 50-6000 pm. With special nozzles,
larger and smaller particles are possible. A wide range
of shell materials are usable with this highly scalable
process. The BRACE-Processes combine low space
and energy consumptions with high throughput and

' Thorsten Brandau, BRACE GmbH, Taunusring 50, D-63755 Alzenau, Germany
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very high flexibility concerning the materials to be
used. All installations can be customer-tailored to
meet all necessary requirements like GMP/GLP,
FDA, pharmaceutical, food-, nuclear-, chemical or

other industrial standards.
@

Microsphere Production
Facility

BRACE Fusion Process

Control Cabinet
Vibrator Unit
Feed Tank

Fine Pressure
Adjustment
Nozzleplate
Heating Cabinet
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Connection Device
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Figure 3:
BRACE microsphere process (fusion process)

The process itself can be described schematically
as follows (Figure 3): A liquid feed is pumped from a
feed tank (3) to the nozzle head (5) where the vibrat-
ing device (2) induces the break-up of the flow into
uniform droplets. These are formed into spheres by
the surface tension of the feed. The droplets are
solidified during falling (9). This can be realized de-
pending on the materials and/or coagulation system
used by cooling, chemical reaction or drying. The
head of the microsphere unit can be placed in a heat-
ing chamber (6), the visual control of the process can
be either done by a stroboscopic lamp or with a cam-
era set for remote control. The electronic cabinet (1)
controls the microsphere unit and can be integrated in
existing control systems.

3 Suitable materials and properties

There are few limitations for the materials that can
be used for the BRACE microsphere processes. The
materials have to be liquid, the viscosity has to be
lower than 10,000 mPa-s, emulsions and dispersions
have to be stable over the duration of the process,
dispersed particles should have diameters lower than
one quarter of the nozzle size to be used and the
presolidification should be a fast process so that the
particles are not deformed.

The resulting list of chemicals is very long. To
name just a few of the usable materials:

o Alginates

¢ Gelatines

e Agar-Agar

e Cellulose sulfates

e Wax/Thermoplastics

e Ocxides: Si-, Al-, Ti-, Zr-, Hf-, Ce-, In-, Y-
Oxides, mixtures

e Sols

Polyethylenimine

e Polyethersulfone

e PEG, PVA

e Polyacrylate, -methacrylate

Polyamid

e Polystyrene

Suitable active agents depend on the encapsulation
technique. For matrix-encapsulation (microspheres)
the active agent can be dispersed, dissolved or emulsi-
fied into the shell material. For microcapsules, the
core material can consist of a liquid like a solution, an
emulsion, a dispersion or a fusion/melt. The only
restriction is that the core material should not react
with the shell material (i.e., to weaken it).

4 Postprocessing

After the production of the microspheres they can
be treated with any available technology. This in-
cludes drying with all standard dryers (Circulated air,
Belt dryer, Drum dryer, Fluidized bed dryer...), calci-
ning, sintering, coating, impregnation, sorting, chemi-
cal treatment etc.

5 Types of installations

All microsphere units from BRACE are customer-
tailored to the specific needs of the customer. Depen-
ding on the application they are built to conform to
GMP/GLP, FDA, CIP, WIP, as continuous or batch
wise installations, fully automatically or semi auto-
matically. They can be adapted into existing produc-
tion facilities and scaled from laboratory scale up to
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large production scale. All machinery parts are made
as the customer requires. Materials as stainless steel,
glass, plastic, ... are used.

6 Production capacity

The production capacity of a BRACE microsphere
installation ranges from about 10 ml’/h up to over
1000 1/h. A comparison of different nozzle sizes to
throughput are shown in Figure 4. The example is
calculated for a thermoplastic but can be transferred to
other materials. With a 500 um nozzle a throughput of
11 1/h with about 8000 microspheres per second of 1
mm diameter can be produced. With a 200 pm nozzle
(resulting in about 400 pm microspheres) it is only
about 2,8 1/h but with 30000 microspheres per second.

7 Manufacturing cost

The manufacturing cost depends on the material
and the production capacities. For industrial scale
production, the manufacturing costs start at 2,66 €/kg
for a production of 50 tons/year and reach 0,31 €/kg at
1000 tons/year (Table 1). This calculation is based on
a thermoplastic with a melting point of about 80°C
including a turn-key installation with building, storage
and packing facilities, quality control and operator
cost.

Table 1:
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Throughput and # of microspheres with 500um Nozzle

Throughput
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Throughput and # Microspheres with 200pm Nozzle
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Figure 4:

Comparison of throughput and number (#) of microspheres
per second to the nozzle diameter. As a calculation base, a
thermoplastic with a melting point of 80°C has been chosen

8 Examples

The BRACE-Processes are widely used in the
chemical, pharmaceutical and food industries. For
example waxes are used in cosmetic (Figure 5, left) or

Manufacturing cost for different production scales. A thermoplastic with a melting point of about 80°C is assumed

Investment, Description Manufacturing Capacity, 1 shift, 2000 h/a

Tons per year 50 100 300 500 1000

kg per hour 25 50 150 250 500

Nr of Nozzles 12 24 72 120 240

Feed preparation 20.000 € 25.000 € 40.000 € 50.000 € 80.000 €
Microsphere Unit 150.000 € 180.000 € 240.000 € 290.000 € 380.000 €
Storage and Packing 10.000 € 15.000 € 20.000 € 30.000 € 50.000 €
Total | 180.000 € 220.000 € 300.000 € 370.000 € 510.000 €
Laboratory, Quality control 10.000 € 12.000 € 16.000 € 24.000 € 30.000 €
Total ll 190.000 € 232.000 € 316.000 € 394.000 € 540.000 €
Building (rent) 15.000 € 15.000 € 20.000 € 20.000 € 25.000 €
Raw material 1€/kg 50.000 € 100.000 € 300.000 € 500.000 € 1.000.000 €
Operators per shift 2 2 2 3 3
Operator cost per shift 80.000,00 € 80.000,00 € 80.000,00€| 120.000,00€| 120.000,00 €
Maintenance 5% of Total Il 9.500,00 € 11.600,00 € 15.800,00 € 19.700,00 € 27.000,00 €
Amortisation 5a, 8% (0,2505) 47.595 € 58.116 € 79.158 € 98.697 € 135.270 €
Amortisation 10 a, 8 % (0,14903) 28.316 € 34.575 € 47.093 € 58.718 € 80.476 €
Manufacturing cost per kg (5a) 3,04 € 1,65 € 0,65 € 0,52 € 0,31€
Cost including material 4,04 € 2,65€ 1,65 € 1,52 € 1,31 €
Manufacturing cost per kg (10a) 2,66 € 1,41 € 0,54 € 0,44 € 0,25 €
Cost including material 3,66 € 241€ 1,54 € 144 € 1,25 €
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dental application or as catalysts with active ingredi-
ents. Agar-Agar is used to encapsulate oils or other
volatile ingredients for cosmetic applications (Figure
6, right), gelatine or alginates are used to encapsulate
oils, fragrances or flavours for food technology appli-
cations. Polymer beads (Figure 6, left) are used in
combinatorical synthesis since the BRACE-Process
produces monomodal grains of high quality polysty-
rene microspheres with defined binding capacities. In
the pharmaceutical industry the BRACE-Process is
used to encapsulate active agents either against the
destructive forces in the digestive system or as taste
masking for very bitter materials (Figure 6, right).
The adjustable size of the microspheres is used to
produce defined release profiles. Chemical and petro-
chemical industries use catalyst carriers (Figure 7)
and grinding balls produced by the BRACE-Processes
to obtain maximum performance and low wear and
tear in process. Medical industries use inorganic
microspheres in bone surgery applications while food
technologist prepare toothpaste with “crunch”.

Figure 6:
Left: Polymer beads for combinatorical synthesis; right:
Pharmaceutics encapsulated in wax
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Figure 7:
Inorganic microspheres as catalyst carriers
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Production of Isomalt

Thomas Rose and Markwart Kunz'

Abstract

Sucrose is not only an important raw material in
food industry and nutrition, but also an excellent start-
ing material for the synthesis of special oligo- and
polysaccharides. Modification of disaccharides. e. g..
sucrose. is possible by reorganising or conserving the
carbohydrate structure.

Production of isomaltulose is an example for the
enzymatic modification of sucrose by reorganisation
of the carbohydrate structure. Isomaltulose is used as
a precursor for the production of the sugar replacer
isomalt. Isomalt is manufactured in a two-stage proc-
ess: first, sucrose is enzymatically transformed into
isomaltulose. The reaction can be carried out by the
enzyme glycosyltransferase (sucrosemutase) for ex-
ample from Protaminobacter rubrum. Isomaltulose
yield is about 80 to 85 %. For the industrial process it
is advantageous to use immobilized non viable cells
of P. rubrum in a packed bed reactor. Isomaltulose is
hydrogenated in a second step to produce isomalt, an
equimolar mixture of GPM (1-O-alpha-D-glucopyra-
nosyl-D-mannitol) and GPS (6-O-alpha-D-glucopyra-
nosyl-D-sorbitol).

Isomalt is an odourless, white, crystalline sub-
stance containing about 5 % water of crystallisation. It
tastes just as natural as sugar, is not sticky, tooth-
friendly, suitable for diabetics and has only about half
as many calories as sugar because it cannot be com-
pletely metabolised. Because it is similar to sucrose,
isomalt is particularly suitable for making products
such as candies, chewing gum, chocolate, compressed
tablets or lozenges, baked goods, baking mixtures,
and pharmaceutical products using conventional
equipment.

Keywords: isomalt, isomaltulose, palatinose, sucrose,
bioconversion, immobilization, Protaminobacter ru-
brum

1 Introduction

About 95 % of the annually grown biomass are
saccharides, but only 3 % are exploited (Lichtenthaler
1991a). Sucrose extracted from sugar cane or sugar
beets is one of the most common saccharides. World
production of sucrose was about 148 million tons in
1999/2000; the European Union’s share was about 18

million tons. Siidzucker (Southern Sugar) is the larg-
est producer of sucrose/saccharides in the European
Union (Zuckerwirtschaft Europa 2001 2000). Even
though sucrose is the most produced pure organic
compound, its application as a bulk chemical is not
yet very common (Reinefeld 1987).

Sucrose is not only an important raw material in
the food industry and nutrition but also an excellent
renewable raw material for the synthesis of special
oligosaccharides, polysaccharides, and building
blocks for the production of, for example, fatty acid
esters, surfactants, and polymers. Many syntheses are
available in modern organic chemistry to modify
carbohydrates. The sugar derivative HMF (5-hydro-
xymethyl-furfural), for example, acts as a key sub-
stance between carbohydrate chemistry and modern
industrial organic chemistry (Kunz 1988, Schiweck et
al. 1990, Clarke et al. 1991, Kunz 1991, Lichtenthaler
1991a, 1991b, Schiweck et al. 1991, Cartarius et al.
2001, Nicolaou and Mitchell 2001).

Because of the high functionality of the sucrose
molecule and the instable (alpha-1-> beta-2)-intersac-
charide bond, classical chemical reactions are difficult
to manage. However, modification reactions are real-
izable in many cases by applying a sequence of a
biochemical transformation of sucrose into reducing
disaccharides followed by chemical modification
(Buchholz et al. 1991, Kunz 1991).

The biochemical transformation of sucrose can be
carried out enzymatically whereby the carbohydrate
structure is either retained or rearranged. An example
of retaining the carbohydrate structure during modifi-
cation is the enzymatic oxidation using Agrobacte-
rium tumefaciens (Buchholz et al. 1991). The product
3-ketosucrose contains a carbonyl group for further
chemical reactions such as the reductive amination to
3-aminosucrose.

Production of isomaltulose (palatinose) is an ex-
ample of the enzymatic modification of sucrose by
reorganisation of the carbohydrate structure. Although
isomaltulose (palatinose) is a sugar replacement in its
own right, it is currently being used as a precursor for
the production of the sugar replacer isomalt.

2 Production of isomaltulose (palatinose)

The microorganism Leuconostoc mesenteroides
was found to produce an unknown disaccharide in

' Thomas Rose and Markwart Kunz, Siidzucker AG Mannheim/Ochsenfurt, Research, Development and Services Department, Wormser Str. 11, 67283
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1952 (Stodala et al. 1952). In 1957 Weidenhagen and
Lorenz found independently that a bacterium they had
isolated from sugar beet raw juice effects a conversion
of sucrose to an unknown reducing disaccharide. The
disaccharide was identified as isomaltulose and given
the trivial name palatinose. It was identical with the
unknown disaccharide Stodala, Koepsell, and Sharpe
had isolated in 1952. The name palatinose is derived
from ,,palatinum®, the latin name of the German prov-
ince where Weidenhagen and Lorenz found the disac-
charide (Weidenhagen and Lorenz 1957a and 1957b,
Lorenz 1958a, 1958b).

In 1958 Windisch identified the isolated bacterium
as Protaminobacter rubrum den Dooren de Jong.
Depending on culture conditions, P. rubrum produces
a red pigment. The bacterium is also able to degrade
and modify amines. But its most remarkable property
is the transglycosylation of sucrose to palatinose
(Windisch 1958). The first patent for the production
of palatinose was awarded to Siiddeutsche Zucker
AG, Mannheim, Germany in 1957 (Weidenhagen and
Lorenz 1957¢) (Figure 1).

P ° immobilized non-viable o
i \'-/\ oM cells of y
HO- Q. \/“'- [}
4 - "
o HOS_on > - i -
o - &

Im Protaminobacter rubrum Wb
CBS 574.77

Figure 1:
Conversion of sucrose to palatinose

In addition to P. rubrum the microorganisms Leu-
conostoc mesenteroides (Stodala et al. 1952, 1956),
Serratia  plymuthica  (Schmidt-Berg-Lorenz and
Mauch 1964), Serratia marcescens (Schmidt-Berg-
Lorenz and Mauch 1964), Erwinia carotovera
(Schmidt-Berg-Lorenz and Mauch 1964, Lund and
Wyatt 1973), and Erwinia rhapontici (Cheetham et al.
1982) have been reported to be capable of transform-
ing sucrose into palatinose.

The enzymatic transglycosylation of sucrose to
palatinose effected by the glycosyltransferase (su-
crosemutase) is described with the molecules in their
steric representation in figure 2 for a better under-
standing. The glucosyl group of the sucrose (alpha-D-
glucopyranosyl-1,2-beta-D-fructofuranoside) changes
from alpha(1->2) to alpha(1->6) position. The enzy-
matic reaction results in the thermodynamically more
stable palatinose (alpha-glucopyranosyl-1,6-D-fructo-
furanose) (Schiweck et al. 1990, Lichtentaler 1991a,
1991b, Schiweck et al. 1991).

Of all the microorganisms reported, only the strain
of P. rubrum originally isolated by Weidenhagen and
Lorenz in 1957 (Weidenhagen and Lorenz 1957a and
1957b, Lorenz 1958a, 1958b) has been foreseen for
industrial scale use thus far (Nakajima 1984, Kaga
and Mizutani 1985).

OH HO
HO o — O H—g Protaminobacter "0\7\"
HO gl H rubrum o

Figure 2:

Enzymatic transglycosylation of sucrose to palatinose
(Schiweck et al. 1990, Lichtentaler 1991a, 1991b, Schiweck
etal. 1991)

Earlier processes using viable, free microorgan-
isms have the disadvantage of higher product purifica-
tion costs and lower yield. More cost-effective are
techniques using immobilized non-viable cells (Schi-
weck et al. 1990, 1991). This is in agreement with
many other authors who prefer the use of immobiliza-
tion techniques for other processes (Vorlop and Klein
1983, Scott 1984, Chibata et al. 1986, 1987, Hart-
meier 1986, Klein and Vorlop 1986, Wiesmann 1994,
Buchholz and Kasche 1997, Liese et al. 2000).

The process starts with the propagation of the cells
(Figure 3). P. rubrum can be cultivated either on thick
juice supplemented with corn steep liquor or on mo-
lasses with additional nitrogen and phosphate e. g.
(NH4),HPO,. Molasses is a byproduct of the sugar
industry. The growth medium is adjusted to a concen-
tration of 5 % total solids and pH of 7.2. Sterilization
of the medium is, of course, necessary. Growth pa-
rameters are given in Table 1 (Schiweck, et al., 1990,
1991).

fermentation

. 1 sodium alginate

| |

immaobilization

cultivation i

precipitation

o —
«+  separation

Figure 3:
Fermentation and immobilization of P. rubrum

Table 1:
Growth parameters for fermentation of P. rubrum

optimum temperature 30°C
optimum pH 7.0->5.5
optimum aeration rate 1 vvm
growth rate 0.69 h'!
doubling time 1.59 h
fermentation time 12h
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Because there is no need to isolate the enzyme af-
fecting the conversion of sucrose to palatinose, whole
cells of P. rubrum are immobilized. Almost all immo-
bilization methods described in the literature are suit-
able for P. rubrum. But one limitation has to be regar-
ded: The enzyme is sensitive to glutaraldehyde. The
best technique so far is the immobilization in classical
calcium alginate beads according to the method of
Lim and Sun (1980) (Schiweck et al. 1990, 1991).

After fermentation, cells of P. rubrum are sepa-
rated, mixed with sterilized sodium alginate solution
and sprayed into a precipitation bath containing cal-
cium acetate (Figure 3). The biocatalyst is separated
and transferred to a packed bed reactor (Figure 4). All
manipulations are carried out under sterile conditions.

s Enzyme reactor
|

Evaporation

R
Sucrose ‘ ‘ ‘ ‘
Sterilization
oy Crystallization
L= N
doa
Palatinose
Figure 4:

Production of palatinose with immobilized P. rubrum

The sucrose used for conversion to palatinose is
dissolved and pH is adjusted to 6.0 before it is steril-
ized and pumped into the reactors. Downflow opera-
tion has been found to be advantageous. Flow rate is
adjusted individually for each reactor to convert al-
most all sucrose being supplied. The product pattern
of the solution leaving the reactors is shown in Table
2. The formation of byproducts cannot be avoided
even when using the purified enzyme. The product
pattern can be slightly influenced by operating pa-
rameters like substrate concentration, temperature,
mean residence time, residence time distribution and
to some extent, the method of immobilization.

The long-time stability of the immobilized enzyme
is remarkably high even if high concentrations of
sucrose up to 550 g/L are used. A half-life of more
than 5,000 hours is absolutely common (Cheetham
1987). The extent of byproduct formation determines
not only the yield but also the extent of purification
required (Schiweck et al. 1990, 1991). Crystallization
from aqueous solutions is the most efficient method
for isolation of pure isomaltulose from the product
solution leaving the column reactors. Although con-
ventional evaporation technology can be applied to
concentrate palatinose solutions, heat sensitivity of

palatinose has to be taken into account. Heat sensitiv-
ity is caused by the fructose part of the palatinose
molecule. After evaporation and crystallization palati-
nose is separated (Figure 4).

Table 2:
Product pattern of the glycosyltransferase of P. rubrum.

product % on total solids
isomaltulose (palatinose) 79.0 — 84.5
trehalulose 9.0-11.0
fructose 25-35
glucose 20-25
isomaltose 0.8-1.5
sucrose 0.5-1.0
isomelezitose 0.5

others 0.7-1.5

Palatinose can be dried in conventional drying
equipment e. g. rotary drum dryers. However drying
and packaging of palatinose is only required if it is
stored for further use. If palatinose is processed to
isomalt moist crystals from crystallization are used
directly (Figure 4).

Recent research and development resulted in a
modified method of production, so called isomalt 2
process (Figure 5). The palatinose solution from the
enzyme reactor is used for hydrogenation without
evaporation and crystallization. To produce sucrose
free isomalt, the sucrose has to be removed before
hydrogenation. The removal is achieved in a second
enzyme reactor containing immobilized non-viable
cells of Saccharomyces cerevisiae. Sucrose is enzy-
matically hydrolysed to glucose and fructose. During
the hydrogenation process glucose and fructose are
converted to sorbitol and mannitol. The biocatalyst
containing S. cerevisiae is prepared in the same way
as the P. rubrum biocatalyst (see above).

ﬁ Enzyme reactor
¥
1 i Enzyme reactor

l = ; Invertase

lon exchange

Sucrose

Sterilization IITHJE

Palatinose

Figure 5:
Alternative method for the production of palatinose with
immobilized P. rubrum

Currently both processes for the production of
palatinose are in use. Properties of palatinose are
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given in Table 3. Most palatinose is used as a precur-
sor for the production of the sugar replacer isomalt.

3 Production of isomalt (palatinit)

Following the discovery of palatinose in the fif-
ties, research activities focussed on its benefits during
the sixties. With the properties of palatinose being
similar to those of fructose, production of palatinose
did not seem to be commercially reasonable. However
the hydrogenation of palatinose to isomalt (palatinit)
in the sixties by Schiweck gave fresh impetus to re-
search activities. In the seventies, the process for
production of isomalt was established and in the
eighties the production on a technical scale started. At
the same time, Siidzucker applied for approval of
isomalt as food ingredient. In 1990, a large scale plant
for production of isomalt went on stream in Offstein/
Rhineland-Palatinate (Bruhns 1991). Current isomalt
production is about 35,000 tons yearly.

Hydrogenation of palatinose solutions can be done
easily under moderate temperature and pressure con-
ditions and at neutral pH or under mildly alkaline
conditions. Any of the usual hydrogenation catalysts
is suitable for carrying out the reaction. Quite suitable
is Raney-Nickel in pelletized form in a fixed bed
reactor. Theoretically the reduction of palatinose
should yield an equimolar mixture of 1-O-alpha-D-
glucopyranosyl-D-mannitol (1,1-GPM) and 6-O-
alpha-D-glucopyranosyl-D-sorbitol (1,6-GPS) but de-
pending on the conditions of hydrogenation the rate of
each component can vary between 43-57 % (Schi-
weck et al. 1990, 1991, Figure 6, 7).

H,

catalyst

OoH OoH OoH oH

1-O-alpha-D-glucopyranosyl-
D-mannitol (1,1-GPM)

6-O-alpha-D-glucopyranosyl-
D-sorbitol (1,6-GPS)

Figure 6:
Hydrogenation of isomaltulose (palatinose) to isomalt
(palatinit)

Traces of nickel may dissolve during the hydro-
genation process as slight acid formation cannot be
excluded. This nickel together with the anions must
be removed completely from the solution before crys-
tallisation. Purification of the isomalt solution is pos-
sible by ion exchange. The ion exchange is carried out

by using strong acid cation and medium-to-strong
base anion resins. After filtration and ion exchange
the isomalt solution is evaporated to appropriate con-
centration. Evaporation is carried out in a multi-stage
falling film evaporator operating at reduced pressure
(Figure 7).
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Figure 7:
Production of isomalt: Hydrogenation and down-stream
processing

The isomalt solution is either sold as such or
evaporated to super saturation and sent to crystalliza-
tion. Isomalt crystallizes readily from aqueous solu-
tions. The GPM part of isomalt crystallizes with two
mols of crystal water (Lindner and Lichtenthaler
1981) whereas GPS crystals are anhydrous (Lichten-
thaler and Lindner 1981). This results in a water con-
tent of 5 % in crystalline isomalt. Because the crystal
water of GPM is integrated into the molecule via
hydrogen bonding it is very difficult to produce anhy-
drous GPM (Schiweck et al. 1990, 1991).

4 Properties and applications of isomalt/palatinit

Isomalt is an odourless, white, crystalline sub-
stance containing about 5 % water of crystallisation. It
tastes just as natural as sugar, is not sticky, tooth-
friendly (it helps to prevent cavities and plaque), suit-
able for diabetics and has only about half as many
calories as sugar because it cannot be completely
metabolized.

Isomalt is a bulk sweetener and can substitute
sugar in a 1:1 mass ratio. It should not be mistaken for
intense sweeteners, which have much greater sweet-
ening power (between a hundred and a thousand times
as high). For this reason these intense sweeteners are
only used in small quantities. Because isomalt is simi-
lar to sucrose, it is particularly suitable for making
products such as candies, chewing gum, chocolate,
compressed tablets or lozenges, baked goods, baking
mixtures, and pharmaceutical products using conven-
tional equipment. Isomalt’s nutritional and physio-
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logical benefits are ideal for use in sugarfree, low-
calorie and diabetic products. It is particularly suitable
for food and pharmaceutical applications and also
offers many advantages for technical uses (Table 3,
http://www.isomalt.com).

Table 3:

Properties and applications of isomaltulose (palatinose) and
isomalt/palatinit compared to those of sucrose (Schiweck et
al. 1990, 1991)

property sucrose  isomaltulose/  isomalt/
palatinose palatinit

sweetening 100 42 45-60

power

sweetening round, neutral neutral

character balanced sweetness

melting point 160-185°C  123-124°C  145-150°C

(range)

specific rotation +66.5 ° +103 °

solution enthalpy -18.2 kJ/kg -21.7 kl/kg -39.4 kl/kg

cooling effect none none low

on dissolving

solubility appr. 0.49 g/gyater  0-33 2/8water
at 20 °C 2 8/water

hydroscopicity low very low very low
in powder

viscosity in low low low
solution

browning + + -
reactions

calories/g DS 4 4 2
suitable for - 3 +
diabetics

tooth-friendly - i 4
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Significant reduction of energy consumption for sewage treatment by using

LentiKat® encapsulated nitrifying bacteria

Michael Sievers', Sven Schifer!, Ulrich Jahnz?, Marc Schlieker® , and Klaus-Dieter Vorlop3

Abstract

Bacteria from an external fermentation were em-
ployed in entrapped form to specifically increase the
nitrification rate in nitrifying waste water treatment
plants. For maximum biological and mechanical sta-
bility a matrix consisting of polyvinyl alcohol (PVA)
was chosen. Stable hydrogels were obtained by room-
temperature gelation according to the LentiKat®
method. Waste water from a municipal waste water
treatment plant was used directly for the lab-scale set-
up and the parameters ammonia, nitrate and COD
were measured regularly. The set-up was run with
different parameters over a period of 650 days. A
specific volumetric nitrate production rate of approx.
25 to 30 mg/(L-h) was achieved at maximum nitrifica-
tion. The residence time was between 30 and 60 min-
utes which is ten times shorter compared to conven-
tional methods. For real waste water treatment plants
this means a significant reduction in size for the nitri-
fication reactors. The COD consumption showed
values between 10 and 50 % due to specific nitrifica-
tion. The remaining COD is available for the subse-
quent denitrification step. The LentiKats® showed no
deterioration over the complete time span.

Keywords: Nitrification, immobilisation, LentiKats®,
energy

1 Introduction
1.1 Situation regarding WWTPs

Stringent environmental regulations regarding ef-
fluent nitrogen concentration of wastewater treatment
plants (WWTPs) were established in many countries
in the last decade. Moreover, the growth of the popu-
lation mostly requires upgrading of existing sewage
treatment plants. Therefore, to achieve complete nitro-
gen removal in a conventional single-sludge WWTP,
a significant increase of the reaction volume com-
pared to chemical oxygen demand (COD) removal
has been commonly established.

Presently, new solutions for cost-effective nitro-
gen removal are necessary both for less investment
and lower operational costs to ensure sustainable
wastewater treatment not only in highly industrialised
but also well developed countries. One possibility for
a new process at WWTPs is the use of nitrifying mi-

. . . ®
croorganisms encapsulated in LentiKats™.

1.2 Encapsulated nitrifiers

The advantages of the use of encapsulated micro-
organisms compared to conventional systems are as
follows:

1.1t is possible to nitrify with much less water hy-
draulic retention time due to the high concentra-
tion of encapsulated organisms and their high ac-
tivity.

2. The high age of the sludge, which is necessary in
single sludge systems to ensure complete nitrifi-
cation due to the low growth of nitrifying micro-
organisms could be reduced. Therefore, the addi-
tional aeration for endogenous respiration, which
increases with the sludge age, could be reduced
substantially.

3. A more selective nitrification process with less
biological oxygen demand (BOD) reduction due
to at this stage unwanted heterotrophic microor-
ganisms becomes possible. As a result, post de-
nitrification can be done with the internal use of
organic compounds.

4.The internal recycling of nitrified wastewater as
commonly established for pre-de-nitrification
processes is not always necessary with respect to
waste water concentration of carbon ions and ca-
pacity to equalise alkalinity.

2 Operations for sewage treatment

A typical flow scheme of a sewage treatment plant
is shown in Figure 1. The sewage is treated firstly by
mechanical processes such as sieving and primary
settling, and secondly by biological processes. The
mechanical processes eliminate suspended particles of
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raw wastewater while the biological processes mainly
eliminate dissolved nitrogen and organic compounds
of raw wastewater. Sludge would be produced in
these processes. This sludge is commonly treated
through anaerobic digestion and sludge de-watering.

primary Bio final
rake, sand settling P/DN DN | DN/N N settling

T ‘ L air effluent

return sludge

centrate primary sludge surplus

activated
sludge
d sludge_ — anaerobic digestion —
ewatering
dewatered sludge bio-gas

Figure 1:
Mass-flow scheme in a waste water treatment plant

2.1 Cost for waster water treatment

A typical distribution of operational costs is
shown in Figure 2. It is obvious that energy consump-
tion plays a substantial role in operational costs.
Moreover, more than 65 % of overall energy con-
sumption is needed for the biological processes and
mainly for the aeration of biological processes.

sludge
disposal
31%
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13%

maintenance

energy
15%

biological
treatment
67 %
flocculation
filtration
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sludge
treatment
11%

mechanical
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% pumps  and other
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Figure 2:
Distribution of cost arising in a WWTP

2.2 Cost optimisation

Therefore, optimisation of aeration and oxygen
supply could lead to a substantial reduction of energy

consumption at WWTPs, but the minimum of oxygen
consumption is limited to the amount of ammonia,
BOD (biological oxygen demand) and COD (chemi-
cal oxygen demand), which has to be oxidised. Opti-
misation of energy consumption itself on WWTP
could be done in two ways:

1. The operation of WWTPs could be optimised via
analysis of the energy consumption and certain
methods of saving energy. This potential is not
the subject of this paper and it has to be dealt
with carefully, because of the need to treat
wastewater efficiently today and even more so in
the future.

2. Further energy-savings could only be realised by
altering the process configuration itself. The main
approach is to optimise the biological processes,
for which 70 to 80 % of the energy is used for air

supply.
2.3 Sludge age and air supply

For example, the potential of energy reduction
would be explained on the basis of published results
on aeration experiments at domestic WWTPs. The
specific oxygen consumption related to the BOD in
raw wastewater is one key parameter to evaluate the
energy consumption for aeration. Some data pub-
lished by wastewater treatment plant operators and the
organisation  “Abwassertechnische = Vereinigung”
(ATV) are listed in Table 1 for different sludge ages.
It is obvious that up to 46 % of energy for BOD oxi-
dation could be saved just by reducing the sludge age
from 25 to 4 days.

Table 1:
Specific oxygen consumption in kg O, per kg of BOD for
different sludge ages in single sludge WWTPs

sludge age 10°C 15°C 20°C

4 days 0.81-0.83 0.89-0.94 0.97-1.05
8 days 0.97-1.05 1.05-1.20 1.13-1.35
25 days 1.21-1.55 1.26-1.60 1.31-1.60

This different oxygen consumption is caused by
two main effects:

a) The oxygen consumption for endogenous respira-
tion would be decreased for lower sludge ages.

b) The BOD of raw wastewater would be less oxi-
dised into carbon dioxide but more into additio-
nal bio-mass. The latter has the potential for hig-
her bio-gas production during anaerobic digestion
of sludge.
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3 Nitrogen elimination at WWTPs

The nitrogen to be removed from raw waste water
is commonly ammonia, which can be decomposed
conventionally by the following two-step overall
reaction scheme:

nitrification:
NH, +20, > NO, +2H,0+2H" and
NO, +0.50, 2 NOy

denitrification:
5 CH;COOH + 8 NO;™ =2 10CO, + 6 H,O + 8 OH"

The formula for the denitrification step is shown
for the case of acetic acid as carbon source. For nitri-
fication, dissolved oxygen is relevant and therefore
aeration is essential (aerobic conditions). For denitri-
fication, solute oxygen must be avoided (anoxic con-
ditions), otherwise denitrification will not occur due
to the fact that the affinity of the electrons donated by
acetic acid is much higher to molecular oxygen than
to nitrate.

The electron donator, usually a carbon source, is
substantially only present in raw wastewater, but not
in the nitrified wastewater. To reduce nitrate of nitri-
fied wastewater with the internal utilisation of raw
wastewater carbon source three possible processes for
nitrogen elimination have been established:

a) pre-denitrification
b) post-denitrification
¢) simultaneous denitrification.

The first process implies a re-circulation of
wastewater containing nitrate back from the nitrifica-
tion to the denitrification step at the inlet of the bio-
logical basin. The effluent of such processes would
always contain nitrate, the amount depending on the
level of concentration and the re-circulation rate.
Treatment of wastewater containing high nitrogen
concentrations would need a high re-circulation rate
to fulfil regulations for the effluent.

The post denitrification has the advantage of mak-
ing possible an almost complete nitrogen removal
through the optimisation of every single process step
of the treatment process. The main disadvantage of
this process is the low level of carbon sources in the
nitrified wastewater and external carbon sources are
commonly needed for substantial denitrification.
Moreover, additional BOD compared to BOD of raw
wastewater has to be oxidised, leading to more sludge
and a less cost-effective process.

For the simultaneous denitrification, nitrification
and denitrification would take place in the same reac-
tor by alternating aerobic and anaerobic conditions
through different aeration modes or zones.
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The limitation of the growth of the nitrifying or-
ganisms, especially at lower temperatures, is common
to all processes. To avoid washing out of nitrifiers
compared to the faster growing heterotrophs, the need
for a higher age of the sludge arises resulting in a low
rate of denitrification and higher expenses for aeration
needed for endogen respiration.

4 Nitrification by encapsulated nitrifiers
4.1 Demands for the encapsulation

Nitrification rates can be increased by specifically
favouring those bacteria responsible for the biological
oxidation of ammonia, namely Nitrosomonas spec.
and Nitrobacter spec. These bacteria can be encapsu-
lated for this purpose within a matrix. The micro-
scopic bacteria become manageable by macroscopic
means. The matrix used for this immobilisation pro-
cedure has to fulfil the following demands:

1. It must be permeable for the nutrients required by
the microorganisms but it must hold back the en-
closed bacteria effectively at the same time.

2. The material itself and the methods necessary to
make a stable matrix must not harm the microor-
ganisms irreversibly.

3. Since nitrification is a process mainly carried out
by growing cells, the matrix must be flexible
enough to allow the formation of colonies within
the inner volume.

4. The material must be stable under the conditions
of a WWTP, i.e., they must have resistance
against mechanical forces and must also be resis-
tant against biological degradation.

5.The resulting matrix particles must be small
enough to prevent limitation effects resulting
from means of diffusion which are too long.

A hydrogel on the basis of poylvinyl alcohol
(PVA) meets all of these requirements. Different
methods are known to produce stable hydrogels from
PVA, but only the method of room-temperature gela-
tion by controlled partial drying provides conditions
mild enough to ensure good survival rates for suscep-
tible nitrifiers. Due to their shape, the resulting parti-
cles are called LentiKats".

4.2 Preparation ofLentiKats®

For preparation of LentiKats” ready-to-use Lenti-
Kat"Liquid solution (geniaLab, Braunschweig, Ger-
many) is mixed with a highly active fermentation
broth of externally cultivated nitrifiers and small
droplets are floored on a suitable surface. When these
droplets are exposed to air, the water starts to evapo-
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rate and thus leads to enhanced formation of hydrogen
bonds. Once the hydrogel is stable enough, it is re-
swollen in a stabilising solution.

The particles formed by this procedure combine
the advantages of both large and small beads as can
be seen from Figure 3: On the one hand, they measure
about 3 to 4 mm in diameter and can be retained by
established sieve technology or rapidly by settling. On
the other hand, they are only 200 to 400 um thick and
thus cause hardly any diffusional limitations to the
enclosed biocatalysts (Jahnz et al., 2001).

LentiKats® were successfully used for the immo-
bilisation of microorganisms like clostridia (Wittlich
et al.,, 1998) and Oenococcus sp. (Durieux et al.,
2000) and also enzymes (Groger et al., 2001). Initial
results for the process of nitrification were also ob-
tained in the past (Jekel et al., 1998) but those ex-
periments were done with artificial media and not
with real waste water as described in the present
work.

top view T

D-*"’_’ —

cross-section

200-400 pm
F— 034mm —

Figure 3:
Schematic view and image of a LentiKat® and microscopic
view of nitrifier colonies within the hydrogel

5 Nitrogen elimination process with LentiKats®

The flow scheme of the lab-scaled process using
LentiKats® is shown in Figure 4. The elimination of
nitrogen is achieved by a post-de-nitrification process.

nitrification  denitrification settling tank

settled
sewage treated WW
T surplus
+ return sludge | activated sludge
air >
Figure 4:

Flow scheme of the laboratory set-up

A selective nitrification in the first stage of the
process increases the efficiency of the process, which
is catalysed by encapsulated nitrifying micro-orga-
nisms. Minimisation of BOD-removal in this stage by
low concentration of heterotrophic micro-organisms is
needed to ensure complete de-nitrification at the sec-
ond stage by using the original BOD as an electron-

donator. To minimise BOD removal in the first stage,
no thickened sludge from clarifier would be cycled
back to this stage. Therefore, this process should be
called “pre-nitrification” instead of post-de-nitrifica-
tion.

6 Experimental

Continuously driven lab scale experiments have
been carried out with municipal wastewater. The
volume of the reactors were 2.8 L and 9 L for the first
and second stage, respectively. The wastewater was
collected twice a week from a WWTP after primary
settling and fed to the system via a continuously
stirred tank of 1,000 L volume. The first reactor was
filled with 800 g of LentiKats” equal to 1.5 L. This
reactor for nitrification was continuously stirred and
aerated. During the selected period of day 500 to day
650, the volumetric flow rate was about 120 L per
day, which is equivalent to a hydraulic retention time
in the first reactor of 34 minutes.

The main experimental parameters are shown in
Table 2. The probes were collected as a spot check
once a day. The flow rate of the inflow was measured
by an inductive flow-meter, the pH with the instru-
ment pH 91 and the electrode SenTix 50, dissolved
oxygen and temperature with Oxi 96 and the electrode
EO 96 (all equipment WTW, Germany). Different
vessel tests were used to measure ammonia, nitrate
and nitrite (MERCK, Darmstadt, Germany) and COD
(HACH, Colorado, US). Dilution of 1:10 with de-
mineralised water was done as necessary. After analy-
sis, the probes from the last month were kept frozen to
render possible reanalysis.

Table 2:
Main experimental results

min max average
inflow
pH 6.88 8.45 7.5
NH,", mg/L 1 191 46.3
COD, mg/L 9 278 74.6
nitrification
pH 5.2 8.4 6.9
NH,", mg/L 0 75 11.5
NO;", mg/L 14 58 30.8
NO,’, mg/L 0 5 1.8
COD, mg/L 7 121 53.2

7 Results

As shown in Figure 5, a nearly complete nitrifica-
tion of ammonia to nitrate has been established with
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an average volumetric reaction rate of about 45 mg
nitrogen per litre reaction volume and hour. The hy-
draulic retention time was always at approx. 30 or 60
minutes. This is approx. 10 times lower than the con-
ventional adjusted hydraulic retention times in aera-
tion zones of sewage treatment plants.
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Figure 5:

Nitrification of ammonia

This figure also implies that nitrification could al-
ways be stable within a period of two years at present.
Many disturbances, including an interruption of the
treatment process have taken place, but never destruc-
ted the LentiKats®. Moreover, full treatment effi-
ciency was in most cases reached at the next sampling
period a day later. The high ammonia effluent at days
600 to 610 shows that maximum nitrification rate was
reached with a specific volumetric nitrate production
rate of approx. 25 to 30 mg/(L-h).
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Figure 6:
Elimination of COD

To evaluate the COD elimination in this stage, the
soluble COD was measured in influent and effluent.
Figure 6 shows the COD degradation efficiency,
which is between 10 and 50 %. Further optimisation
is necessary to reduce COD degradation. However,
this COD reduction does not include most of the par-
ticular COD and it is well known, that firstly a BOD
uptake in heterotrophic microorganisms could take
place, especially at high loading rates, and secondly,
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this BOD is usable for de-nitrification. Earlier ex-
periments with acetic acid as BOD have shown that it
is possible to fulfil a low dissolved COD-reduction of
about 30 %.

8 Conclusions

Continuous lab scale experiments with encapsu-
lated nitrifying microorganisms have shown a com-
plete nitrification for more than 650 days. During that
period, the nitrification operated stably, whether the
denitrification was respective to the reactor design
and operation due to the occurrence of floating sludge
during that period.

The evaluation of lab results shows that it is pos-
sible to ensure complete nitrification by encapsulated
nitrifiers with a hydraulic retention time of 0.5 hours,
which is approx. 10 times lower than the the model
sewage plant for the equivalent 100,000 people.
Based on a flow rate of 24,500 m® per day, a nitrifica-
tion reactor of 580 m® volume compared to common
5,000 to 7,000 m® has been calculated. However, this
result has to be confirmed at pilot scale under realistic
sewage treatment conditions onsite. It is expected that
the efficiency of the process would decrease, but
otherwise, there is also a high potential for optimisa-
tion of LentiKats® with much higher maximum reac-
tion rates.

The results show also that the proposed process of
de-nitrification after nitrification with LentiKats®
would be possible due to low COD removal effi-
ciency of 10 to 50 % in the nitrification reactor. This
enables the internal use of wastewater’s carbon
sources for de-nitrification. However, the denitrifica-
tion process has to be optimised with regard to kinetic
study and avoidance of sludge flotation in final clari-
fier.

The energy consumption for aeration could be re-
duced substantially based on published results for
different sludge ages for specific oxygen consumption
for degradation of organic compounds. The reduction
of the sludge age from 20 to less than 4 days would
enable an energy reduction of 30 to 50 %. This needs
to be investigated in pilot scale experiments.
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Abstract

This contribution contains a brief review of our re-
sults on the recent development of a cross-linked and
subsequently polyvinylalcohol-entrapped (R)-oxyni-
trilase and its application in the asymmetric hydrocy-
anation. In the presence of this novel LentiKat®-
entrapped oxynitrilase as a biocatalyst, and benzalde-
hyde as an aldehyde component, the desired (R)-
mandelonitrile was obtained in good yields and with
high enantioselectivities. This new type of immobi-
lized lens-shaped biocatalyst has a well-defined mac-
roscopic size in mm-range, and can be re-used effi-
ciently.

1 Introduction

The fine chemicals industry is highly interested in
efficient immobilization methods since immobiliza-
tion offers a broad variety of advantages, e.g., easy
catalyst separation and its reuse, simple work up pro-
cedures, stabilization of the biocatalyst and so on. Al-
though numerous immobilization methods have been
reported so far, only a few of them were applied on
technical scale — In spite of the high potential of im-
mobilized biocatalysts, in a United Nations publica-
tion (Klyosov 1989), only eight industrial processes
have been reported which are based on immobilized
enzymes or microbial cells. The manufacture of 7-
aminocephalosporanic acid represents (probably) the
most important industrial process which is based on
the use of an immobilized enzyme. — which indicates
the need for more efficient immobilization technolo-
gies.

Recently, a promising, industrially feasible immo-
bilization concept for cells was reported by the Vor-
lop group (Jekel et al. 1998, Wittlich et al. 1999a & b,
Welter et al. 1999) This immobilization is based on
the entrapment of cells in a hydrogel matrix consist-
ing of polyvinylalcohol. This method, which has been
commercialized by geniaLab® (geniaLab 2001), re-
presents a cheap and efficient immobilization tech-

38116 Braunschweig, Germany

nique. In addition, a negligible catalyst leaching is
observed, and macroscopically well-defined and
flexible lens-shaped particles with a high activity are
obtained (type: LentiKats®; diameter: 3 - 5 mm; thick-
ness: 300 - 400 mm). Several successful applications
of this concept were already reported by Vorlop and
co-workers (Wittlich et al. 1999b, Welter et al. 1999)
and Durieux et al. 2000, e.g. for the synthesis of ita-
conic acid and 1,3-propanediol. Further advantages
are that these lens-shaped hydrogels, which can be
easily separated, show no abrasion and have a mini-
mized diffusion limitation due to a low thickness of <
0.5 mm. We envisioned that this immobilization con-
cept could be extended to a suitable immobilization
method for enzymes in general, and oxynitrilases in
particular. Oxynitrilases represent versatile biocata-
lysts for the preparation of optically active cyanohyd-
rins which find a wide range of pharmaceutical and
agrochemical applications (Effenberger 1994a & b,
Gregory 1999, Groger 2001, Hamashima et al. 2000).
For example, (R)-mandelic acid - a derivative of (R)-
mandelonitrile - represents a fine chemical which is
produced on multi-hundred ton scale.

Several substituted optically active (R)-mandelic
acids are intermediates in the synthesis of pharmaceu-
ticals. In addition, the (S)-enantiomer of phenoxyben-
zyladehyde cyanohydrin represents an intermediate in
the production of enantiomerically pure pyrethroids
which are used as insecticides. A graphical summary
of cyanohydrin applications is given in Figure 1.

The immobilization of oxynitrilases as biocata-
lysts for the synthesis of chiral cyanohydrins has been
known for a long time. However, many of those im-
mobilization methods for oxynitrilases have practical
problems on a large scale — Among the main prob-
lems of immobilized methods are the non-satisfied
long-term stability, catalyst leaching, abrasion of the
immobilisate, and a wide particle distribution (instead
of a well-defined macroscopic size) in the case of
powdered immobilisates —. In the following, we report
a summary of our results on the first development of
LentiKat®-entrapped enzymes (here: oxynitrilases)
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Emine Capan and Klaus-Dieter Vorlop, Institute of Technology and Biosystems Engineering, Federal Agricultural Research Centre (FAL), Bundesallee 50,
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and their application in the asymmetric biocatalytic
synthesis of (R)-mandelonitrile (Groger et al. 2001a
& b, Capan et al. 2001).

aal
©/°\©/\cwﬂ

synthetic "pyrethroids"

OH OH
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G

R R optically active
a-hydroxy acids

optically active
amino alcohols

Figure 1:
Graphical summary of cyanohydrin applications

2 Results and Discussion
2.1 The concept for entrapping oxynitrilases

For our studies we used a non-purified (R)-
oxynitrilase purchased from ASA Spezialenzyme
GmbH, Braunschweig for economic reasons. This
oxynitrilase has a specific activity of 13.6 U/mg pro-
tein, and an amount of protein of 7.6 mg/mL. In order
to prepare an efficiently entrapped oxynitrilase, a two-
step procedure was chosen. In a first step, a cross-
linking process was carried out which led to an in-
creased molecular weight of the (cross-linked) en-
zymes. This cross-linking procedure is necessary
since enzymes with a molecular weight of max.
50,000 (as in case of oxynitrilases) would not be re-
strained in the hydrogels. At first the cross-linking

Q-

(R)-oxynitrilase (0] (0]

o+ AL,
o .
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O —0 (0]
NH, CH,0OH

Q.

(R)-oxynitrilase
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Figure 2:

process was carried out with glutaraldehyde only, but
the resulting cross-linked enzymes showed a drasti-
cally decreased activity. Probably the enzyme is deac-
tivated under those conditions. However, a combina-
tion of glutaraldehyde and chitosan led to an im-
proved cross-linked enzyme which showed 89 % of
its native activity.

In a subsequent step, this cross-linked enzyme was
entrapped in a hydrogel matrix which is (mainly)
based on polyvinylalcohol. After entrapping the cross-
linked oxynitrilase 65 % of its activity remains. The
concept of this two-step immobilization method is
shown in Figure 2 (Groger et al. 2001). These lens-
shaped hydrogels are highly elastic and flexible to-
wards mechanical treatment.

The general protocol for the preparation of (R)-
oxynitrilase-containing, lens-shaped PVAL-hydrogels
reads as follows: The cross-linking step of the (R)-
oxynitrilase was carried out using chitosan and glu-
tardialdehyde. At first 1.5 g of chitosan are dissolved
in 98.5 g acetic acid solution (0.5 %), and 1 M NaOH
are added until a pH 5.5 has been obtained. Subse-
quently 7.89 g of a non-purified oxynitrilase solution
(60 mg protein; purchased from ASA Spezialenzyme
GmbH, Braunschweig; specific activity: 13.6 U/mg
protein; amount of protein: 7.6 mg/mL) are added to 4
g of the chitosan solution. The resulting mixture was
treated with 200 pL of a glutardialdehyde solution (50
%; pH 5.5). After stirring for 16 h at 4 °C the cross-
linked (R)-oxynitrilase (after centrifugation) is entrap-
ped in LentiKat® by addition of 2.07 g of the chito-
san/glutardialdehyde-crosslinked enzyme solution and
7.9 g of water to 74 g of LentiKat"Liquid (a polyvi-
nylalcohol-containing aqueous solution which is com-
mercially available from genialab; genialLab 2001).

CH,0H NWNO
O,
N OH 0 OH .
o H o
GN\/\/VN CH,OH
N

O = enzyme
. = chitosan

= cross-linking

polyvinylalcohol (PVAL)

polyvinyl-
alcohol
(PVAL)

Scheme of the two-step immobilization method inside LentiKats®™
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The lens-shaped gels are obtained after dropping the
polymeric suspension on a plate using a LentiKat"-
printer. For further details on the steps of preparation
of the lenses, see Jekel et al. 1998, Wittlich et al.
1999a & b, Welter et al. 1999, Durieux et al. 2000,
and genialab 2001. The entrapped (R)-oxynitrilases
have been obtained on highly elastic, lense-shaped
gels with a defined diameter of 3 to 5 mm. The activi-
ties of the lenses varied between 8 and 40 U per g
lenses. A picture of the shape of those polyvinylalco-
hol-based lenses is given in Figure 3. The lens-
shaped, oxynitrilase-containing catalyst shows a well-
defined particle diameter of 3 or 5 mm and a thick-
ness of 0.3-0.4 mm. Further physical properties of
such type of lens-shaped hydrogels in general have
been described earlier (Jekel et al. 1998, Wittlich et al.
1999a, Welter et al. 1999).

surface cross section

L J ======x 300-400 um
@ 3-4 mm

Figure 3:

Scheme and photo of LentiKats®

2.2 Properties of entrapped (R)-oxynitrilases in Len-
tiKats®

A potential catalyst leaching was investigated with
respect to the dehydrocyanation reaction of mandelo-
nitrile (in general, the catalytic activity of oxynitrila-
ses is determined via this cleavage reaction of mande-
lonitrile). A photometrical determination of the reac-
tion course showed that no catalyst leaching occurs
after a stirring time of up to 143 h. This conclusion
was supported by the (nearly) identical course of the
enzyme activities determined from the reactions with
“fresh” hydrogels and hydrogels after stirring for 143
h, respectively. For more details regarding this inves-
tigation see (Groger et al. 2001b and Capan et al.
2001). In conclusion, a catalyst leaching or a decrease
of the catalyst activity due to a deactivation process
was not observed.

2.3 Hydrocyanation with entrapped (R)-oxynitrilases
in aqueous media

The lens-shaped oxynitrilases have subsequently
been applied as a biocatalyst for the reaction at a low
pH of pH 3.75 in aqueous media. The low pH is re-
quired in order to prevent the formation of the race-
mic mandelonitrile which would led to lower enantio-
selectivities. This effect has been described previously
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by Kula and co-workers in detail (Niedermeyer and
Kula 1990a & b).

In the presence of the cross-linked and subse-
quently entrapped oxynitrilases, the hydrocyanation in
aqueous media at a low pH proceeds well, leading to
the desired optically active product (R)-mandelonitrile
with an high enantioselectivity of > 99 % ee (Figure 4
and Figure 5, batch 1, see also Capan et al. 2001).

o PVAL-ent.ra_pped OH
(R)-oxynitrilase 1 (R)
H + HCN CN
r.t, pH 3.75,

aqueous media
(buffer solution)

Figure 4:
Reaction scheme for the enzymatic conversion of benzalde-
hyde to (R)-cyanohydrin in aqueous media

As a next step, the long-term stability and the re-
cycling abilities — a crucial economical criterion —
have been investigated. We were pleased to find that
the lens-shaped PVAL-entrapped oxynitrilases can be
re-used repeatedly in at least 9 batches (Capan et al.
2001). It is noteworthy that the enantioselectivity
remained unchanged at high 99 % ee (Figure 5).

ee [%]

batch no.

Figure 5:
Long-term stability of the PVAL-entrapped oxynitrilase in
aqueous media

2.4 Hydrocyanation with entrapped (R)-oxynitrilases
in a biphasic media

Another interesting concept of biocatalytic hydro-
cyanation reactions is based on a biphasic reaction sy-
stem, consisting of a water-immiscible organic phase
and an aqueous phase, as a reaction media. The pres-
ence of an organic solvent guarantees a high enantio-
selectivity in spite of carrying out the reaction at
higher pH values (Effenberger et al. 1987a & b,
Griengl et al. 1997, Loos et al. 1995). This beneficial
effect of an organic solvents, found by Effenberger in
1987, is due to the fact that the formation of the unde-
sired racemic mandelonitrile is supressed under those
conditions (Effenberger et al. 1987a & b). The appli-
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cation of biphasic reaction systems for the asymmetric
hydrocyanation using oxynitrilases was reported by
Griengl et al. 1997 for (S)-oxynitrilases, and Loos et
al. 1995 for (R)-oxynitrilases, respectively.

o PVAL-entrapped

(R)-oxynitrilase ?TR)
H + HCN CN
(3.5€eq.) r.t, pH 4.5,

biphasic media: .
aqueous buffer, 93% yield
MTBE/hexane 4:6 94% ee

Figure 6:
Reaction scheme for the enzymatic conversion of benzalde-
hyde to (R)-cyanohydrin in a biphasic media

In the presence of the cross-linked and subse-
quently entrapped oxynitrilase-catalyst (with an activ-
ity of 8.16 U per g lenses) at pH 4.5 in a biphasic
system, the desired product (R)-mandelonitrile was
obtained in 93 % yield and with 94 % ee (Figure 6,
Groger et al. 2001a & b). The general procedure for
the asymmetric hydrocyanation using oxynitrilases
entrapped in lens-shaped gels reads as follows: To a
solution of the PVAL-entrapped (R)-oxynitrilases
(lens-shaped capsules; g lenses per mmol substrate:
entries 2 and 4-5, 1.84 g; entry 3, 3.67 g; entry 6, 2.47
g) in 4 mL of a citric buffer, subsequently 4 mL of the
organic solvent, | mmol of benzaldehyde, and 3.5
mmol of HCN (as an 20 % aqueous solution) are
added. After stirring the reaction mixture for two
hours, the organic layer is separated, and the aqueous
layer is washed with 2 x 20 mL MTBE (subsequently,
the aqueous layer is treated with NaOCI solution in
order to decompose HCN which has been used in ex-
cess amount). The organic phases are dried over mag-
nesium sulfate, and after filtration the volatile materi-
als are removed in vacuo. The product (R)-mandelo-
nitrile is obtained with a purity of > 90-95 % (in some
cases of up to 99 %).

It is noteworthy that this result is comparable to
the one obtained with “free” oxynitrilases. Thus, in
spite of modifying the enzyme by cross-linking and
entrapping a comparable synthetic, results with re-
spect to enantioselectivity and yield were obtained
with “free” and PVAL-entrapped oxynitrilases, re-
spectively (Groger et al. 2001a & b).

The “catalyst loading” of the entrapped oxynitri-
lase has an influence on the reaction course of the
asymmetric hydrocyanation. When using an entrap-
ped oxynitrilases with a somewhat higher catalyst
loading of 40 U per g lens, a yield of 74 % yield and
slightly decreased 91 % ee were obtained. In addition,
the organic solvent plays an important role. Under
optimized conditions an enantioselectivity of 99 % ee
can be obtained when carrying out the reaction in a
biphasic media with diisopropylether as an organic
solvent (Groger et al. 2001b).

As in case of the study in an aqueous media, in-
vestigation with respect to the recycling abilities of
the entrapped oxynitrilases were carried out in a bi-
phasic media. In total, the lens-shaped hydrogels were
recycled 20 times without a decrease of enantioselec-
tivity (Figure 7, Groger et al. 2001b). In contrast, the
ee slightly increased from 91 % ee to 95 % ee which
might be due to an increased stabilization of the en-
zyme within the hydrogel matrix. The yield remains
in the same range of ca. 80 %. It is further noteworthy
that the oxynitrilase-containing hydrogels do not
change their elasticity, size and flexibility.
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Figure 7:

Long-term stability of the PVAL-entrapped oxynitrilase in a

biphasic system

3 Conclusions

In conclusion, a cross-linked and subsequently
PVAL-entrapped oxynitrilase catalyst was developed
and applied successfully for the asymmetric hydrocy-
anation of benzaldehyde. These new LentiKat®-
entrapped oxynitrilases show the following properties:

e Macroscopic well-defined size (diameter in
mm-range)

¢ High yields, and high enantioselectivity of up
t0 99 %

¢ High synthetic efficiency

e Recyclable without loss of enzymatic activity

o Suitable for technical reactors due to high
elasticity

e [eaching of the oxynitrilase has not been ob-
served

¢ Encapsulation materials are cheap and non-
toxic

¢ Simple encapsulation protocol.

Thus, the asymmetric biocatalytic hydrocyanation
via LentiKat®-entrapped oxynitrilases represents an
attractive access to the commercially important opti-

cally active mandelonitrile.
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Aerial conidia of Metarhizium anisopliae subjected to spray drying for encapsula-

tion purposes

Andrea Horaczek and Helmut Viernstein'

Abstract

This research deals with the preservation and for-
mulation of an isolate of an entomopathogenic fun-
gus. The suitability of spray drying as formulation
technology for Metarhizium anisopliae BIPESCO 5
was tested. Therefore, an aqueous binary mixture
composed of skim milk and polyvinylpyrrolidone
(PVP K90) was evaluated as a means of preserving
and encapsulating conidia. Due to the formulation
technology it was possible to encapsulate the fungal
propagules resulting in a dust free, water soluble/oil
dispersible formulation for spray application.

The influence of different inlet/outlet temperature
adjustments and the composition of the carrier system
were investigated due to their influence on spore
viability. Results of spray drying experiments showed
that air outlet temperatures up to 53°C resulted in a
slight reduction of approximately 3 % of the conidial
viability. Maintaining these operating conditions
resulted in microcapsules of germination rates of 76
% and moisture contents of 18.11 to 21.22 %. Micro-
encapsulated conidia were subjected to storage tests
with and without the addition of silica gel capsules at
various temperatures. Results showed that survival
was inversely related to the storage temperature and
residual moisture levels. The highest survival rates of
stored conidia were observed at moisture contents of
3 % and a temperature of 6°C. Moreover, production
characteristics like entrapment efficacy, shape and
size were investigated.

The results show that spray drying is a possible
encapsulation technology for aerial conidia of
Metarhizium anisopliae resulting in highly concen-
trated spray dried powders with 76 % viability.

Keywords: Metarhizium anisopliae, formulation,
spray drying, encapsulation, skim milk, PVP K90,
shelf life

1 Introduction

There is great interest in the use of entomo-
pathogenic fungi as biocontrol agents to avoid the
negative effects of chemical pesticides. The range of
target pests of Metarhizium anisopliae includes Col-

eoptera and Lepidoptera (Copping, 1998). Ento-
mogenous fungi may be introduced in the field as
conidia, mycelial fragments or blastospores (Li et al.,
1993; Butt et al., 1994). Environmental conditions
like sunlight, temperature, humidity, substratum and
chemical pesticides, however, all influence the stabil-
ity, sensitivity and persistence of these propagules.
Therefore, the widespread acceptance and use of
mycoinsecticides will depend on the improvement of
the environmental stability of the pathogen by the
development of appropriate formulations. To make
biocontrol agents competitive, the formulation must
enhance virulence, extend the shelf life of the active
agent, improve efficacy of application, prolong field
persistence and moreover must be cost efficient (Butt
et al., 1999). Therefore, the formulation process must
be carefully designed for the particular requirements
and limitations of an organism (Rhodes, 1993).

From the great variety of formulation technology,
the authors chose spray drying to convert the
propagules in practical formulations. Although most
often considered a dehydration process, spray drying
can also be used as an encapsulation method when it
entraps 'active' material within a protective matrix.
Compared to other conventional microencapsulation
techniques it offers the attractive advantage of pro-
ducing microcapsules in a relatively simple, inexpen-
sive, continuous processing operation (Ré, 1998).
However, there are obviously challenges associated
with using spray drying to formulate microorganisms,
including the requirements that the processed organ-
isms have to survive the temperatures occurring dur-
ing the process.

In the present study, a spray drying process was
developed which allowed the encapsulation of conidia
of Metarhizium anisopliae. A mixture of skim milk
and polyvinylpyrrolidone was used as carrier vehicle.
Skim milk was chosen because it is a well known
membrane stabiliser during cryopreservation. Fur-
thermore, milk proteins possess numerous functional
properties, i.e., solubility, emulsification, film forma-
tion, the ability to interact with water, small ions and
other polymers that are desirable for a wall material.
Furthermore, skim milk also exhibits UV-protection
(Burges, 1998). Burges (1998) also mentioned the
second component of the carrier matrix, PVP, as a
protective colloid. Furthermore, Millqvist-Fureby

' Andrea Horaczek and Helmut Viernstein, University of Vienna, Institute of Pharmaceutical Technology and Biopharmaceutics, Althanstrafe 14, 1090 Vienna,

Austria
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(1999) observed the tendency of PVP combined with
other polymers to form the continuous phase during
the spray drying process, resulting in a better protec-
tion of the sensitive biological material due to the
protection from interactions with the spray-droplet
surface.

The aim of the present study was to optimise the
spray drying process as a formulation method for the
production of preparations guaranteeing a higher
environmental stability, an easy application method
and a prolonged shelf life for the contained pathogen.

2 Materials and methods
2.1 Fungal isolate

Metarhizium anisopliae (BIPESCO 5) was sup-
plied by Prophyta Biologischer Pflanzenschutz
GMBH (Malchow/Poel, Germany) at 4.7 x 1010 CFU
g dry spores.

2.2 Preparation of fungal dispersions for spray drying

1 g conidia of Metarhizium anisopliae was dis-
persed in 99 ml of an aqueous 0.1 % sterile TWEEN
80 (Merck; Darmstadt, Germany) solution. With the
help of a Thoma haemocytometer, the number of
spores per ml was specified. The suspension con-
tained 4.3x10® spores mI™. The carrier matrix used for
the encapsulation of the conidia was composed of two
aqueous solutions. The solutions were prepared with
skim milk (10 % w/v; Merck; Darmstadt, Germany)
and polyvinylpyrrolidone PVP K90 (10 % w/v; Fluka;
Buchs, Switzerland). The skim milk solution was
sterilised at 120°C for 15 min and PVP K90 was
added to sterilised water. 10 ml of the fungal suspen-
sion were mixed with 90 ml of the carrier matrix
solution consisting of 45 ml of skim milk and 45 ml
of PVP K90 solutions. The polymer/fungus compati-
bility was verified just before the process of microen-
capsulation. The mixtures of the carrier matrix were
continuously stirred when subjected to spray drying.
The experiment was performed in triplicate.

2.3 Spray drying technique

The fungal dispersions were spray dried with a
laboratory scale spray dryer (model Biichi mini spray
dryer; Flawil, Switzerland) equipped with a 0.7 mm
nozzle by adjusting air-flow to 700 NI/h and aspirator
setting to 35 m*/h. The inlet temperature, the flow rate
of feed suspension and the composition of the carrier
matrix were varied. The microcapsules precipitated
into the collecting flask were harvested and stored in

polypropylene flasks (Semadeni; Vienna, Austria)
with and without the addition of silica gel capsules.

2.4 Effect of different inlet/outlet temperatures on the
viability of fungal propagules

The influences of five different outlet/inlet tem-
perature regimes were investigated due to their influ-
ence on the conidial germination behaviour. There-
fore, the spore suspensions were exposed to inlet
temperatures of 40, 60, 80, 100 and 120°C during the
spray drying process. The feeding rate of the spore
solution varied from 3 to 10 ml min™ depending on
the increase of the inlet temperature to keep the outlet
temperature as low as possible but avoiding condensa-
tion in the spray dryer. The development of the outlet
temperature was monitored. The moisture content and
the germination rate were examined directly after the
spray drying process. The assay was performed in
triplicate.

2.5 Effect of the carrier matrix composition on the
viability of fungal propagules

In order to investigate the membrane stabilising
function of each component of the carrier matrix,
spray drying experiments were carried out with co-
nidia dispersed in aqueous solutions of skim milk (5
% w/v) or PVP K90 (5 % w/v). Therefore, 5 ml of the
conidia suspension were mixed with 45 ml skim milk
or PVP K90 solution. The resulting suspensions were
subjected to the following inlet temperatures: 40, 60,
80, 100 and 120°C. The feeding rate of the spore
solution varied from 3 to 10 ml min"'. The develop-
ment of the outlet temperature was monitored. After
spray drying the germination rate was determined.
The assay was performed in triplicate.

2.6 Viability test

Spray dried conidia were dispersed in an 0.1 %
aqueous Tween 80 (Merck) solution. Afterwards 50
pl of the resulting suspension were spread on agar
plates (1 % glucose, Merck; 0.5 % peptone, Merck;
1.5 % agar, Merck; and 0.5 % yeast extract, Oxoid;
amended with 30 mg I of streptomycin sulphate,
Merck; and 50 mg I"' of chloramphenicol, Merck) and
incubated for 24 hours at 25°C. The viability of 300
spores was assessed after staining with lactophenol
cotton blue using a Nikon 104 light microscope. Only
spores with germ tubes longer than their width were
considered to have germinated.
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2.7 Microcapsule characterisation
2.7.1 Microscopic studies

Scanning electron microscopy (SEM) was per-
formed on a Zeiss DSM 940 scanning electron micro-
scope. This technique was used to investigate the
microstructure properties and particle size of spray
dried products. Specimens were sputtered with gold.
The operating conditions for the electron microscope
were: 9 mm working distance and 10 kV acceleration
voltage.

The SEM work was performed at the Centre for
Ultrastructure Research of the University of Agricul-
tural Sciences Vienna, Austria.

Optical microscopy was also used to check the
shape and the particle size of the batches. A Nikon
104 light microscope was used. Therefore, 0.1 g of
the specimens were dispersed in 100 ml of a non-
solvent, in this case paraffin, sonicated and stirred for
5 minutes and afterward investigated at a x 400 mag-
nification. 100 particles of each sample were charac-
terised. The size distribution was expressed in per-
cent. Prior a calibrated stage micrometer was used to
calibrate the ocular micrometer.

To check the encapsulation efficacy, fluorescence
microscopy was performed. Therefore, conidia were
incubated with flourescein isothiocyanat (FITC)
(Sigma-Aldrich; Vienna, Austria) prior to spray dry-
ing. 8 mg conidia were dispersed in 4 ml 0.1 M
Na,CO; (Merck; Darmstadt, Germany). Afterward
200 pl of a solution of FITC dissolved in DMSO (2.5
mg/ml) were added. The conidia were incubated at
4°C over night. Then the conidia were separated by
centrifugation at 10.000 g and washed three times
with an aqueous 0.1 % Tween 80 solution. The result-
ing labelled conidia were subject to spray drying.

2.7.2 Dissolution and dispersing profile of the micro-
capsules

In a 250 ml beaker 100 mg of the specimens were
put into tap water (4°C) or paraffin (Kwizda; Vienna,
Austria) and stirred continuously with a magnetic
stirrer. Furthermore, the property of skim milk to act
as an emulsifying agent was assessed.

2.8 Residual moisture content of microcapsules

These measurements were made with a moisture
analyser (Sartorius MA 30, Sartorius; Gottingen,
Germany). The residual moisture was obtained after
drying a sample of 0.1 g at 130°C, and was expressed
as a percentage. The water desorption kinetics varied
according to the sample (from 0 to 99 min).

2.9 Evaluation of storage stability

Microcapsules produced by spray drying at a con-
stant air outlet temperature of 80°C were stored with
or without the addition of silica gel capsules at differ-
ent temperatures (6, 20 and 30°C). The viability was
assessed over a period of 3 months.

2.10 Statistical analysis

Statistical analysis was carried out with Statgraph-
ics” Plus 4.0 for Windows. For analysis of the spore
viability, arcsineVp-transformed data of percentage
germination were analysed using one-way analysis of
variance (ANOVA). When homogeneity of variance
was achieved by a Hartlett's test (P < 0.05), the Fi-
sher's least significant difference procedure (P < 0.05)
was used to separate means of transformed data.

3 Results and discussion

3.1 Effect of different inlet/outlet temperatures on the
viability of fungal propagules

High temperatures and thermal stress are ex-
tremely detrimental to Metarhizium anisopliae.
Therefore, the initial spray drying experiments were
performed to determine the outlet temperature opti-
mum for spore viability. The authors noted that the
spraying conditions had an effect on spore viability
and the residual moisture of the microspheres ob-
tained. Results demonstrate that the outlet air tem-
perature is the most important parameter to be varied.
It is a function of inlet air temperature, the delivery
rate of sample dispersions and the aspirator capacity.
The effects of various inlet and outlet temperatures on
the viability and water content of microencapsulated
conidia of Metarhizium anisopliae are given in Table
1. The survival decreases as the outlet temperature
increases. Spores show germination rates of 72 and
0.7 %, at inlet/outlet temperatures of 40/30°C and
120/75°C, respectively.

3.2 Effect of the carrier matrix composition on the
viability of fungal propagules

In order to investigate the membrane stabilising
function of each excipient of the carrier matrix sys-
tem, the spray-drying experiments were carried out
with conidia dispersed exclusively in PVP K90 (5 %
w/v) solutions or skim milk (5 % w/v) solutions. Re-
flected from the germination rates given in Table 2,
only skim milk shows a membrane stabilising func-
tion for the fungus. Also Stephan (1998) showed the
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Table 1
Conditions of the spray drying process and the effect of inlet and outlet temperatures on the water content of the spray
dried powders and on the viability of aerial conidia of BIPBESCO 5, suspended in skim milk (5 % w/v) and PVP K90 (5
% w/v) solutions. Control: untreated conidia.

* Standard error of the mean for three assays.

® Means of the arcineVp-transformed data within a column followed by the same letter are not significantly different following Fisher's

least significant difference procedure (P < 0.05).

excellent protective function of skim milk for sub-
merged spores subjected to spray drying and Gardiner
(2000) reported high viability levels for lactic acid
bacteria embedded in skim milk matrices via spray
drying. Encapsulation with skim milk results in
germination percentages of 64 % to 1 % at inlet tem-
peratures ranging from 40°C to 120°C.

Table 2

PVP K90 provided insufficient protection against
the membrane damages. In comparison to spray dry-
ing experiment carried out with skim milk viability,
rates of 35 % were obtained at an inlet temperature of
40°C and only 6 % of the conidia remained viable
when subjected to 80°C. These results demonstrate
clearly that that PVP K90 is an insufficient protectant.

Comparison of different carrier materials according to their protective function at different temperature regimes. Control:

untreated conidia of 79.38 % viability

* Standard error of the mean for three assays.

® Means of the arcineVp-transformed data within a column followed by the same letter are not significantly different following Fisher's

least significant difference procedure (P < 0.05).
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But PVP exhibits the following functional properties
useful for a formulation for spray application: adhe-
siveness, binding power, film formation, affinity to
hydrophilic and hydrophobic surfaces and it increases
viscosity (Biihler, 2001).

3.3 Microcapsule characterisation

3.3.1 Microscopic studies

The outer structure of the spray dried particles was
investigated by scanning electron microscopy. The
surface of capsules showed surface dents reported for
spray dried skim milk powders. This behaviour had
been attributed to the effect of conditions of atomisa-
tion and drying on casein. Furthermore, spherical
indentations were visualised that have been observed
on the surface of PVP K90 particles. The scanning
electron micrographs of the composite particles re-
vealed that the particle size was relatively uniform,
ranging between 3 um and 30 pm. Furthermore, co-
nidial presence could not be detected on the surface of
the microcapsules (Figure 1).

Figure 1:

Scanning electron imagine of conidia (0.01 % w/w) embed-
ded in a matrix composed of a mixture of skim milk and
PVP K90 in the ration 1:1. The conditions to operate the
microscope were: working distance 9 mm and acceleration
voltage 10 kV

Optical microscopy allowed visualisation of the
spherical character of the microparticles. Microscopi-
cal particle analysis showed that 72 % (s = £ 4 %) of
the microcapsules were within the range of 10-17 pm.
As the average diameter of conidia is approximately 6
pum, the spray dried particles are large enough to ac-
commodate spores.

Fluorescence microscopy revealed the good en-
capsulation property of the used carrier system. Skim
milk and polyvinylpyrrolidone are both known for

their functional property to form films (Biihler, 2001).
With the help of this technique, the eccentric position
of the conidia in the microcapsules could be visual-
ised as it is shown in Figure 2.

Figure 2:
Microencapsulated FITC labelled conidium of Metarhizium
anisopliae. Diameter of microcapsule 9 um.

3.3.2 Dissolution and dispersing profile of the micro-
capsules

Due to the solubility of the used matrix material,
the spray dried powder has the property to dissolve in
water, resulting in a burst release of microencapsu-
lated conidia and to disperse in oil based carriers
resulting in the controlled release of propagules. As
Prior (1988) stated, formulation in oil increases effi-
cacy and reduces dependence on humid conditions.
Skim milk worked well as a surfactant as no conidia
could be observed to be floating on the surface as in
the control. As a control dried untreated conidia were
used.

3.4 Residual moisture content of microcapsules

The moisture contents of the powders increase as
the outlet temperature decrease. Results are given in
Table 1.

3.5 Conidia survival in microcapsules during storage

Microcapsules produced at constant outlet tem-
peratures of 50 to 53°C were stored at different tem-
perature levels (6, 20 and 30°C) with and without the
addition of silica gel capsules. The addition of silica
gel capsules resulted in moisture contents of 3 % of
the spray dried powders. The germination rate was
assessed over a 3 month period. Maximum survival
rates of 95 % were found at storage temperatures of
6°C and moisture contents of 3 %. In comparison,
spray dried powders stored under the same conditions,
but with residual moisture levels of 18 % showed
germination rates of 0 % after a storage period of 4
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weeks. Storage conditions of 20 and 30°C generally
resulted in a fast decline in conidial viability. Micro-
encapsulated conidia with moisture contents of 3 %
showed germination rates of 0 % after two months
storage at 20°C and 0 % after two weeks storage at
30°C. Storage without the addition of silica gel cap-
sules resulted in 0 % viability after two weeks storage
at 20 and 30°C. Therefore, shelf life seemed to be
inversely related to the moisture content of the stored
material and the storage temperature.

4 Conclusion

The results of the present study show that spray
drying is a useful formulation method for the micro-
encapsulation of conidia of Metarhizium anisopliae.
In consideration of the special requirements for
Metarhizium anisopliae, it was possible to produce
highly concentrated spray dried powders with 76 %
viability. The temperature stress has been noted as the
key factor during the formulation process and the
importance of the addition of membrane stabilising
agents has been shown. Furthermore, storage tests
demonstrate that conidial formulations require a re-
sidual moisture content of approximately 3 % and low
temperatures for prolonged storage.
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Beads from natural hydrogels as encapsulation matrices for cofactor-dependent

enzymes in organic solvents

Marion B. Ansorge-Schumacher, Gesine Ple, Daria Metrangolo, and Winfried Hartmeier'

Abstract

Due to their simple polymerization process and
low toxicity, natural hydrogels are favorable matrices
for the encapsulation of biocatalysts in organic syn-
thesis. In organic solvents, they form stable compart-
ments which protect entrapped enzymes from detri-
mental effects of their environment. Material and
encapsulation method, however, affect stability and
activity of the biocatalyst itself as well as mass trans-
fer in and mechanical stability of the immobilization
matrix. When an alcohol dehydrogenase from Lacto-
bacillus kefir and its cofactor, NADPH+H', were
entrapped in alginate, agar, gellan, and k-carrageenan
by dropping into aqueous hardening baths, enzyme as
well as cofactor loss from the hydrogels was ob-
served. However, immobilization yields of 100 %
were easily achieved by adapting four different meth-
ods. Best results were obtained with two-phase dis-
persions of sunflower oil and solutions of gellan or k-
carrageenan. With regard to the low thermostability of
the entrapped alcohol dehydrogenase, the gelling tem-
perature of both materials was decreased below 40 °C
by changing polymer and ion concentrations. Influ-
ences on the mechanical strength of the hydrogels
were investigated by comparing the critical compres-
sion forces of gel cylinders with standard sizes. Rea-
sonable gelling temperatures as well as mechanical
strengths was observed for 1.5 % (w/v) gellan includ-
ing 0.05 % (w/v) CaCl,. Encapsulating the alcohol de-
hydrogenase and its cofactor with this hydrogel com-
position, stereoselective production of R-phenyletha-
nol from acetophenone was performed with a yield of
80-85 % and an enantiomeric excess of 98 %.

Keywords: hydrogel, encapsulation, alcohol dehydro-
genase, organic solvent

1 Introduction

Organic solvents are widely used as reaction me-
dia in chemical synthesis. They (I) increase the solu-
bility of hydrophobic substrates, (II) enable reactions
that are unfavorable in water, e.g., the reversal of hy-
drolysis reactions in favor of synthesis and (III) sim-
plify product and catalyst recovery. Regarding bio-

catalytic conversions, some isolated enzymes show
reasonable activity and even enhanced thermostability
in the presence of organic solvents (Kvittingen 1994),
but many others are rapidly deactivated (Ghatorae et
al. 1994). A general use of biocatalysts in such media
requires an efficient separation of the biocatalyst from
direct contact with the surrounding solvent.

In medical and biotechnological applications,
natural hydrogels like alginate or agarose are often
employed when a separation of whole cells from
aqueous reaction media is necessary (Jen et al. 1996).
Hertzberg et al. (1992) demonstrated that such hy-
drogels can also be used to encapsulate isolated en-
zymes for an application in organic solvents. The
resulting aqueous, but stable, compartments protect
the biocatalyst from detrimental effects of its envi-
ronment. They should therefore enable the conversion
of poorly water-soluble compounds with enzymes that
are deactivated in the presence of organic solvents or
aqueous-organic interfaces. Additionally, it should be
possible to apply multi-enzyme systems or biocata-
lysts that require cofactors for activity to syntheses in
organic solvents. Material and encapsulation method,
of course, have to be selected carefully, as they may
affect the stability and activity of the biocatalyst itself
as well as mass transfer in and mechanical stability of
the immobilization matrix.

Dehydrogenases are versatile tools for the synthe-
sis of many chiral compounds (Hummel and Kula
1989), but suffer from both a poor stability in organic
solvents (Hummel 1999) and the essential need for
hydrophilic cofactors. In this work, the encapsulation
of an alcohol dehydrogenase [ADH, E.C.1.1.1.1] from
Lactobacillus kefir and its cofactor, NADPH+H", in
beads of the natural hydrogels alginate, gellan gum,
agar and k-carrageenan was performed. The encapsu-
lation process and different hydrogels were investi-
gated and optimized with special regard to enzyme
and cofactor loss, ADH stability and productivity
towards the stereoselective synthesis of R-phenyletha-
nol, as well as hydrogel properties, such as the me-
chanical strength.
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2 Experimental
2.1 Chemicals

Gellan was a generous gift from Kelco (Hamburg,
Germany). Manugel® DJX sodium alginate was pur-
chased from Monsanto (Waterfield, UK), BECO®-
agar from Behrens & Co. (Hamburg, Germany) and
k-carrageenan from Fluka (Neu Ulm, Germany).
ADH from L. kefir was obtained from Sigma-Aldrich
Chemie (Deisenhofen, Germany), NADPH+H" from
BIOMOL (Hamburg, Germany) and the protein assay
(Bradford reagent) from Biorad (Miinchen, Germany).
Sunflower oil was a product from Brokelmann
Oelmithle (Hamm, Germany). All other chemicals
were obtained from Fluka Chemie (Neu Ulm, Ger-
many).

2.2 Preparation of hydrogels

Hydrogel solutions were prepared by dissolving
the respective matrices in 0.1 M Tris-HCI, pH 7.0,
heating to appropriate temperatures and mixing for 10
minutes on a magnetic stirrer. 7.1 mg/ml (3 U/ml)
ADH and 3.0 mg/ml NADPH+H" were added after
letting the gel solutions cool down to maximum tem-
peratures of 40-50 °C. Beads were produced (1) by
dropping the mixtures into aqueous hardening baths,
buffered with 0.1 M Tris-HCI, pH 7.0 and containing
2 % (w/v) calcium chloride for alginate and gellan
gels or 1 % (w/v) potassium chloride for k-carragee-
nan gels, (2) by dropping the hydrogel solutions into
stirred sunflower oil or (3) by adapting a two-phase
dispersion process (Audet and Lacroix 1989). Gel cy-
linders of 1 cm in height and 0.8 cm in diameter were
formed by pouring the gel mixtures into molds, which
were removed after gel formation.

2.3 Determination of enzyme and cofactor loss

Enzyme and cofactor loss from hydrogels were
determined by quantifying protein and NADPH+H"
concentrations in the hardening baths after gel addi-
tion. In aqueous solutions, a commercial protein assay
was used to measure the protein content, in sunflower
oil relative protein concentrations were calculated
from measurements with a Beckman DU® 7400 spec-
trophotometer (Fullerton, CA, USA) at a wavelength
of 280 nm. NADPH+H" was determined spectropho-
tometrically at a wavelength of 340 nm in all solu-
tions.

2.4 Determination of the hydrogel strength

Hydrogel cylinders were fixed on a balance and
compressed by a metal disc (@ 1 cm). The time-force
curve was recorded by a personal computer and the
data evaluated using FlexPro 2.0 (Educational Ver-
sion, Greitmann, Menden, Germany). The critical
compression force (CCF) leading to the breakage of
the gel was identified by the resulting sudden drop in
the time-force curve. The gel strength (tB) was calcu-
lated according to Christanson et al. (1985) using the
equation g = CCF/pROZ, R being the initial radius of
the cylinders (0.4 cm).

2.5 Determination of ADH productivity and stereose-
lectivity

Beads resulting from 1 ml hydrogel solution were
added to 10 ml of solvent containing 10 mM aceto-
phenone as substrate and 20 mM decane as internal
standard. Acetophenone decrease and R-phenyletha-
nol increase were measured by gas chromatography
using an HP 5890 series 11 gas chromatograph (Hew-
lett Packard, Walbronn, Germany), equipped with an
autosampler and a flame ionization detector (FID), on
a chiral FS-Cyclodex-beta-1/P capillary column (25 m
x 0.25 mm i. d.; CS GmbH, Langerwehe, Germany).
Nitrogen was used as carrier gas.

3 Results and discussion

Hydrogel beads were obtained from alginate, agar,
gellan and «-carrageenan by dropping 2 % (w/v)
buffered gel solutions into an aqueous hardening bath.
However, despite improved gel formation due to
calcium or potassium ions in the hardening solutions
(Smidsred and Skjak-Braek 1990; Michel et al. 1997;
Morris et al. 1995), up to 60 minutes were necessary
to form solid beads from agar, gellan and k-carragee-
nan. During this time, considerable leakage of enzyme
and cofactor from the hydrogels can be expected
(Dashevsky, 1998).

3.1 Enzyme and cofactor loss

When ADH from L. kefir and its cofactor
NADPH+H" were entrapped in alginate beads, only 1
% of the enzyme, but 21 % of the cofactor were lost
from the matrix within 60 minutes. Cofactor loss
mainly occurred within the first 30 seconds after
dropping the gel solution into the hardening bath.
During the remaining hardening time, NADPH+H"
was almost completely retained in the hydrogel (Fig-
ure 1).
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Figure 1:

Enzyme and cofactor loss from alginate beads during the

hardening in an aqueous solution containing 2 % (w/v) of

calcium chloride

Most probably, the unexpected retention of the
low molecular size cofactor did result from its speci-
fic binding to the entrapped enzyme rather than from
the alginate network. From gellan beads, enzyme and
cofactor were continuously lost during their exposi-
tion to the hardening solution (Figure 2). After 60
minutes, an immobilization yield of only 62 % of the
cofactor and 87 % of the ADH was determined. The
exponential decrease indicated a free diffusion of both
compounds approaching equilibrium.
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Figure 2:

Enzyme and cofactor loss from gellan beads during the
hardening in an aqueous solution, containing 2 % (w/v) of
calcium chloride

Similar curves, but enhanced losses, were ob-
served for k-carrageenan. The immobilization yields
of cofactor and enzyme were 52 % and 73 %, respec-
tively (data not shown). As the formation of agar
beads according to the described production process
affected both protein and cofactor determination,
enzyme and cofactor loss were not quantified. How-

ever, a rapid leakage of both compounds can be as-
sumed.

3.2 Optimisations of the immobilization yield

The immobilization yield in all hydrogels was in-
creased to 100 % by (1) saturating the hardening baths
with enzyme and cofactor according to the initial
concentrations in the gel, (2) swelling dry gel beads
containing enzyme in cofactor solutions, (3) dropping
the gel solutions into hydrophobic hardening baths or
(4) adapting a two-phase dispersion process (Audet
and Lacroix 1989).

(1) Despite the simplicity of preventing enzyme as
well as cofactor loss from hydrogels by saturating the
hardening baths with appropriate concentrations of
both compounds, the method was abandoned due to
economical considerations. (2) The same argument
holds true for the second preparation method. Besides,
cofactor uptake by drying beads under mild condi-
tions (30 °C, 72 hours) and swelling them in a
NADPH+H" solution was successfully performed
with alginate gel, but severely affected the structure of
gellan as well as k-carrageenan beads. (3) Dropping
hydrogel solutions into pure sunflower oil resulted in
the production of heavily deformed beads. Regular
shapes were obtained by the addition of surfactants
(dish washing) to the sunflower oil. However, as the
presence of surfactants during gel formation might
affect the gel properties (Manca et al. 2001) as well as
the entrapped enzyme, the method was not further
investigated. (4) Best results with regard to bead
shape and size distribution were obtained by prepar-
ing two-phase dispersions of sunflower oil and hy-
drogel solution with a magnetic stirrer. However, as
cations necessary for bead formation or stabilization
were hardly soluble in the hydrophobic phase, they
had to be added directly to the hydrogel solutions.
Subsequently, the production of two-phase disper-
sions was only possible for polymer solutions with
slow gel formation in the presence of ions. No two-
phase dispersion was obtained with alginate.

3.3 Enzyme and hydrogel stability

The low thermostability of ADH from L. kefir
(Tarhan and Hummel 1995) demands gelling tempe-
ratures below 40 °C. They were achieved by changing
the polymer as well as ion concentrations of the hy-
drogels. However, the concomitant determination of
the critical compression forces also revealed strong
effects on the hydrogel strength. The results are sum-
marized in Table 1.



102

Table 1:
Gelling temperature (TG) and critical compression force
(CCF) at varying polymer and cation concentrations (Ceation)
in two-phase dispersion systems

Hydrogel, % Tg,°C CCF, N/ent?

)
Ceation » %

4.0 x-carrageenan - 43 48.4
3.0 k-carrageenan - 38 29.2
2.0 k-carrageenan - 31 10.8
2.0 x-carrageenan 1.0K" 52 21.4
1.5 k-carrageenan 0.2 K 45 14.5
1.5 k-carrageenan 0.3 K" 46 14.6
1.2 x-carrageenan 02K" 41 5.5
1.2 k-carrageenan 0.3 K 46 5.2
1.2 k-carrageenan 0.4 K" 48 8.6
3.0 Gellan gum - 43 9.9
2.0 Gellan gum - 38 3.34
2.0 Gellan gum 0.3 Ca>" 66 12.5
1.7 Gellangum  0.05 Ca®* 44 145
1.5 Gellangum  0.05 Ca*" 39 11.2
12 Gellangum  0.05 Ca*" 39 6.9
3.0 Agar - 37 13.25
2.0 Agar - 33 9.7
1.0 Agar - - 33

Best results considering both low gelling tempera-
tures and critical compression forces above 10 N/cm®
were obtained with 1.5 % gellan gum, containing
0.05 % CaCl,.

3.4 Enzyme productivity and stereoselectivity

Enzyme productivity and stereoselectivity were
investigated with regard to the stereoselective synthe-
sis of R-phenylethanol from acetophenone. Using
1.5 % gellan gum, containing 0.05 % CaCl,, a product
yield of 80-85 % and an enantiomeric excess of 98 %
were achieved.

4 Conclusions

The encapsulation of ADH from L. kefir and its
cofactor, NADPH+H', in natural hydrogels like algi-
nate, gellan, k-carrageenan and agar can be performed
without loss of enzyme or cofactor during the produc-
tion process. The adaptation to the low thermostabil-
ity of the entrapped enzyme, however, requires low
polymer and ion concentrations. Subsequently, high
productivity and stereoselectivity towards the produc-
tion of R-phenylethanol, but only low mechanical
strength of the respective hydrogels can be achieved.
For technical applications, an optimisations of the

hydrogel matrix needs to be performed to enhance the
resistance against mechanical stress. This might be
achieved by mixing natural gels with synthetic com-
pounds to combine the non-toxic and mild gellation
conditions of natural polymers with the favourable
mechanical properties of many synthetic materials.
Also, cofactor regeneration in the resulting beads has
to be investigated.
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Continuous hydrolysis of concentrated sucrose solutions by alginate immobilized

yeast cells
Marek Wojcik'

Abstract

An immobilized biocatalyst with invertase activity
was obtained by the entrapment of native bakers’
yeast cells Saccharromyces cerevisiae in calcium
alginate beads. Silica was added as an inert material
to increase density of the biocatalyst. Bead formation
was achieved by using a previously developed tech-
nique (Klein at al. 1983). The diameter of obtained
beads was 1.2 mm and varied within + 0.1 mm. Freez-
ing and thawing of the biocatalyst was used to en-
hance diffusivity of sucrose in the beads. The effect of
pH on the biocatalyst activity was investigated by
determining the amount of reducing sugars liberated
by biocatalyst beads in sucrose solution of 500 g 1" in
a stirred batch reactor at 50°C. The optimum pH value
for invertase activity was 5.0. The biocatalyst was
used for continuous sucrose hydrolysis in tubular pac-
ked bed reactor at pH 5.0, substrate concentrations of
500-890 g1 and reaction temperatures of 50-65°C.
The biocatalyst shows a good stability for temperature
range 50-65°C. The half-life was 2200 h for tempe-
rature 60°C and inlet sucrose concentration 890 g-I”.
The mechanical stability of the biocatalyst particles
was very good during 3072 h of operation in a packed
bed. The results of the biocatalyst investigations con-
firmed its full applicability for hydrolysis of concen-
trated sucrose solutions.

Keywords: Sucrose hydrolysis, alginate, immobilized
cells, biocatalyst, invertase

1 Introduction

Invert sugar syrups are commercial products
which can be obtained by acid or enzymatic hydroly-
sis of sucrose and used mainly in the confectionery,
beverage, and bakery industries. The acid hydrolysis
often yields syrups contaminated with unwanted by-
products. Better product quality can be achieved with
the use of enzymatic hydrolysis because the reaction
is carried out under milder conditions. In order to
economize the process, a number of authors have
considered the use of immobilized invertase. Reutili-
zation of the biocatalyst and increase in half-life of

immobilized invertase can lead to a cost reduction in
the hydrolysis of sucrose.

There are numerous reports on invertase immobi-
lization (Abdellah et al. 1992, Arruda and Vitolo
1999, Imai et al. 1986, Igbal and Saleemuddin 1985,
Mansfeld and Schellenberger 1987, Mansfeld et al.
1991). Most of the studies have been carried out using
dilute sucrose solution. Relatively few reports have
appeared on the use of immobilized invertase for hy-
drolysis of concentrated sucrose solutions (Godbole et
al. 1990, Mansfeld et al. 1992, Monsan and Combes
1984).

The immobilization of whole cells containing in-
vertase offers several advantages over immobilization
of soluble invertase (Hasal et al. 1992). Yeast cells
with invertase activity have been immobilized by the
adhesion or covalent bonding to the surface of insolu-
ble carriers: glass (D’Souza et al. 1986), tuff (Paras-
candola et al. 1987), cotton (D’Souza and Kamath
1988, Melo et al. 1992), and wool (Krastanov 1997).
Immobilization of cells by entrapment in synthetic or
natural hydrophilic gels such as polyacrylamide
(Ghosh and D’Souza 1989), pectate (Polakovi¢ et. al
1993), and alginate (Bales et al. 1991, Lazcano et al.
1993) was also used. Except for the immobilization of
cells in calcium alginate with added molecular sieves
(Lazcano et al. 1993), none of the biocatalysts men-
tioned here have sufficient density to be used for con-
tinuous hydrolysis of concentrated sucrose solution in
a conventional packed bed reactor with flow from the
bottom to the top. Hazel et al. (1992) tested the bio-
catalyst bed which was fixed between two adjustable
piston-like closures covered with nylon cloth sieves.
This paper demonstrates a simple method which was
used for preparation of immobilized biocatalyst with
invertase activity. The biocatalyst was found to be
capable of sucrose hydrolysis in a packed bed reactor
at high substrate concentrations.

2 Experimental
2.1 Materials
Sodium alginate (Type DMF from KELCO) was

used as the hydrocolloidal gelling material. Silica
from SIGMA with a particle size range of 0.5 to 10
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mm diameter was added as an inert material to control
density of the biocatalyst. Sucrose of commercial
grade was purchased from local sources. Other chemi-
cals were of reagent grade.

2.2 Microorganism

Cells of the yeast Saccharomyces cerevisiae were
used for the immobilization in the form of squeezed
bakers’ yeast. They were purchased on local market.

2.3 Analytical method

The concentrations of reducing sugars in the reac-
tion syrups were determined by the spectrophotomet-
ric method of Nelson and Somogyi. Solutions with
equimolar amounts of glucose and fructose were used
as standards.

2.4 Immobilization

Sodium alginate (5 g) was first completely dis-
solved in 375 ml deionized water at 50°C. Then, the
temperature was reduced to approximately 30°C and
appropriate amounts of yeast cells (90 g) and silica
(15 g) were added with continuous stirring. The desi-
red final alginate concentration (10 g-I"') was obtained
by adding deionized water. This suspension was used
to form the beads of biocatalyst. Bead formation was
achieved by using a previously developed technique
(Klein et al. 1983). The apparatus used for immobili-
zation is shown in Figure 1.

|
okl
Figure 1:
Schematic diagram of the immobilisation apparatus: (1)
mixer with suspension of yeast and silica, (2) peristaltic

pump, (3) sieve filter, (4) concentric orifice, (5) rotameter,
(6) CaCl, solution

compressed
air

The viscous suspension was fed through the sieve
filter (3) into the concentric orifice (4) by a peristaltic
pump (2). The size of the droplets was controlled by
applying a coaxial air stream. The gel beads were
obtained by allowing droplets of suspension to fall
into an aqueous solution of CaCl, (0.2 M). The
formed beads were left in calcium chloride solution
for 12 h to complete gelation within the whole bead
volume. The diameter of obtained beads was 1.2 mm

and varied within = 0.1 mm. The beads of biocatalyst
were then removed from the precipitation bath and
stored at temperature —20°C. Freezing and thawing of
biocatalyst was used to enhance diffusivity of sucrose
in the beads.

3 Results and discussion
3.1 Effect of pH on the biocatalyst activity

The effect of pH on the biocatalyst activity was
investigated at 50°C. The activity was determined by
the amount of reducing sugars liberated by biocatalyst
beads in sucrose solution of 500 g-I"" in a stirred-batch
reactor. Figure 2 shows that the maximum activity of
biocatalyst was 5.0. Around this value the pH influ-
ence to the initial reaction rate is weak.

S AT

0.6

Relative activity

0.4

0.2

pH
Figure 2:
Effect of pH on the biocatalyst activity

3.2 Continuous hydrolysis of sucrose solution

Continuous hydrolysis was studied at pH 5.0 using
different concentrations of sucrose syrup. Experi-
ments were performed in a jacketed plexiglass column
bioreactor with inner diameter 20 mm. Sucrose solu-
tions were prepared by dissolving sucrose in warm tap
water and adjusting the pH to the desired volume by
addition of citric acid. Figure 3 shows the experimen-
tal set-up for hydrolysis of sucrose. The substrate so-
lution from reservoir (1) was pump with a peristaltic
pump (2) through the heat exchanger (3) into the reac-
tor (4). Reaction temperature was maintained constant
using thermostat (5) with water circulation system.

At the reactor outlet samples were taken and re-
ducing sugars concentration was determined. The
conversion X was calculated from the equation 1.

S, -5
X:OTJOO% (1)

0
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Here S, represents the substrate concentration at
reactor inlet and S the substrate concentration at reac-

tor outlet.
4
1
3 —/
2 5
T
Figure 3:

Experimental set-up for hydrolysis of sucrose in packed bed
reactor: (1) substrate reservoir, (2) peristaltic pump, (3)
heat exchanger, (4) packed bed reactor, (5) thermostat

In this experimental study, attention was mainly
paid to the influence of the process parameters on
conversion. The industrial production of invert syrups
involves the need to operate the biocatalyst in the
presence of high sucrose concentrations to avoid mi-
crobial contamination and expensive concentration of
the product. For this reason the experiments were per-
formed using concentrations sucrose solutions above
500 g1, The effect of flow rate and inlet substrate
concentration on the output reactor conversion is
presented in Figure 4.

100*—%
~ -
S so—E'ﬂX\ Y
< \O
o
» 60 ™S
A
o
: \q \\
S O 500 g N
Vv 700 g
20 0O 890 g’
0 | |
0 50 100 150 200 250
Flow rate [mlh"]
Figure 4:

Effect of flow rate on conversion at 50°C

Similar results have been published by other au-
thors (Mansfeld and Schellenberger 1987) for immo-
bilized invertase. Considerable decrease of conversion
with increasing substrate concentration occurs, espe-
cially at high flow rates. By increasing the tempera-
ture, the productivity and conversion can be enhan-
ced. On the other hand, with increasing temperature
the half-life of the biocatalyst reduces. The opera-
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tional stability of the biocatalyst was tested by long-
term sucrose hydrolysis at temperature 60°C and inlet
sucrose concentration of 890 g"'. Dependence be-
tween conversion and time is presented in Figure 5.
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Figure 5:

Operational stability of the biocatalyst at 60°C

The initial productivity of reactor was 0.7kg-1"-h™",
The half-life of the enzyme activity was estimated to
be about 2200 h. This value is comparable with deter-
minations of other researchers (Hazel et al. 1992) for
immobilized yeast cells with invertase activity. The
mechanical stability of the biocatalyst particles was
very good during 3072 h of operation in packed bed.

4 Conclusions

As demonstrated by the results presented here, the
biocatalyst with invertase activity obtained by entrap-
ment of whole yeast cells in calcium alginate can be
effectively used for continuous hydrolysis of concen-
trated sucrose solutions in packed bed reactor. The
immobilization costs are very low, whereas the prop-
erties of the biocatalyst are comparable to those of
biocatalyst prepared by more sophisticated methods.
Production of invert syrups promises to be economi-
cally attractive by using this kind of biocatalyst.
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Investigations into the applicability of polyesters for the immobilization of en-

Zymes

Peter Grunwald', Michael Arp', Yiyan Yang?® and Katrin Hensen'

Abstract

In this paper the application of microspheres fab-
ricated from biodegradable polyesters like poly(DL-
lactic acid) and poly(DL-lactic-co-glycolic acid) as
carrier materials for the enzymes urease and phytase
is described. The microspheres were prepared by a
recently developed water-in-oil-in-water emulsion
technique. The mean diameter of the obtained ball-
shaped particles was between 50 and 200 pm, depend-
ing on the reaction conditions. The entrapment of
urease within poly(DL-lactic acid)-beads results in a
water-insoluble biocatalyst of good operational stabil-
ity. The kinetic data (Michaelis-Menten constant,
activation energy) as well as the determined low ef-
fective diffusion coefficient indicate a considerable
mass transfer limitation whereas partitioning effects
could not be detected. Further, phospholipids being
present in the reaction mixture lead to a decrease in
activation energy and with this to a remarkable in-
crease in the reaction rate. This was observed for
immobilized phytase too. The use of poly(DL-lactic-
co-glycolic-acid) instead of poly(DL-lactic acid)
turned out to be not as advantageous for the entrap-
ment of urease concerning its repeated application,
however, in case of phytase immobilized by the same
technique within the co-polymer catalysts with an
efficiency of up to 40 % could be produced. On the
other hand their operational stability is not yet satis-
factory. This contribution also contains first results
regarding the entrapment of 3-D-galactosidase within
poly(DL-lactic acid) microspheres.

Keywords enzyme immobilization, emulsion tech-
niques, polyesters, urease, phytase

1 Introduction

Nowadays the employment of immobilized bio-
catalysts is firmly established in many fields such as
medicine, pharmacy, the analytical area, the synthesis
of organic compounds, etc. An essential prerequisite
for an economical application of enzymes and cells
bound to, or entrapped within a water-insoluble ma-
trix is that they be reusable and catalytically active
over a longer period of time. Different biocatalysts

often need specially designed carriers depending on
the properties of the catalyst as well as on the actual
reaction conditions. Because of this, it is still of great
interest to search for new carrier materials. A com-
monly applied immobilization method for enzymes is
the covalent attachment to the surface of a matrix of
organic or inorganic origin, which is often accompa-
nied by a considerable loss of activity due to the rigid
chemistry used. A good alternative is the immobiliza-
tion of enzymes or whole cells by entrapment or en-
capsulation. Materials, often used for this purpose are
polysaccharides like alginate, chitosan or carrageenan.
This contribution deals with the entrapment of the
enzymes urease (EC 3.5.1.5), phytase (EC 3.1.3.8),
and B-galactosidase (EC 3.2.1.23) within the polyes-
ters poly(DL-lactic-acid) (PDLLA) and poly(DL-
lactic-co-glycolic-acid) (PDLLGA). These polyesters
are normally used successfully in the area of con-
trolled drug release. However, the number of papers
describing their preparation with the aim to perma-
nently retain the catalysts within the matrix is low so
far. In a recent publication (Cooper 2001) the entrap-
ment of enzymes in PDLLA with supercritical CO,
was mentioned without going into details concerning
the properties of the obtained biocatalysts. There are
several areas of application for these enzymes in an
immobilized, and with this, reusable state. Urease is
of interest in connection with the development of an
artificial kidney, and phytase may be used for the
synthesis of definite inositol phosphates. B-D-
galactosidase that does not only catalyze the hydroly-
sis of disaccharides, but can also be ‘persuaded’ by
appropriate reaction conditions to act in the reverse
direction so that it is a useful tool for the synthesis of
oligosaccharides and neo-glycoconjugates.

2 Experimental

The preparation of microspheres was carried out
by use of a modified water-in-oil-in-water double-
emulsion extraction/evaporation method (Yang et al.
2000). Typical assay conditions are as follows: A
solution of 600 mg polyester in 6 ml methylene chlo-
ride is added to 60 mg of the enzyme (urease: Sigma
U1500; phytase: Natuphos® 5000 from Aspergillus
niger, Gist-brocades; B-D-galactosidase from Asper-
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gillus oryzae: Sigma) dissolved in 300 pl distilled
water. After sonication (Bandelin sonoplus HD 2200)
for 20 s at an output power of 20 Watt the W/O emul-
sion is injected with a glass syringe under stirring at
500 rpm (reduction to 300 rpm after 5 min), using a
propeller type agitator with four blades, into 240 ml
of a phosphate buffer solution (PBS, pH = 7.4, T =
15°C), containing 0.05 w/v % polyvinyl alcohol
(PVA: My, 49,000, degree of hydrolysis 86-89 mol %,
Fluka). In order to extract CH,Cl,, 640 ml of the
PBS/PVA is added after 30 min continuously over a
period of 4 hours via an elastic tube pump (Ismatec).
The obtained microspheres are separated by filtration,
washed three times with PBS-buffer, dried, and stored
at 4°C).

For an analysis of the physicochemical properties
of the microspheres, the average particle size was
determined by a laser light-scattering particle size
analyzer (Coulter LS 230, Beckmann) after soaking
the microspheres in aqueous solution containing 0.1
w/v % Tween 80. The surface topography was ob-
served by taking scanning electron micrographs
(SEMs) using a Philips SEM 515 after spattering the
surface of the dried samples with a gold layer, the
thickness of which was about 100 A.

Both urease and phytase catalyze the hydrolysis of
the corresponding substrates urea and phytic acid,
leading to an increase of charged particles in the reac-
tion solution. Therefore, the activity was determined
by conductivity measurements (Hans and Rey 1971,
Grunwald 1984) with a microprocessor conductivity
meter (LF 3000, WTW) and a Pt-electrode, the cell
constant of which was 0.6 cm™. The catalytic activity
of these two enzymes is given in uS/min. The activity
of B-D-galactosidase was determined photometrically
measuring the amount of o-nitrophenol liberated by
the enzyme from the substrate o-nitrophenyl-B-D-
galactopyranoside via the absorbance at 405 nm.

The effective diffusion coefficient D, was deter-
mined by effusion measurements (Vorlop and Klein
1982, Vorlop 1985) using a modified method of
evaluation (Grunwald 1997). For this purpose, the
microspheres containing the enzyme, which was inac-
tivated before by heat treatment, were equilibrated
over night in the corresponding substrate solution and
then transferred to a given volume of distilled water.
In the case of phytic acid, the effusion could be sim-
ply followed by the time course of electric conductiv-
ity. The necessary data for urea were obtained by
taking samples in time intervals and after complete
hydrolysis that was achieved by adding urease, the
measured conductivity values ,G,’ were treated as
equivalent to the urea concentration in the sample. D,
was calculated from the slope of the following equa-
tion (Grunwald 1997):

D(’
t + const (1)

,G,,” can be obtained from a plot of ,G,” versus 1/t
from extrapolation to 1/t = 0, and represents the situa-
tion when the substrate is equally distributed in both
phases, the microspheres and the surrounding solu-
tion. The diffusion coefficients for substrate mole-
cules in solution were obtained by equation 2 (Vorlop
1985) were h is the viscosity of the solvent at a given
temperature T:

g 2
M 0.41 . 77

w

D, =1.7-107

3 Results and discussion

Figure 1 shows a PDLLGA-particle prepared by
the W/O/W double emulsion extraction/ evaporation
method described above whereas Figure 2 depicts a
view of the cross-section of a PDLLA-microsphere.

2 Bl145-08

BlmmlSO kU €

Figure 1:
SEM of a PDLLGA particle with a magnification of x 655,
acceleration voltage: 15 kV

The particles are ball-shaped with a mean diame-
ter of about 100 um, and exhibit a porous surface,
necessary for the mass exchange between the catalyst
within such beads and the bulk solution. Further, the
cross-section SEM reveals a porous internal network
structure with cavities of different size which is out-
wardly surrounded by a skin with a thickness of some
few pm. This microporous skin may cause a consider-
able diffusion limitation. Corresponding data for the
system phytase/PDLLGA are compiled in Figure 3.
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Figure 2:
SEM of a cross-section through a PDLLA-microsphere,
acceleration voltage: 25 kV
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Figure 3:
Evaluation of the effusion of phytic acid from PDLLGA-
microspheres according to equation 1

The slope of the straight line n*-D¢/t* allows the
calculation of the effective diffusion coefficient for
the substrate phytic acid which is 2.92:10° cm?/s
(with r = 0.005 cm). The D.-value for urea in a
PDLLA was found to be 4.18-10° cm?/s. A compari-
son with the diffusion constants D, for phytic acid and
urea in the aqueous solution which were calculated
from equation 2 as 10.6-10° c¢cm?s and 3.83-10°
cm’/s, respectively, indeed indicates a strong diffusion
barrier, caused by the polyester matrix.

The course of the phytic acid hydrolysis versus the
substrate concentration within a substrate concentra-
tion range between 80 pmol/l and 1.4 mmol/l (Figure
4) exhibits a maximum for the native enzyme at 1
mmol/l. This value is reduced by about 200 pmol/l
when the reaction is catalyzed by phytase immobi-
lized by insertion into the PDLLGA-polyester.

4
33,5
c
K
s 37
&=
? 2,5 4 /——L\.
—_ (]
E 2 + native phytase
r / = immobilized phytase
=2 1,5 /— O efficiency
P
=
S
© 057 =88 - o s
0 T .
0 0 1000 1500
cs [umol/l]
Figure 4:

Activity of native and immobilized phytase as a function of
phytic acid concentration, and efficiency 1 (on the scale
from 0 to 1) at 298 K. The experiments with native phytase
were performed with a diluted Natuphos® solution contain-
ing 10 mg of the enzyme. The corresponding activity values
were divided by a factor of 100. For the series of measure-
ments with immobilized phytase 5 mg of the biocatalyst
with a protein content of 0.2 mg were applied.

This shows that substrate inhibition as a character-
istic of phytase is not changed by entrapment. Within
the concentration ranges of 0.1-10~ mol/l to 0.6-107
mol/l (native phytase), and 0.15-10° mol/l to 0.5-107
mol/l (immobilized phytase) both catalysts seem to
obey the Michaelis-Menten mechanism. From corre-
sponding Lineweaver-Burk plots, the K -values are
calculated to be 2.40 mmol/l and 4.97 mmol/l, respec-
tively. This increase of the K ,-value can also be con-
sidered as an indication for diffusion limitation lead-
ing to a decrease in efficiency (the ratio of r;, the reac-
tion rate in presence of the immobilized enzyme, and
1y the reaction rate in solution). The data in Figure 4
show that the efficiency for the phytase/polyester
system is about 50 % and decreases to less than 40 %
when substrate inhibition takes effect.

Another interesting parameter is the temperature
dependence of the activity of an immobilized biocata-
lyst. In some cases, an increase in temperature stabil-
ity due to immobilization has been reported (Buch-
holz and Kasche 1997). In contrast, the optimum tem-
perature of phytic acid hydrolysis in presence of phy-
tase entrapped within PDLLGA is slightly diminished
from 60°C (for the native enzyme) to 55°C, as shown
in Figure 5.

This was found for the phytase/PDLLA system,
too (see Table 1). The exponential increase of the
activity allows the calculation of the activation ener-
gies from the corresponding Arrhenius law, which are
53.5 kJ/mol (for native phytase) and 59.6 kJ/mol.
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Figure 5:

Temperature dependence of the activity of native phytase
und phytase immobilized within the PDLLGA-polyester
matrix. The maximum activity was set equal to 1

The kinetics of immobilized biocatalysts may not
only be influenced by diffusion limitation, but also by
partitioning effects. As the reaction solution and the
specific carrier material are two different phases,
depletion as well as enrichment of substrate, products,
etc. in one of the phases are possible, leading to a
change in the microenvironment of the biocatalyst on
the surface of a carrier or within a carrier matrix. As a
consequence, the measured catalyst-specific data are
apparent values. Among other things, these partition-
ing effects sometimes cause a distinct shift of the pH-
optimum. The pH-dependence of the urea hydrolysis
catalyzed by native urease and urease/PDLLA-micro-
spheres is given in Figure 6.
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Figure 6:
The activity of native urease and urease entrapped within
PDLLA-microspheres and the efficiency for the immobi-
lized enzyme

The pH-optima for native urease and urease fixed
within the PDLLA-matrix are 6.9 and 7.0, respec-
tively. This reveals that the microenvironment of the
PDLLA-beads has no major effect on the properties
of the entrapped urease. However, the decline of the

pH-course of the reaction rate is somewhat steeper
towards lower pH-values and the polyester seems to
stabilize the enzyme at pH-values below 5.5. As a
consequence, the efficiency — that is already quite
high in the area around the pH-optimum — increases
above 1.

An important criterion for immobilized biocata-
lysts is their reusability. Corresponding tests were
carried out with a flow injection analysis device con-
taining between 20 mg and 100 mg of the immobi-
lized catalysts as fixed bed. The substrate solution
was injected by use of a pl-syringe. The results com-
piled in Figure 7 exhibit that the activity loss of the
urease/PDLLA-system after seven repeated applica-
tions is negligible.
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Figure 7:

Examples for the operational stability of the enzymes urease
and phytase immobilized within polyester microspheres

However, if PDLLGA is applied the activity dete-
riorates continuously and after ten applications the
residual activity is 50 %. If such a series of measure-
ments is interrupted for 50 hours, the activity de-
creases again down to 30 % and then remains nearly
constant up to 40 further repeated uses. Thereafter, the
obtained signal was still inversely proportional to the
substrate flow rate which allowed enhancement of the
sensitivity of urea detection by changing this parame-
ter. An investigation into the operational stability of
phytase-containing PDLLGA-microspheres exhibited
that the activity undergoes considerable variations
during repeated application between 30 % and 80 %,
even after a twenty-fold reuse. The reason for this
behaviour is not yet clear.

Table 1 contains a summary of kinetic data for the
three investigated enzymes phytase and urease, to-
gether with first results concerning 3-D-galactosidase.
The best results with respect to the efficiency and the
temperature stability were obtained with urease in-
serted into PDLLA- and PDLLGA-microspheres.
However, the data for the PDLLGA-urease system are
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not uniform for preparations made by different opera-
tors. Furthermore, the application of PDLLGA leads
to a decrease of temperature stability if urease or
phytase are entrapped within this polyester — a phe-
nomenon that was not found for immobilized B-D-
galactosidase, the efficiency of which is rather poor.
A possible reason might be a leakage of the small
enzyme molecules from the polyester particles during
the immobilization procedure. Therefore, cross-
linking reactions with glutar dialdehyde (Khare and
Gupta 1990) were performed in order to enhance the
apparent molecular weight. The obtained catalyst
revealed an efficiency of about 30 % as well as a high
temperature stability. Experiments dealing with the
immobilization of such products by use of different
polyester microspheres are in preparation.

Table 1:

Kinetic data for the enzymes urease, phytase, and (-D-
galactosidase in their native as well as immobilized state,
eff. = efficiency

catalyst K E, Topt eff.
(mol/l)  (kJ/mol) (°C) (%)

0.0031 342 65 100

native urease

urease/PDLLA 0.0069 242 65 >90
urease/PDLLGA  0.005-0.01 25-40 55 50-70
native phytase 0.00024 53.5 60 100
phytase/PDLLA 0.0005 59.6 55 17
phytase/PDLLGA 0.0005 59.6 55 40-50

0.0042 23 65 100
0.00083 14,3 70 4
0.0028 19.83  >70 32

native B-D-galac
B-D-galac/PDLLA
3-D-galac-crossl.

One of the problems that surfaced during work-
with polyester beads in an aqueous solution was their
low wettability. This means that in a stirred tank reac-
tor the stirring rate has to be high in order to achieve a
homogeneous distribution of the catalyst. The situa-
tion could be improved by adding surfactants to the
reaction mixture. Especially the application of phos-
phatidyl choline was successful. If this phospholipid
is present during the hydrolysis of urea by the urease-
PDLLA system, the activation energy decreases from
24 kJ/mol to 19 kJ/mol as a consequence of which the
reaction rate is enhanced by nearly 50 % at room
temperature and still 15 % at 65°C. A similar result
was found for phytase entrapped within this polyester.
However, as the diminution of the activation energy
in this case is even higher, the positive effect of phos-
phatidyl choline on the reaction rate is restricted to a
temperature range around 300 K.

4 Conclusions

The experimental results shown in this contribu-
tion confirm that polyesters are, in principle, well
suited for the entrapment of enzymes. This is espe-
cially valid for biocatalysts with a high molecular
weight like urease. In the case of small protein mole-
cules, leakage into the surrounding bulk solution must
be expected. This could be avoided either by coating
the polyester beads with a second thin polymer layer
by which the wettability might also be improved, or
by changing the preparation conditions for micro-
spheres with the aim of reducing the pore size of the
polyester surface. Another possibility is to insert en-
zymes in their cross-linked state. Corresponding ex-
periments are in preparation.
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Process development for production of DFA from inulin on an industrial scale:
Screening, genetic engineering and immobilisation

Ulrich Jahnz, Milada Schubert and Klaus-Dieter Vorlop'

Abstract

The bioconversion of renewable resources for in-
dustrial applications increasingly often demands the
availability of suitable technologies for the usage of
enzymes. This paper presents results obtained from
the development of a process designed to convert
inulin into difructose anhydrid (DFA III).

In a broad screening programme, strain Buol41
was isolated which expresses a thermo stable enzyme
carrying out the desired conversion. To increase the
formation of enzymes the inulase gene was cloned
into E. coli XL1-blue, inulase II was expressed and its
activity was detected. After optimising the enzyme
with genetic engineering techniques, the GMO was
fermented and an activity of 1.76 Mio U/L was ob-
served.

To allow permanent immobilisation the enzyme
was flocculated from cell-free extract by co-cross-
linking with chitosan and glutardialdehyde. Subse-
quently the enzyme was entrapped in calcium alginate
hydrogels. To enable the production of uniform and
small bead shaped particles, novel JetCutter technol-
ogy was used with a production rate of 5600
beads/(s'nozzle). The influence of bead diameter on
the activity was investigated and an activity of 196
U/g was measured for 600 pm beads. The figures
obtained from the experiments were in wide consis-
tency with theoretical data.

Keywords: inulin, DFA, screening, thermotolerant
enzyme, genetic engineering, immobilization, JetCut-
ter

1 Introduction
1.1 Bioconversions for industrial raw materials

The growing awareness of limited fossil resources
and environmental problems connected to carbon
dioxide have caused an increased interest in renew-
able resources. For many applications, crop-based
products have to be refined first. Refining steps can
either be chemical or use whole cells or isolated en-
zymes. Before establishing a process to convert agri-
cultural products for non food applications, proper

cells or enzymes have to be found and optimised for
optimal operation. This paper shows the schedule of
such a development for the conversion of inulin into a
disaccharide called DFA III.

1.2 Origin and usage of inulin

Inulin is a linear B-2,1-linked polyfructan termi-
nated with a glucose residue. Large amounts of inulin
are contained as reserve carbohydrates in the roots
and tubers of such crops as chicory and Jerusalem
artichoke. The degree of polymerisation depends on
the originating plant and is usually in the range from
nine to some thirty fructose units. Inulin has various
applications in food and non-food areas.

Carboxylated inulins act as tensides and can be
used as replacements for polyacrylates in washing
agents or can be further functionalised with sulfonic
groups and employed as chelating agents. Ether-
products of long-chained inulins with epoxides can be
used as plasticisers for thermoplasts or in textile in-
dustries. Further chemical products from inulin like
furandialdehyde or furandicarbonic acid are accessi-
ble via the intermediate 5-hydroxymethylfurfural.

Numerous works deal with the bioconversion of
inulin to obtain products for the non-food-market.
Possible fermentation products are butanol (Clostrid-
ium pasteurianum), acetone (C. acetobutyricum), and
2,3-butanediol (Bacillus polymyxa) (Oiwa et al.,
1987). Ethanol for fuel purposes can be produced by
Klyuveromyces marxianus without the need for prior
hydrolysing of the inulin chains (Bajpai and Bajpai,
1989).

The uses of inulins in human nutrition have long
been known, and they have, since the 19" century, for
instance, been used in coffee-surrogates. Fructooligo-
saccharides are added to various food products, main-
ly in the dairy area as dietary fibres in probiotics. As
an alternative to high-fructose corn syrups (HFCS)
high-fructose syrups can be gained from either chemi-
cal or enzymatic hydrolysis of inulins or inulin-con-
taining crops like the Mexican agave and their juices
are fermented directly to yield alcoholic drinks like
tequila.

However, inulins have a very limited market thus
far in both the food and the non-food-area. This is
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mainly due to the high cost connected with expensive
separation and purification steps. For 1.5 to 2 €/kg it
is about four times as costly as competing glucose,
starch or sucrose. This also explains why short oligo-
fructoses for probiotic products are synthesized enzy-
matically from sucrose rather than obtained by partial
hydrolysis of inulins.

Future use of inulin-derived products is thus either
in high-value markets like the functional food seg-
ment or by converting inulin into intermediates which
can be separated and purified at lower costs.

1.3 DFA 11

One promising compound derived from inulin for
this purpose is di-D-fructofuranose-1,2’:2,3’-dianhy-
dride (DFA III). The formation of DFA III is cata-
lysed by the enzyme inulase II as a kind of an in-
tramolecular transfructosylation (Tanaka et al., 1975).
DFA III can be used as a substitute for sucrose in
human nutrition. It has half the sweetness of sucrose
and thus gives a comparable volume when used as a
food-additive. Since it is not metabolised by the hu-
man body it is clearly reduced in calories. Like the
fibre inulin itself, DFA III has a positive effect on the
intestinal microbial flora and was shown to enhance
the uptake of calcium (Suzuki et al., 1998).

On the other hand, DFA III can be the basis for
plastics and tensides. After ion exchange it can be
crystallised as easily as sucrose and hence it can be
produced at a price well below that of inulin. So far
DFA 1II has not been introduced onto the market
since no efficient enzyme and biotechnical process
was available for the necessary bioconversion of inu-
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Figure 1:

Chemical structure of inulin (left) and the enzymatic con-
version product DFA III (right)

1.4 Catalysts in continuous processes

To establish a large scale process based on a bio-
chemical reaction it is preferable to have means avail-

able to hold back the catalyst in the bioreaction ves-
sel. By immobilising catalysts like growing, resting or
dead cells or enzymes it is possible to retard them.
Besides the advantage of easy retention, immobilised
catalysts often also show an increased stability with
regard, for instance, to pH-value and temperature.

As a matrix for entrapment, the biopolymer algi-
nate can be chosen. Sodium alginate is mixed with the
catalyst solution and then solidified by dripping into a
solution of calcium chloride. The resulting particles
are bead-shaped and the biocatalyst is equally distri-
buted throughout the volume of the bead.

However, encapsulation of catalysts also has dis-
advantages. Depending on the used matrix system the
catalyst may be inactivated during the process of
matrix formation. Even if this is not the case, the
overall activity of the bead in case of calcium-alginate
entrapment is less than that of the free catalyst due to
diffusional limitations. To minimise this negative
effect, particles have to be kept as small as possible
and as is reasonable for the later application.

Continuous processes are preferably run in packed
bed reactors. Since these build up significant pressure,
it is important to have as stable beads as possible. The
stability of the beads can be increased by using higher
concentrated polymer solutions, which simultaneously
makes it more difficult to fulfil the above claim for
small particles.

1.5 Enzyme immobilisation

Using hydrogels, the majority of enzymes used in
bioconversion processes shows a too low molecular
weight and is thus not suitable for direct entrapment.
In natural form, the enzyme would readily diffuse
from the matrix. To increase the molecular weight,
several enzymes can either be linked with each other
or co-crosslinked covalently with polymers. Among
suitable materials, the naturally derived polymer chi-
tosan is favourable since its amino groups provide a
good reaction site for linkage to the amino groups of
lysine residues of enzymes as depicted in Figure 2.
The exact reaction conditions depend on the enzyme
and have to be optimised specifically.

1.6 Aims of the work

To isolate strains producing inulase II enzymes, a
broad screening-programme was started. Of special
interest were thermo-tolerant enzymes which are
stable at a temperature of at least 60°C for a prolon-
ged period of time. By cloning the corresponding ift
gene into E. coli the production of this enzyme should
be enhanced. To facilitate the use of the enzyme in a
future industrial process, the basics for its immobilisa-
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tion were investigated and the practical results com-
pared to theoretical values.
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Figure 2:

Chemical structure of chitosan and reaction with glutardial-
dehyde and enzyme-bound amino groups, simplified
scheme

2 Materials and methods
2.1 Screening for microorganisms

For selective enrichment, a mineral salt medium
with inulin from dahlia tubers as the sole source for
carbon and energy was used. Samples were plated on
a solidified medium and incubated at 30, 45 and 60°C
under aerobic and anaerobic conditions. Grown colo-
nies were then subcultured to liquid media and
screened for formation of DFA III by HPLC analysis
(column CHOG611, Interaction Chromatography, San
Jose; eluent 1 mM NaOH; 0.5 mL/min; RI detector).
Supernatant of positive strains was tested after incu-
bation at different elevated temperatures to determine
temperature stability. DFA was verified by NMR
measurement.

2.2 Genetic engineering

For cloning of the iff gene, a genomic library was
constructed from partially digested Arthrobacter ge-
nome in phage 1. By phylogenetic analysis of pub-
lished data, a universal iff gene-specific primer pair
was designed and used to amplify a homologous iff
gene-specific probe from Arthrobacter chromosomal
DNA. This probe was used to screen the genomic
library and a hybridizing clone, bearing an approxi-
mately 15 kBp large genomic fragment with the com-
plete ift gene, was isolated. The genomic subfrag-
ments were subcloned into the plasmids pUC18 and
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pUC19, respectively. Based on these ift-subclones,
expression vectors were constructed and the enzyme
expressed in E. coli XL1-blue and its activity de-
tected. Activity tests were done by measuring the
amount of DFA III formed in 30 minutes from a 10 %
(w/v) solution of inulin at 50°C.

Enzyme design was accomplished on the DNA
level in two steps: The sequence for the original sig-
nal peptide was partially removed by exonuclease
activity. Based on results obtained from these experi-
ments, the entire region coding for the transfer peptide
was subsequently deleted by means of specific en-
donucleases. Additionally a point mutation in the
coding region of the ift gene was generated by error-
prone PCR.

To obtain large quantities of the enzyme, the ge-
netically modified organism was fermented in 10-L-
scale (NLF22, Bioengineering, Wald) using a medium
consisting of technical yeast (Ohly, Hamburg) extract
and glycerol as carbon source. Cells were harvested
and disrupted with a high pressure homogenizer
(LAB60, APV Gaulin, Liibeck; 3 passages of 65
MPa; 0.5 L/min).

2.3 Enzyme immobilisation

For immobilisation the enzyme was co-cross-
linked. Chitosan (genialab, Braunschweig) was dis-
solved in 0.5 % (w/w) acetic acid and mixed with
enzyme solution as a cell free extract. After addition
of glutardialdehyde from a 50 % stock solution cross-
linking was accomplished over 24 h at 4°C while
stirring and afterwards 3 % sodium alginate (LF20/60,
FMC Biopolymer, Drammen) was added. Small drop-
lets of 500 to 850 pm in diameter were formed with a
JetCutter (geniaLab Braunschweig; nozzle 300 um;
flow of liquid 0.9 g/sec; cutting tool 48 wires of 100
um; rotation speed 7000 rpm) and hardened in a 2 %
calcium chloride solution. To evaluate the effect of
diffusional limitation, the activity of beads of differ-
ent diameters was measured.

Alginate beads were dissolved for 30 min in a
mixed solution of 100 mmol/L sodium citrate and 100
mmol/L sodium chloride.

3 Results and discussion
3.1 Screening and genetic optimisation

The screening programme resulted in strain
Buol41 expressing an extracellular enzyme which is
stable at temperatures of 60°C. Using metabolic data
and 16S-rRNA-sequencing, the strain was identified
as a new Arthrobacter species, growing aerobically at
ambient temperatures.
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To gain access to the gene coding for inulase II (if?
gene) primers for a PCR-reaction were needed. Suit-
able sequences for primers were phylogenetically rea-
soned from two highly divergent sequences:

e a DFA III producing inulase enzyme, in its func-
tion identical and in its phylogenetic origin close-
ly related to our enzyme (Sakurai et al., 1997)

e a DFA I producing inulase enzyme, in its phylo-
genetic origin only distantly related to our en-
zyme (Haraguchi et al., 1995)

Using this universal ift gene-specific primer pair, a
region of approx. 500 bp was amplified from the
Arthrobacter chromosomal DNA. The complete ift
gene was obtained by screening the genomic library
with this probe. As a result a plasmid was constructed
in pUCI19 which expressed an enzyme of 477 amino
acids when transferred to E. coli XL1 blue. A cell-free
extract of such a culture showed an activity of 3000
U/L, whereas the majority of this activity was detec-
ted intracellularly.

For optimisation the sequence coding for a signal
transfer-peptide, which is responsible for transport of
the enzyme via the membrane in Arthrobacter, was
identified and removed resulting in a hundred fold
increased activity. A further increase in activity of
approx. 35 % was achieved by a point-mutation which
was induced by error-prone PCR. On position 221 of
the enzyme a glycine was exchanged with arginine. A
new a-helix region can be generated in the region of
amino acids 216 to 224 according to the model of
Garnier et al. (1978). The resulting GMO was named
E. coli pMSiftOptR.

3.2 Production of enzyme

The recombinant E. coli was fermented using an
inexpensive technical medium. During the fermenta-
tion the inulase activity was monitored, a typical fer-
mentation run is depicted in Figure 3. A final bio-
mass concentration of 11 g/L (dry weight) and an
overall activity of 1,76-10° U/L was measured.

Since high-density fermentations of E. coli are
known to reach biomass concentration of 100 g/L, it
seems reasonable that after optimising the fermenta-
tion an activity of at least 15 million units per litre
seems to be possible.

3.3 Co-cross-linking of enzyme

Initially it was tested if the covalent binding of the
enzyme inulase II has an influence on its activity. If
lysine residues are located in the enzyme's active site
a reaction of their amino groups may lead to a readily
inactivation. As can be seen from Figure 4, our en-

zyme is not susceptible to glutardialdehyde over a
broad range of concentration and thus the envisaged
method of co-cross-linking was viable.
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Run of fermentation of E. coli pMSiftOptR, (M) indicates
addition of new medium to the fermenter
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Effect of glutardialdehyde on enzyme activity

Subsequently the optimal ratio of enzyme, chito-
san and glutardialdehyde was determined in a matrix
experiment. Using the enzyme solution derived from
the above described fermentation (1,76:10° U/L) pre-
cipitates were obtained in combination with varying
amounts of chitosan and glutardialdehyde. To investi-
gate the quality of the co-cross-linking alginate, beads
were made in manual operation from each prepara-
tion, washed thoroughly and dissolved again for activ-
ity testing. As can be seen from Figure 5, a maximum
of activity could be found at a chitosan concentration
0f 0.45 % (w/w) and at a glutardialdehyde usage of 25
mL/L (50 % (w/w) solution), respectively. This corre-
sponds to approx. 30 mmol/L of reactive amino
groups in the chitsoan and approx. 280 mmol/L alde-
hyde groups from glutardialdehyde. The protein con-
centration in this preparation was 2.8 g/L.
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Figure 5:
Activities obtained from matrix experiments with varying
concentrations of chitosan and glutardialdehyde

3.4 Mass production of beads

Based on these findings, a larger batch of co-
cross-linked enzyme was prepared. To accomplish the
task of producing the tiny droplets from the highly
viscous alginate-enzyme-mixture, novel JetCutter
technology was employed (Vorlop and Breford,
1984). In comparison to other techniques like blow-
off devices, vibrating nozzles or electrostatic forces,
the JetCutter uses a mechanical cutting of a continu-
ous jet of liquid to produce small droplets (Priile et
al., 1998; Jahnz et al., 2001). It is possible to work
with liquids which have a viscosity of up to several
Pa's. The jet of liquid escapes from the nozzle (50 to
1200 pm in diameter) at a constant velocity of 10 to
30 m/s and the cutting tool with 48 wires rotates with
a constant speed of up to 10 000 rpm. Due to these
parameters the JetCutter has a tremendous throughput.

The resulting particles were sieved and the differ-
ent fractions weighed. As can be seen from Figure 6
the distribution in particle size is small and in the
desired range of 600 to 700 pm.

3.5 Kinetic investigation of entrapped inulase 11

Beads with diameters in the range of 500 to 800
um were analysed and the activities compared as is
shown in Figure 7. For beads of 600 um diameter an
activity of 196 U/g was measured for wet matter.
Comparing the initial slopes of the curves an effec-
tiveness h factor can be calculated. While beads of
600 um in diameter showed an effectiveness factor of
0.44, for beads of 850 um this value dropped to 0.34.

117

40-

204

amount on sieve / g

500 600 700 800 900
mesh size / pm —

Figure 6:
Distribution of alginate beads (sieve analysis)
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Activity of beads with encapsulated inulase II at different
diameters (shown are results for dissolved beads and for
diameters of 600 and 850 pum, respectively)

These results were reviewed from a theoretical
point of view. The diffusion coefficient for inulin in
pure water at the elevated temperature of 50°C was
calculated according to the following equation using
the known dynamic viscosity values @wr; and @r, for
water.

_DO,TI -T2 mp

- 6,2
Dyry =77 My 4.64-107 cm’/s

Dy qy = 2.30-10°°cm’/s (Chaplin, 2001)

TI =293K

72 =323K

@, = 1.002 mPas

@y, = 0.5468 mPas (Treybal, 1980)

To take into account the hindering influence of the
matrix consisting of alginate and co-cross-linked chi-
tosan, the effective diffusion coefficient was calcula-
ted according to the equation of White and Dorion
(1961), where a is a parameter for the molecular
weight of the substrate and Vp is the concentration of
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solid matter in the particle. It is estimated by sum-
ming up the concentrations for alginate, protein, glu-
tardialdehyde and chitosan:

Dy= Dy e’ = 211107 em’/s

a = 69 (extrapolated from Vorlop, 1984)
Vp = 0.0448 kg/L

Based on Michaelis-Menten kinetic the Thiele
modulus @ is calculated according to the following
equation for spherical particles (data shown for beads
of 600 pm in diameter):

rp = 0.03cm
Viw = 45107 mol/(min-g)
Ky = 2.3-10°mol/L
D,y =2.11-107 em’/s

Figure 8 shows the relation of the Thiele modulus
® and the key figure 3, which is the ratio of the con-
centration in the solution surrounding the particle and
the Ky-value for the considered enzyme:

1.0 4
0.8 4
0.6 4
= 0.4
‘/
0.2 é ;
} %

= =17
p Ky
¢, = 1.78:107mol/L
Ky = 23107 mol/L

Recapitulating, the following figures are calcu-
lated for different particles:

Clbead Nexp. B ) Neale.
600 pm 0.44 0.77 9.63 0.34
850 pm 0.34 0.77 13.65 0.23

As can be seen the values obtained from the ex-
periments and those calculated differ significantly but
are in the same order of magnitude. However, it has to
be considered that the following assumptions and
estimations were made:

o The beads used in the experiments were selected
by sieve analysis and thus they do not have an
exact diameter.

e For obtaining the parameter a for the molecular
weight of the substrate inulin, a far-ranging extra-
polation was necessary.

e The content of solid matter within the particles
was only roughly calculated.

Figure 8:

Calculated effectiveness factors m with respect to different values for Thiele modulus and substrate key figures f3 (taken
from Vorlop, 1984). The results for particles of 600 and 850 um diameter, respectively, are pointed out.
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4 Summary

We have shown the complete work starting from
screening for an enzyme with the desired characteris-
tics, i.e., an inulase II converting inulin to DFA 1II at
elevated temperatures of 60°C. Next we successfully
optimised the enzyme by genetic engineering and
constructed a genetically modified organism which
expresses the enzyme in very high numbers. We fer-
mented this strain and showed the benefits of entrap-
ping the enzyme in hydrogel particles which had an
activity of 196 U/g (wet matter).

For different particles the effectiveness factor was
measured and also calculated on a theoretical basis.
The values matched each other satisfactorily.

5 Conclusions

To produce DFA 1II at a technical and industrial
scale, large amounts of encapsulated enzyme are
needed. The work described in this paper gives a basis
for satisfying this need. Due to results from genetic
engineering, a standard fermentation technique is ca-
pable of producing unlimited enzyme which can then
be encapsulated on an industrial scale by using the no-
vel JetCutter technology. The prospect of producing
DFA 1II on an industrial scale has been accelerated
greatly.
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List of Symbols and Units

parameter for molecular weight (-)
ratio of concentration and enzymatic activity

[ concentration in solution (mol/L)

Do« diffusion coefficient at given temperature 7x (cmz/s)
Dese effective diffusion coefficient within matrix (cmz/s)
[ Thiele modulus (-)

Ku Michaelis Menten constant (mol/L)

n effectiveness factor (-)

pm rotations per minute

" radius of particle (cm)

Tx temperature (K)

U enzyme units (1 U= 1 pmol/min)

[T micro...

Vo concentration of solid matter (kg/L)

Vinax maximum enzymatic activity (mol/(min-g))

W1y dynamic viscosity at given temperature 7x

% (w/w) weight percentage
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Encapsulation of very soft cross-linked enzyme aggregates (CLEAS) in very rigid

LentiKats®

Lorena Wilson', Andrés Illanes’, Olga Abian', Roberto Fernandez-Lafuente', and José M. Guisan'

Abstract

Aggregation of enzymes and further chemical
cross-linking may a very simple and very useful me-
thod for preparation of industrial enzyme derivatives.
Aggregation of semi-purified enzymes might allow:
the preparation of very active enzyme derivatives, the
very easy co-immobilization of several enzymes, the
stabilization of multimeric enzymes against sub-unit
dissociation, and the co-aggregation of enzymes and
polymers in order to generate different enzyme micro-
environments. In spite of this number of practical
advantages, these enzyme derivatives are too soft and
hence very difficult to handle both in conventional
stirred tanks or in packed bed reactors. In order to
overcome these technical limitations, the additional
encapsulation of the very soft CLEAs into very rigid
polyvinylalcohol polymers (LentiKats") is proposed.

Keywords: Cross-linked enzyme, penicillin acylase,
Lentikats®, dextran sulfate, polyethyleneimine

1 Introduction

Enzymes are biological catalysts with outstanding
properties of specificity, activity under mild condi-
tions and biodegradability (Polastro, 1989). These
properties make them highly appealing as industrial
catalysts. However, they suffer from a serious draw-
back, they are rather unstable (certainly much more
than chemical catalysts) under process conditions.
Several strategies have been considered to improve
biocatalyst stability, going from screening, genetic
and protein engineering of producing strains (Vieille
and Zeikus, 1996; Adams and Kelly, 1998) to me-
dium engineering (Klibanov, 1997; Rosell et al,
1998). Insolubilization has been a major technology
of enzyme stabilization since the late sixties (Chibata
and Tosa, 1976) and a few large-scale processes met
with industrial success (Katchalsky-Katzir, 1993).
However, recent advances in the rational design of
matrices and insolubilization schemes (Fernandez-
Lafuente et al., 1999; Tischer and Kasche 1999) are
now paving the way for a broader spectrum of indus-
trial applications (Bruggink, 2001). Cross-linked en-
zyme aggregates (CLEA) are a new, very promising

type of biocatalyst for industrial application, which
combines the high stability of immobilized enzymes
and cross-linked enzyme crystals (CLEC), with the
fact that neither a solid matrix nor a highly purified
enzyme is required. CLEA are produced by physical
aggregation of enzyme molecules under non-denatu-
rating conditions followed by chemical crosslinking.
CLEA can be produced from semi-purified enzyme
preparations allowing the preparation of very active
enzyme derivatives, the simple co-inmobilization of
several enzymes, the stabilization of multimeric en-
zymes against sub-unit dissociation and the co-aggre-
gation of enzymes and polymers to generate different
enzyme micro-environments. The latter aspect is very
significant when using enzyme biocatalysts in reac-
tions of synthesis in organic media. A hydrophilic
microenvironment can be created around the enzyme
molecules using polyfunctional charged polymers like
dextran sulfate and polyethyleneimine. Then, even at
high bulk concentrations of water-miscible organic
cosolvents, which would otherwise be highly denatur-
ant, enzymes will remain active and stable submerged
in this protective hydrophilic microenvironment.

In spite of these practical advantages, CLEA are
too soft and hence very difficult to handle, both in
stirred tanks or in packed bed reactors. In order to
overcome these technical limitations, encapsulation of
the very soft CLEA into a very rigid polyvinyl alcohol
(PVA) network, is here proposed as a suitable immo-
bilization system for the production of robust process
biocatalysts. These hydrogels have been widely used,
especially in whole cell immobilization, because they
are very elastic, stable and non-biodegradable (Lozin-
sky et al. 1998). Lens-shaped PVA hydrogels, under
the trade name LentiKat®, are produced by gelation
and partial drying at room temperature over a flat sur-
face. Advantages of LentiKat® are: low cost of matrix,
simple preparation, excellent mechanical and chemi-
cal stability, easy separation from the reaction medi-
um and low diffusional limitations (Jekel et al. 1998,
Groger et al. 2001).

Penicillin acylase (Penicillin amidohydrolase; E.C.
35.1.11) is used as a case study. It is a remarkably
versatile enzyme (Fernandez-Lafuente et al., 1998)
whose primary industrial use is in the production of 3-
lactam nuclei for the chemical synthesis of second-
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generation -lactam antibiotics (Shewale et al., 1990).
However, if properly managed, this hydrolase can
catalyze the reverse reaction of synthesis, so that now
it is being used for the synthetic reaction as well
(Bruggink et al., 1998; Wegman et al., 2001).

Two protocols to prepare crosslinked aggregates
of the enzyme Penicillin G acylase (PGA) will be
presented and discussed and different aggregating and
cross-linking agents will be compared. Different pro-
tocols for the encapsulation of cross-linked PGA
aggregates into LentiKats” will be evaluated as well.
Finally, key functional properties of these novel im-
mobilized derivatives (activity, thermal stability, co-
solvent stability) and its behaviour in the synthesis of
Cephalosporin G will be reported.

2 Materials and methods
2.1 Materials

Penicillin G acylase (PGA) (250 TUH/mg) was
kindly donated by Antibioticos S.A. (Leon, Spain).
Polyethyleneimine 25,000 was from Aldrich. Dextran
sulfate and sodium borohydride were from Sigma.
Polyethylenglycol 600 (PEG) was from Merck. Glu-
taraldehyde solution was from Fluka. All other re-
agents were of analytical grade.

2.2 Assay of hydrolytic enzyme activity

Enzyme activity was determined using a pHstat
(Mettler Toledo, DL50) to titrate the H' produced by
the hydrolysis of 10 mM Penicillin G in 0.1 M sodium
phosphate at pH 8 and 25°C. 50 mM NaOH was em-
ployed as titrant. One international unit of hydrolytic
activity (IUH) of PGA was defined as the amount of
enzyme that hydrolyzes one mmol of Penicillin G per
minute under the above conditions.

2.3 Assay of enzyme activity of synthesis (for Lenti-
Kats® and CLEA)

The enzyme activity of synthesis was determined
using a batch reactor thermostatted at 4°C, with 25
mM 7-ADCA and 25mM AFA at 75 % v/v dioxane
in 100 mM phosphate buffer, pH 7.0. The reaction
mixture was gently stirred and samples were taken at
intervals, dissolved in acetronitrile-water, 25:75 v/v,
10 mM phosphate buffer pH 3.0 and residual sub-
strates and product assayed by HPLC. The enzyme
activity of synthesis was determined as the initial rate
of antibiotic synthesis under the above conditions.

2.4 Preparation of CLEA-PGA

Under agitation, 10 mL of PEG were added to 10
mL of PGA solution with 250 TU/mL to precipitate
the enzyme. Glutaraldehyde (2 mL) was then added to
cross-link the enzyme precipitate. Then, the reaction
volume was duplicated by adding 100 mM sodium
bicarbonate a solution pH 9.0 and 1 mg/mL of sodium
borohydride. After 30 minutes, the CLEA-PGA pro-
duced was repeatedly washed, with 100 mM sodium
phosphate pH 7.0, and centrifuged (Cao et al., 2000).

2.5 Preparation of dextran sulfate-polyethileneimine
CLEADP-PGA

The same protocol as above is followed, but 10
minutes before adding PEG, 1.5 mL of dextran sulfate
(100 mg/mL) and 1.5 mL of polyethyleneimine (100
mg/mL) are added to the PGA solution (Fernandez-
Lafuente et al. 1999).

2.6 Preparation ofLentiKats®

CLEA-PGA and CLEADP-PGA LentiKats” were
produced according to the protocol given by genia-
Lab, Braunschweig (Lentikats”, Tips & Tricks). Len-
tikat®Liquid and CLEA-PGA or CLEADP-PGA sus-
pension were mixed in a 80/20 (v/v) ratio. The mix-
ture was then fed to the LentiKat"™ Printer (see below)
where small droplets were dripped over a plastic dish
and exposed to drying and stabilization, as shown in
Figure 1.

PEI

PEG GLUT
DEX
; !

LentiKats

— o'. °p—> . — T
CLEA
Figure 1:

Scheme for the preparation of LentiKats®, PEG: polyethyl-
eneglycol, PEI: polyethyleneimine, DEX: dextran sulfate,
GLUT: glutaraldehyde

e

2.7 Stability and thermal inactivation of CLEA-PGA
and CLEADP-PGA LentiKats® in the presence of
organic cosolvents

Stability of CLEA-PGA and CLEADP-PGA Len-
tiats® by prolonged incubation (50 days) at room
temperature was studied in the absence and presence
of organic cosolvents. Samples were taken, filtrated
and the supernatants were assayed for residual en-
zyme activity and protein leakage.
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To determine inactivation in the presence of or-
ganic cosolvents, CLEA-PGA and CLEADP-PGA
LentiKats® were washed and equilibrated at 4°C with
75 % v/v dioxane in 100 mM phosphate buffer, pH
7.0. Then, the biocatalysts were re-suspended in the
same medium and temperature was raised to the de-
sired value. Periodically, samples were withdrawn
and the residual activity of synthesis was determined

Diglyme and dioxane, hydrophobic cosolvents,
were selected as suitable cosolvents to study biocata-
lyst stability and thermal inactivation respectively.
(Rosell et al., 1998). Dioxane presents the most in-
hibitory effect on the enzyme and it has been selected
for the experiences of inactivation (Fernandez-Lafu-
ente et al., 1991).

2.8 Synthesis of Cephalosporin G

Diglyme was selected as a suitable cosolvent to
perform the synthesis of Cephalosporin G. Reaction
was conducted under thermodynamic control using a
batch reactor thermostatted at 20°C, with 25 mM 7-
ADCA and 25mM AFA at 75 % v/v diglyme in 100
mM phosphate buffer, pH 7.0. Reaction volume was
32 mL, with 780 and 600 mg of CLEA-PGA and
CLEADP-PGA respectively. A multipoint agarose
derivative of PGA (190 Ul/gr), prepared as previously
reported (Abian et al. 2001) was used as a standard of
comparison, with 0.2 g of biocatalyst being used per 3
mL of reaction volume. Cephalosporin G was deter-
mined by HPLC.

3 Results and discussion
3.1 Yields of encapsulation

Yield of encapsulation was calculated as the per-
centage of expressed activity in LentiKat® biocatalyst
with respect to the initial activity of the corresponding
CLEA. Yields for CLEA-PGA LentiKat® and CLEA-
DP-PGA LentiKat® were 60 and 80 % respectively.

3.2 Activity of CLEA-PGA and CLEADP-PGA Lenti-
Kats®

The hydrolytic specific activities of the biocata-
lysts were 38 and 50 IUy/g for CLEA-PGA LentiKat®”
and CLEADP-PGA LentiKat" respectively.

3.3 Stability of CLEA-PGA and CLEADP-PGA Len-
tiKats®

Stability of CLEA-PGA and CLEADP-PGA Len-
tiKats® in buffer and organic cosolvent is presented in
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Table 1. No protein leakage was detected in any case
and the enzyme was extremely stable in buffer. Stabil-
ity in 50 % v/v diglyme was also very high in CLEA-
DP-PGA LentiKats®, but much lower for CLEA-PGA
LentiKats®. These results clearly reveal the protecting
effect against solvent inactivation because of the ionic
microenvironment in CLEADP-PG.

Table 1:
Biocatalyst stability of LentiKats® at 20°C, in 100 mM
phosphate buffer, pH 7.0 and 50 % v/v cosolvent; Digl.:
diglyme

Time Stability of LentiKats® (% of initial)

(days) CLEA-PGA CLEADP-PGA
Bufffer 100% Digl. 50% Buffer 100% Digl. 50%

50 93.65 48.33 95.15 80.64

3.4 Time-course of thermal inactivation of CLEA-
PGA and CLEADP-PGA LentiKats"

Time course of enzyme thermal inactivation at
50°C in buffer and in dioxane is presented in Figures
2 and 3 for CLEA-PGA and CLEADP-PGA Lenti-
Kats®™ respectively, with immobilized PGA in glyoxyl
agarose (GA-PGA) being used as a standard of com-
parison. As seen in Figure 2, inactivation rate in GA-
PGA is much higher than in any of the LentiKat®
biocatalysts, with CLEDP-PGA LentiKat™ being the
most stable.

100

80

60

E/Eo

40

20 -

0 T T T T T
0 1 2 3 4 5 6

Time, hours
—0—GA-PGA —4A—CLEA-PGA - CLEADP-PGA

Figure 2:
Kinetics of enzyme inactivation at 50 °C in 100 mM phos-
phate buffer, pH 7.0

Figure 3 shows the thermal inactivation conducted
in the presence of cosolvent, inactivation rates of
LentiKat" biocatalysts are much lower than in GA-PG
and differences are much more pronounced than in
buffer. However, in this case, inactivation of both
types of LentiKat” biocatalyst is similar. Comparing
the results in Figures 2 and 3, it is readily seen than
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LentiKat" biocatalyst are strongly stabilized against
inactivation by the presence of cosolvent. Half-life in
buffer is 1.8 and 4.7 h for CLEA-PGA and CLEADP-
PGA LentiKats"” respectively at 50°C, while in 75 %
(v/v) dioxane projected half-lives, estimated accord-
ing to first-order inactivation mechanism, increased to
407 h for CLEA-PGA and 433 h for CLEADP-PGA
LentiKats®. It is yet to be determined to what extent
mass-transfer limitation contributes to the apparent
thermal stability of the LentiKat® biocatalysts, but
certainly the differences with GA-PGA are too high to
be a consequence of it. It was expected that the ionic
microenvironment in CLEADP-PGA would protect
the enzyme from cosolvent inactivation, but this was
not seen in the case of dioxane, where inactivation
kinetics of both LentiKat” biocatalysts were similar,
differences being actually higher in buffer. It is still to
be determined if significant differences are observed
in more hydrophobic solvents, the reason for these
results will be further studied.
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20 -
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0 25 50 75 100 125 150 175 200

Time, hours

——GA-PGA —A— CLEA-PGA —— CLEADP-PGA

Figure 3:
Kinetics of enzyme inactivation at 4 °C in dioxane at 75 %
v/v in 100 mM phosphate buffer, pH 7.0

3.5 Synthesis of Cephalosporin G

Conditions for the synthesis under thermodynamic
control of Cephalosporin G from 7ADCA and AFA,
in organic media is presented in Table 2, for CLEA-
PGA and CLEADP-PGA LentiKats".

Table 2:

Conditions for the synthesis of Cephalosporine G at 25 mM
7ADCA and 25 mM AFA at 20°C in 75 % v/v diglyme in
100 mM phosphate bufter, pH 7.0

Hydrolysis Synthesis
velocity, Ul/g velocity, Ul/g
CLEA-PGA 74.66 0.20
CLEADP-PGA 67.3 0.25

4 Conclusions

Encapsulation of CLEA-PGA in PVA hydrogels
produced LentiKat® biocatalysts with greatly im-
proved mechanical properties with respect to fragile
non-encapsulated CLEAs. LentiKats® produced from
CLEA-PGA are quite stable with respect to thermal
inactivation, especially in organic media, which
makes them suitable biocatalysts for the synthesis of
B-lactam antibiotics in such media. The hydrophilic
microenvironment of LentiKats® from CLEADP-
PGA, protects the enzyme from inactivation.

Results show that CLEAs-based LentiKat® bio-
catalysts are particularly suitable for synthesis of -
lactam antibiotics at a high concentration of organic
cosolvents, conditions at which enzymes are usually
unstable and poorly active. To our knowledge, this is
the first-report of CLEA-based LentiKats®, which
instead are widely used for cell immobilization. The
formation of enzyme aggregates allows the use of this
interesting type of matrix within the scope of enzyme
biocatalysis.
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Enantioselective hydrolysis of racemic epoxides with LentiKats®-encapsulated mi-

croorganisms

Thorsten BruB'?, Daniel Mika', Bernhard Westermann', and Hans-Joachim Warnecke?

Abstract

Fungi like Beauveria bassiana can be used in bio-
catalytic kinetic resolutions of non-natural substrates.
In our ongoing studies we are investigating the resolu-
tion of racemic epoxides like styrene oxide. To cir-
cumvent the classical drawbacks by using whole cell
organisms, we devised a strategy to encapsulate them.
Here we will report our results using the LentiKats-
technology® for encapsulation of the fungi Beauveria
bassiana. The catalytic activity remains high, in addi-
tion we will present data by which the recovered cata-
lyst can be reused over a long period without losing
its catalytic activity.

Keywords:  Encapsulation, Beauveria bassiana,
stereoselectivity, biohydrolysis, styrene oxide

1 Introduction

Kinetic resolution of racemic epoxides to chiral,
non-racemic epoxides and their corresponding diols
has been of considerable interest due to the most
promising, versatile building blocks in asymmetric
synthesis (Abramowicz 1990, Roberts and Wiggins
1993, Roberts et al. 1995, Kolb et al. 1994). At pre-
sent, asymmetric epoxide hydrolysis can best be
achieved by biocatalytic methods. On the one hand,
epoxide hydrolases from mammalian sources such as
rat or rabbit liver have been extensively investigated,
but they are of limited use due to poor availability
(microbial epoxide hydrolases are currently developed
by Fluka Chemie, Switzerland). On the other hand,
enzymes from microbial sources such as bacteria and
fungi have only recently been identified (Faber et al.
1996, Pedragosa-Moreau et al. 1993). The latter can
be produced on an almost unlimited scale by simple
fermentation. The strength of enzymatic epoxide
hydrolysis has recently increased tremendously due to
the availability of microbial strains showing sufficient
activity. Although these reactions show a strongly
empirical aspect - i.e., knowledge of the substrate-
selectivity pattern is limited at present - this area is
heavily investigated and it can be anticipated that
methods of great potential will be provided.

In reports published so far, the microorganisms are
used in their native, non-immobilized form (Orru et
al. 1997, Pedragosa-Moreau et al. 1996, Osprian et al.
1997, Bellucci et al. 1996). Therefore, the classical
drawbacks of using microorganisms have to be en-
countered. Immobilisation techniques, however, are
one of the most used methods to circumvent these
obstacles. Despite several ways of immobilisation,
there is still an urgent need for reliable and easy to
carry out techniques.

We will show in this paper that the encapsulation
of the fungi Beauveria bassiana in commercial avail-
able polyvinylalcohol mixtures (LentiKats") is a very
appropriate method for a stereoselective hydrolysis of
styrene oxide (Figure 1). We use this substrate
throughout our investigations. In addition, the high
catalytic activity of these encapsulated catalysts, even
after, several runs is shown.

ot - o

Biohydrolysis of styrene oxide with Beauveria bassiana.

0] Beauveria
bassiana

_—

Figure 1:

2 Experimental
2.1 Analytical monitoring

Enantiomeric excess of the styrene oxide is deter-
mined by GC (Chrompac Series 90000, He) using cy-
clodextrin modified materials (Heptakis-(6-O-butyldi-
methylsilyl-2,3-di-O-methyl)-B-cyclodextrin,  Prof.
Ko6nig, Hamburg, Germany). Sample preparation: an
aliqout of 2.0 ml of the aqueous reaction mixture is
gently mixed with 2.0 ml of hexane. The retention
time of (R)-styrene oxide is 8.9 min, of (S)-styrene
oxide is 9.6 min.

Enantiomeric excess of the corresponding diol is
determined by HPLC (Merck-Hitachi LaChrom) us-
ing cellulose modified materials (Chiracel OB-H,
Daicel Inc., Japan). Sample preparation: the reaction
mixture is extracted with dichloromethane as descry-
bed above. Mobile phase: hexane - i-propanole 9:1,
0.6 ml/min. Detection: UV detector, 219 nm. The (R)-

' Thorsten BruB, Daniel Mika, and Bernhard Westermann, University of Paderborn, Department of Organic Chemistry, 33095 Paderborn, Germany
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phenylethane diol has a retention time of 26.5 min,
the (S)-enantiomer of 36.0 min.

2.2 Encapsulation process (geniaLab 2001)

After melting at 80°C, 80 ml of commercially
available polyvinyl alcohol is cooled down to 30°C.
At the same time, 3.0 g of fungal cake, well dispersed
in 20 ml of ringer solution, is added and reaction mix-
ture is agitated gently. This mixture is applied with a
LentiKat"-printer (geniaLab, Braunschweig, Germa-
ny, 400 spikes) on petri dishes. Afterwards the drop-
lets are dried to 20 % of their weight on a laminar
flow bench. For stabilisation of the droplets, the Len-
tiKats" stabiliser is added. The stabilisation process is
carried out for 2 hours by stirring the reaction mixture
at room temperature. Afterwards, the LentiKats” are
washed with phosphate buffer (0.1 m, pH 8.0) and
kept in this solution for further reactions.

2.3 Biocatalytic reaction with styrene oxide

The batch hydrolysis is carried out in a 100 ml Er-
lenmeyer flask in a orbital shaker. 20 g of wet Lenti-
Kats® are mixed with 50 ml of 0.1 m phosphate buffer
(pH 8.0). To start the reaction styrene oxide dissolved
in ethanol (50 % aliquot) and added to the mixture.
The concentration in the reaction mixture should be
1.0 g/l. The reaction is monitored as explained above.
After the reaction, the LentiKats® were isolated by
filtration and stored at 6°C in ringers solution. For all
reactions, a strain of Beauveria bassiana taken from
DSMZ in Braunschweig, Germany (DSM 1344) is
used. Styrene oxide is obtained from Aldrich Chemi-
cals and used without further purification.

3 Results and discussion

In all runs employing free and immobilised fungi
Beauveria bassiana, the resolution of styrene oxide
(Figure 1) was carried out under identical conditions.
It could be shown that both free and encapsulated
fungi are able to resolve the racemic substrate to an
observed enantiomeric excess of ee > 98 %. However
the reaction time differs slightly. In the case of free
fungi, the resolution of the epoxide is achieved in 100
min, whereas encapsulated fungi needs 250 min (Fig-
ure 2). The enantiomeric excess of the phenylethane
diol is, in both cases, very high, too. Free and immo-
bilised fungi afford the diol in ee > 96 % (Figure 3).
There is a little decrease of the enantiomeric excess of
the diol in the reaction runs. This is because of the
non selective autohydrolysis of the epoxide in water.

The differences in the reaction time, observed as
enantiomeric excess of styrene oxide (Figure 3), can
be explained as mass transport phenomena in the
LentiKat® particles.
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Figure 2:

Comparison of free and immobilised fungi, ee-value of
styrene oxide.
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Figure 3:

Comparison of free and immobilised fungi, ee-value of
phenylethane diol.

After the reaction, the lens shaped LentiKats® are
recoverd by simple filtration, washed and stored in
ringer’s solution at 6°C overnight and reused the next
day. Again, the resolution reaction runs to high enan-
tiomeric excess of styrene oxide and phenylethane
diol (Figure 4 and 5).
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Figure 4:

Recycling experiments with the encapsulated biocatalyst,
ee-value of styrene oxide.

The reaction rates decrease with the number of cy-
cles. This indicates a decrease of activity of the im-
mobilised biocatalyst. The high enantiomeric excess
of styrene oxide (ee = 98 %) is achieved in all runs.
The reaction times increase from 250 min to 350 min.
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Afterwards the reaction runs to an enantiomeric ex-
cess of 70 % in the experimental time of 500 min
while steadily increasing.
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Figure 5:

Recycling experiments with the encapsulated biocatalyst,
ee-value of phenylethane diol.

4 Conclusions

Our results show that the reaction with LentiKats”
immobilised fungi Beauveria bassiana Kinetically
resolves racemic styrene oxide in very high enanti-
omeric excess to the chiral, non-racemic styrene oxide
and to the corresponding phenylethane diol. The reac-
tion rate of the immobilised fungi is only slightly
lower than of free fungi, mainly due to mass transport
limitations.

The stability of the PVA encapsulated Beauveria
bassiana is very high, at least five runs can be carried
out without notable decrease in activity. The biocata-
lyst can be recovered easily. In our future research,
we will try to set up a semi-continous reaction.
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Continuous malolactic fermentation by Oenococcus Oeni entrapped in LentiKats®

Alain Durieux, Xavier Nicolay, and Jean-Paul Simon'

1 Introduction

The malolactic fermentation (MLF) which features in
cider-making and in winemaking consists in the con-
version of L-malic acid into L-lactic acid and CO,;
this reaction is catalysed by the activity of a lactic
acid bacterium, Oenococcus oeni ( Salou et al. 1994 ,
Davis et al. 1985). This strain possesses the malolac-
tic enzyme to accomplish the malic acid conversion in
a one step reaction. (Lonvaud-Funel & Strasser de
Saad 1982, Spettoli et al. 1984). The benefit of the
malolactic fermentation is a partial de-acidification of
the cider, a greater aroma complexity and some limi-
tation of other bacterial spoilage (Jarvis ef al. 1995).

Oenococcus oeni must reach a cell concentration
of 10° c.f.u. mI"" in order to start malolactic fermenta-
tion. But even in the case of inoculation with a starter,
the onset of bacterial growth is unreliable due to hos-
tile conditions in the cider (acidic pH, presence of
other inhibitors and ethanol) which limit the specific
growth rate of the starter. Earlier studies proposed to
immobilise Oenoccocus oeni in an alginate matrix, as
this immobilised cell technology offers the opportu-
nity to use a high cell density system in a continuous
process (Carbranes et al. 1998, Durieux et al. 1996,
Nedovic et al. 2000). It has the advantage of separat-
ing the malic acid bioconversion step and the cell
propagation steps.

The choice of the immobilisation matrix has to be
made in accordance with the long term conservation
of cell viability and, for beverage production, its ac-
ceptance as GRAS (Generally Recognised As Safe).
The development of new polymeric materials such as
polyvinylalcohol (PVA) is very attractive. Ding and
Vorlop (1995) developed a new gelation technique for
entrapment of biomass in PVA characterised by the
suppression of the repeated freezing and thawing of
the aqueous PVA solution as traditionally required
(Plieva et al. 2000). This present study investigates
the performance of LentiKats® as an immobilisation
matrix for Oenococcus oeni to develop a continuous
reactor.

2 Materials and methods
2.1 Strains

Oenococcus oeni (Malolactine O) supplied by
Groupement des Laboratories Oenologiques (G.L.O.,
Rueil-Malmaison, France). Saccharomyces bayanus
supplied by Danstar Ferment AG (Zug, Switzerland),
was used as a typical ethanol producer.

2.2 Feeding medium

Apple juice was purchased from Stassen Cidrerie
(Aubel, Belgium). Apple juice contained per litre:
93.6 g of sugars (6.9 g saccharose, 64.5 g fructose,
22.2 g glucose) and 6.70 g of malic acid. The pH was
adjusted before sterilisation (120 °C during 20 min) to
give values of 4.46, 3.95, 3.46, 2.90 and 2.30. Cider
was produced by initially fermenting the apple juice
by Saccharomyces bayanus at 30°C under static con-
ditions. When residual sugar concentration reached
around 4 g glucose I"' (7 days of incubation), the yeast
was removed from the medium by centrifugation and
the pH was adjusted respectively at 3.35, 3.80 and
4.40.

2.3 Immobilisation of cells

280 ml of “LentiKat®Liquid” (geniaLab, Braun-
schweig, Germany), available in gel form, previously
melted in a water bath at 90°C and cooled to room
temperature, was mixed with 70 ml of O. oeni suspen-
sion from the fermenter culture containing 6.5 x 10°
c.fu. mI". A small portion of the polymer solution
with biomass was dropped by a LentiKat® Printer
with 400 wires per 143 cm’ (geniaLab, Braunschweig,
Germany) on to Petri dishes by dipping the tip of the
wire into the solution and lifting it afterwards. The
wires were pulled back from the polymer solution at
always the same velocity, and the wires were put on
to Petri dishes within 3 s. The Petri dishes containing
the droplets were put in laminar airflow cabinet (Gera,
Nivelles, Belgium) under a downwards vertical
stream at room temperature. Under these conditions,
gelation of the PV A-hydrogel occurred in half an hour
with a reduction of 75 % of the initial mass due to
water evaporation. The gel was stabilised for two

' Alain Durieux, Xavier Nicolay, and Jean-Paul Simon, Unité de BioTechnologie, Institut Meurice, Campus CERIA, Av. E. Gryzon 1, 1070 Brussels, Belgium



132

hours in the presence of a stabilising solution (genia-
Lab, Braunschweig, Germany).

2.4 Continuous reactor description

A tubular glass reactor (total volume, 170 ml; in-
ternal diameter, 2.5 cm) was composed of three suc-
cessive layers (from the bottom to the top): 10 ml of
glass beads (diameter = 2.5 mm) to allow a repartition
of the feeding medium in the whole section of the
reactor, 50 ml of loaded LentiKat® and 40 ml of glass
beads in the upper layer to stabilise the LentiKat®
layer. The void volume of the LentiKat® layer was 18
ml and was used to calculate the residence time in the
active part of the reactor by dividing this value by the
flow rate.

2.5 Analytical assays

The analysis of sugars (fructose, glucose, sucrose)
and organic acids (malic, lactic, acetic) in the samples
was accomplished by HPLC.

3 Results and discussion

3.1 Continuous malolactic fermentation of apple
Juices presenting different acidity levels

A tubular glass reactor loaded with LentiKats®™
containing O. oeni was fed with apple juices with pH
values from 4.46 to 2.30. The temperature was kept at
30 °C during all the experiments. The malolactic
activity (Figure 1) and the de-acidification (Figure 2)
were measured for different flow rates. The malolactic
activity was optimal for an initial pH between 3.95
and 4.46 corresponding to the same optimal values as
those for free cells process. For initial pH between
3.95 and 4.46, residence times higher than 0.3 h allow
a total conversion of malic acid into lactic acid.

The most interesting result is the malolactic activ-
ity measured at pH below 3.40. Below this value, the
undissociated form of malic acid is predominant (pK,
3.40; 5.11). In suspended cultures for homogenous
process, the malolactic fermentation cannot proceed:
no growth and no malolactic fermentation were de-
tected in free cells process at pH below 3.90 after
inoculation of apple juice by 10° c.fu. ml™ of O. oeni
(Malolactine O) and incubation at 30°C. In the het-
erogeneous process, the microenvironment of the cells
in the matrix and their physiology in the pseudo-
stationary phase allow the malolactic fermentation. In
free cell culture, the energetic requirement of the
strain to grow and to maintain its internal pH could be
too high to allow the malic acid conversion at acidic

pH. On the other hand, the pseudo-stationary physio-
logical state of the entrapped cell is generally charac-
terised by a lower energetic demand due to its very
low specific growth rate (Masschelein ez al. 1994). In
this special physiology state, the microorganism can
thus generate enough ATP to maintain its cytoplasmic
pH without any perturbation of the MLF. In addition,
when the malolactic fermentation proceeds in the
matrix, the local pH surrounding the cell may increase
restoring the favourable malic acid / malate ratio in
the microenvironment for natural uptake of the malate
by the active cells, thus allowing the MLF to proceed
at an apparently lower pH.

acid converted by MLF

% of initial malic

0 01 02z 03 04 05 06 07
residence time (h)

Figure 1:

Malic acid conversion rate in apple juice presenting differ-

ent pH as a function of the residence time, () apple juice

pH 4.46; (®) apple juice pH 3.95; (Q) apple juice pH 3.46;

(A) apple juice pH 2.90
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Figure 2:
pH profiles at the reactor outlet for the different apple juices
as a function of the residence time, (O) apple juice pH 4.46;
(@) apple juice pH 3.95; (O) apple juice pH 3.46; (A)
apple juice pH 2.90

The evolution of the pH at the bioreactor outlet is
described in Figure 2. For longer residence time, an
acidification of apple juice is detected at initial pH of
4.46, due to the heterolactic fermentation resulting in
production of acetic and lactic acids from sugar. At
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this pH, the malolactic fermentation is predominant at
low residence time, resulting in a de-acidification.
The largest pH variation between the outlet and the
inlet is of 0.72, corresponding to a residence time of
0.141 h and an inlet pH of 4.46. For apple juices pre-
senting an inlet pH below 3.95 and for the range of
residence time tested, only de-acidification is de-
tected, reflecting dominance of malolactic activity.

Thirty three percent of malic acid was converted
when the initial apple juice pH was 2.30 (Table 1)
with a residence time of 0.55 h, proving that the im-
mobilised reactor could de-acidify all apple juices
encountered which generally have pH values between
2.7 and 4.0.
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2 2 90]
=l 05 T
] =)
E g 85 <
5 =
E > ] 0.4 %
5™
5] ]
T = 5] 0.3
S
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Figure 3:

De-acidification of ciders presenting initial pH of 4.40, 3.80
and 3.35 -residence time 0.195 h, (O) delta pH (= pH at the
outlet of the reactor — initial pH of cider) and (A) % of
initial malic acid converted by MLF

Table 1: Percentage of initial malic acid converted and
specific malic acid consumption for the different apple

juices at a residence time of 0.55 h

pH of apple % of initial malic acid Specific malic acid

juices converted by MLF consumption (g hh
4.46 98 11.4
3.95 98 11.4
3.36 90 11.0
2.90 84 10.2
2.30 33 4.0

3.2 Continuous malolactic fermentation of cider at
different pH

For this set of experiments, the immobilised biore-
actor was fed with cider. This cider was produced by
batch fermentation of apple juice ( pH 4.40 — 3.80 and
3.35) inoculated with S. bayanus. As shown in Figure
3, for a residence time of 0.195 h, the de-acidification
performance of the continuous bioreactor is not af-
fected by the presence of ethanol, allowing the trans-
position of results obtained with apple juice at differ-
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ent pH to cider with similar acidity. The de-acidifica-
tion level can be easily adjusted by changing the resi-
dence time.

3 Conclusions

The LentiKats" immobilisation technology repre-
sents an attractive alternative to classical alginate
entrapment in view of the volumetric productivity.
The LentiKats® shape allows an increased exchange
surface with the medium and their low thickness re-
duces the diffusion barrier. No alteration of the matrix
integrity was noticed after two months of working in
the continuous process confirming the mechanical re-
sistance of the LentiKats®. Biomass leakage was very
low and was estimated to represent less than 0.01 %
of the entrapped biomass.
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PV A-gel entrapped specific microorganisms enhancing the removal of VOCs in

waste air and biofiltration systems

Benjamin Massart, Xavier Nicolay, Stefan Van Aelst , and Jean-Paul Simon'

Abstract

Two pilot scale biofilters are compared over a
short term period (three months). The conditions
applied and microorganisms used (initial quantity and
nature) are similar for both biofilters. Bioaugmenta-
tion is on the one hand carried out by sparkling a
liquid culture on the biofilter’s bed (Uncoated Sup-
port) and on the other hand performed by coating of
microorganisms immobilized in a PVA matrix (genia-
Lab, Braunschweig) as a thin layer around the support
particles (Coated Support). This coating is achieved in
a fixed bed drying system applying parameters ensur-
ing 30 % viability for the bioaugmented strain Ps.
putida F1, selected for its ability to degrade toluene,
the model pollutant. Biofiltration efficiency is evalu-
ated through Michaelis-Menten-like parameters con-
sidering homology between an enzymatic kinetic and
the elimination capacity (EC) vs. the organic load
experimental curve. Results show maximal EC of
respectively 190 and 95 g/m” of filter bed per hour for
the CS and UCS systems. Saturation constants, Ks,
are identical for the two biofilters, indicating that both
systems present the same affinity for the substrate.
These results combined to a microbial analysis of the
biofilm showing that the same quantitative and quali-
tative load in toluene degrading bacteria, which can
lead us to the conclusion that microorganisms in-
cluded in PVA still show high degradation activity
after a period of three months and make the system
more efficient than a classical “trickling inoculation”.
This also suggests that a significant part of gel en-
trapped biomass encounters no limitation, neither by
substrate diffusion nor by oxygen diffusion.

1 Introduction

Increasingly stringent environmental legislation
has stimulated investigation of technologies that re-
duce the emissions of toxic compounds into the envi-
ronment. The use of microbial cells entrapped in a gel
matrix has been investigated as an alternate technol-
ogy for bioremediation of contaminated soil (Cassidy
et al. 1996) and groundwater (Bettman and Rehm
1984, 1985, Chen et al. 1998, Torres et al. 1998). In
these applications, gel-entrapped cells were shown to

provide some advantages over the use of free cells
such as: immobilization may increase the metabolic
activity of cells and the stability of their plasmids, it
helps to protect cells from environmental stresses, and
enables a slow release of cells into their environment
which reduces the possibility of accumulation of in-
terrupting microflora. On the other hand, some limita-
tions should also be mentioned: the diffusion of sub-
strates may be restricted and morphological and
physiological changes of cells can occur. Only little
attention has been given to the application of gel-
entrapped cells for waste gas treatment. Chung et al.
(1996, 1997) studied the removal of hydrogen sul-
phide and ammonia from air using biofilters filled
with Ca-alginate beads which contained microbial
strains capable of degrading these pollutants

The aim of this work is an assessment of the bio-
augmentation mode consisting in the inclusion of a
pure Pseudomonas putida culture in a Polyvinyl Al-
cohol (PVA) matrix coating the biofiltration support
made of expanded clay (Coated Support System; CS).

In order to achieve this study, the characteristics
of the CS system are compared to a “classical” system
where the biofiltration bed (expanded clay) is inocu-
lated at start-up by trickling a liquid culture (Un-
coated Support system).

2 Materials and methods
2.1 Microorganisms

The toluene degrading strain is Pseudomonas
putida F1 (DSMZ 6899). Respirometric tests and
plate counting are achieved on M1 medium contain-
ing in g/l: Beef extract, 1; Yeast extract, 2; Peptone, 5;
NaCl, 5; pH is adjusted at 7.4. Agar is added for plate
counting, 15 g/l. Cell growth is measured by OD (660
nm, Jenway 6100 spectrophotometer) and CFU de-
termination after plating of diluted samples of the
culture. Toluene degradation test is performed on 457
Minimal Medium containing (in g/1): Na,HPO,  2.44;
KH2P04’ 152, (NH4)2$O4, 050, MgSO4, 7, HQO,
0.20; CaCl,, 2; H,0, 0.05; SL4 solution, 10 ml/1; SL4
composition: EDTA, 0.5; FeSO, x 7 H,0, 0.2; SL-6
solution, 100ml; SL6 composition: ZnSO4 x 7 H,0,
0.1; MnCl, x 4 H,0, 0.03; H3BOs, 0.3; CoCl, x 6
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H,0, 0.2; CuCl, x 2 H,0, 0.01; NiCl, x 6 H,O, 0.02;
Na,MoO, x 2 H,0, 0.03. Toluene is added as sole
carbon source: 25 pl/l.

Microbial identification is made using classical
microbiology tests and API 20 E and API 20 NE
(Biomérieux, France) identification kits.

2.2 Immobilization of microorganisms with coating of
biofiltration support

Material: the support is made of expanded clay
with granulometric distribution 4-10 mm, round-
shaped (ARGEX, Belgium). Ps. putida culture is ob-
tained by inoculating (100 ml culture over night) and
shaking 6 | of M1 medium at 37°C. Cells are harve-
sted by centrifugation (9000 rpm, SORVAL RCS5B)
and re-suspended in 200ml of physiological water.
PVA polymer and stabilization solutions are provided
by genialLab, Germany.

Method: The inclusion protocol is adapted in order
to achieve the support coating simultaneously with the
reticulation step: 100 ml of the suspended cells solu-
tion is added to 500 ml of PVA prepolymer mix. The
resulting solution is then mixed with expanded clay
beads at a ratio of 20 % (w/w). This is then moulded
in a PVC tube to obtain a cylinder shape adapted to
the pilot biofilters geometry. The reticulation step is
achieved by fixed bed drying (PRL Engineering
dryer): inlet temperature is controlled at 35°C, drying
time varies from 20 to 35 min, drying is completed
when a 70 % weight loss of the coating solution is
recorded. After drying, stabilization steps are realized
as recommended by the PVA-L provider.

2.3 Respirometric analysis

The method is adapted from Tanaka et al. (1990).
It consists in the measurement of pO, (Ingold probe)
in a stirred 2 litre Scott bottle after filling it with oxy-
gen saturated M1 medium and a pure culture in free
or immobilized form.

2.4 Biofilters

Pilot scale biofilters are of cylindrical shape, made
of plexiglass tubing, with a filter height of 1 m and a
bed volume of 7.9 litres. It is considered a cocurrent
system seeing that air flow and sparkling solution are
both down-flowing. Sparkling occurs hourly with
sparkling of 220 ml of salt solution. The sparkling so-
lution (2 1) is initially in contents of (in g/l): KH,PO,,
10.5; (NH4),PO4, 2.6; (NH4NO;, 21.5. Air flow is
controlled at 500 I/h.

2.5 Analytical methods

Toluene concentrations were determined by gas
chromatography. Gas chromatograph (Perkin-Elmer,
Sigma 3B) was equipped with a 1/8°” 4 m stainless
steel column (5 % Carbowax 20 M) and a flame ioni-
zation detector. Nitrogen was used as the carrier gas.
Operating conditions were: injector, 160°C; oven,
140°C; detector, 220°C.

3 Results
3.1 Biofilters operating mode

EBRT in both biofilters is controlled at 57 s (air
flow: 0,5m>-h™"). Expanded clay beads composing the
filter bed material show a high internal porosity as-
suming high specific area. This semi-synthetic mate-
rial was selected as an inert filter medium releasing no
nutrient (C,N,P,K); these supplies are controlled by
spraying appropriate salts solutions. Relative concen-
trations on N,P,K elements are adapted from optimi-
sations achieved by Deshusses et al. (1999); it ensures
no limitation on these elements according to the hy-
pothesis of Ottengraf’s model for gas biofiltration
(Ottengraf, 1986). Temperature and relative humidity
(HR) of incoming and outgoing air are measured
daily; Hry, is controlled at the inlet at a value higher
than 90 % of water saturation by stripping the air
through a water column. Water content of the bed
material reached 50 % (w/w) during the three month
experiment. pH of the sparkling solution is measured
and controlled to avoid values lower than 4 (essen-
tially at start-up). Pressure drop through the filter bed
is of importance because it is related to the biomass
accumulation and the compaction of the biofiltration
support. These two elements are responsible for pres-
sure drop elevation and channelling into the biofilter.
It is controlled by washing the filter medium when
pressure drop exceeds 1000 Pa-m™ of bed. This opera-
tion ensures low values for the pressure drop, indicat-
ing the absence of compaction problems with the
filter material used in this study.

3.2 Measurement of cell’s respirometric activity

The preliminary step to this experiment was the
determination of the cells’ activity after inclusion in
the coating matrix; that is after the drying and stabili-
zation steps of the bed material in order to inoculate
both compared systems (CS and UCS) with the same
cells’ activity. The biomass activity permits the
evaluation of hypothetic viability losses during the
support coating procedure; it is measured by a respi-
rometric method adapted from Tanaka et al. (1990).
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Table 1:
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Respirometric measurements for immobilized cells activity determination

Assay Cell density O, Uptake, Measured SOUR, Average SOUR,
x1E10 CFU % Oz-min'1 % O,/min-1E10 CFU % O,/min-1E10 CFU

Free cells culture 1 9.25 45 4.86E-1 5.03E-1

Free cells culture 2 4.63 24 5.19E-1 5.03E-1

Coated Support 3.58 1.8 5.03E-1

The evaluation is made on the basis of a comparison
between Specific Oxygen Uptake Rate (SOUR) for a
free cells culture at a known cell density and the Oxy-
gen Uptake Rate measured for a CS-immobilized
culture. Results are listed as % oxygen uptake per
minute because absolute O, concentration of M1 me-
dium is unknown. SOUR for free cells is measured by
OD determination and a correlation with CFU is es-
tablished by further plate counting. Final relation is
expressed as % O, uptake/min.1'E10 CFU. Table 1
shows results for two distinct concentrations of free
cells culture and the determination of OUR for PVA
immobilized cells.

The biomass involved in the CS system before any
immobilization step is 1.22E11 CFU. After reticula-
tion and stabilization of the PVA coating matrix, this
biomass shows a % O, uptake per min. IE10 CFU of
1,8 % that corresponds to 3,58E10 active cells in the
matrix, that is 29.3 % of active cells after inclusion in
the PVA matrix. This result lead us to inoculate the
UCS system at a 1/3 rate of the initial culture in-
volved in the CS system in order to install the same
bacterial activity in both biofilters at start-up.

3.3 Characterization of microbial population in the
biofilm

A microbial analysis is carried out on the water
used as washing solution for the filter bed (when
pressure drop exceeds 1000 Pa-m™ and the biofilter is
running at steady state conditions); so that it can be
considered as the microbial composition of the bio-
film surrounding the support material in the UCS
system and the coating matrix in the CS system.

This experiment aims to qualitatively compare
biomass present in both biofilters and to assess the
development of the selected Ps. putida strain inocu-
lated at start-up. Results are shown in Table 2, they
consist of relative appearance on plate counting of the
different strains isolated from the biofilm.

Bacterial identification is achieved after a two-
month period on basis of classical microbiological
tests (Gram staining, oxydase test, API identifica-
tion,...). These tests show that UCS strain 5 and CS

strain 6 correspond to the “bioaugmented” strain Ps.
putida. These results are corroborated by growth tests
on minimal 457 medium with toluene. It indicates that
UCSS5 and CS6 are the only strains able to utilize
toluene as sole carbon source. This lead us to the
conclusion that the immobilized strain (immobilizaton
by adherence for UCS and by inclusion for CS) repre-
sents only a minimal part of total biomass in the outer
biofilm for both systems; but it is obvious that this
strain is solely responsible for all toluene degradation.
It should be noted that this experiment does not take
into account any biomass included in the support
material, nor the PVA immobilized cells in the CS
system.

Table 2:
Qualitative analysis of biofilm in UCS and CS systems

UCS system CS system
Strain ID % of total Strain ID % of total
population population
UCS strain 1 7.69 CS strain 1 3.01
UCS strain 2 11.53 CS strain 2 11.81
UCS strain 3 66.31 CS strain 3 74.78
UCS strain 4 14.41 CS strain 4 9.04
UCS strain 5 0.06 CS strain 5 1.33
CS strain 6 0.02

3.4 Biofiltration performances

A typical performance curve for biofiltration is
given as Elimination Capacity (g toluene degraded/
m’peqh) vs Organic Load (g toluene in inlet gas/
m3bed-h). These results are given in Figure 1; they are
analysed as Chung et al. (1996) did for the biofiltra-
tion of H,S containing gas. It consists of the compari-
son of the experimental curve with a Michaelis-
Menten like enzymatic kinetic. In this model, the
main parameters for characterization of a biofilter are
the maximal Elimination Capacity EC,,., as the Vm
is the maximal conversion rate for an enzyme and Ks;
the “saturation constant” defined as the OL value
ensuring the biofilter a EC equals to EC,,,,/2 and this,
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Figure 1:
EC vs. OL for UCS and CS systems

by comparison with the Michaelis-Menten constant.
Figure 1 shows a EC,,x of 190 g/m3bed-h for CS biofil-
ter, 95 g/m3bed~h for UCS biofilter and an identical Ks
constant of 95 g/m3bed-h for both systems.

If we assume the same physical meaning of the
measured parameters as for Michaelis-Menten para-
meters, the lower is the constant, the higher the affini-
ty of the system for its substrate. This means that in
this experiment, both systems show the same affinity
for the toluene. Actually, Ks constants for UCS and
CS biofilters are graphically measured at 95g/m’y.qh;
this result corroborates the previous microbial analy-
sis and supports the fact that in both systems, the
same active bacterial strain ensure toluene biodegra-
dation, that is the “bioaugmented” Ps. putida strain.

As second reference parameter, EC,,,, permits the
comparison of different biofiltration systems operat-
ing under various conditions for the biodegradation of
the same VOC(-mix). Results reported in literature
are listed in Table 3 in order to compare CS and UCS
systems with other works involving different support
material.

As an analysis of these results, we can conclude
that both systems (UCS and CS) show high EC,
values and, particularly, the result obtained for the CS
biofilter is the fact of active PVA immobilized cells.
Actually, EC,, values combined to the microbial
analysis showing the same relative quantity of Ps.
putida lead us to confirm a sensibly higher activity for
the CS system; as does an additional measurement of
total biomass (volatile dry matter/filter volume meas-

oL {g.m-3.h-1 |

urement) indicating the same quantitative population
for both biofilters in the outer biofilm. This microbial
activity is located under the biofilm that is in the PVA
coating matrix. It appears that PVA inclusion of Ps.
putida F1 ensure stability and activity of the immobi-
lized cells, suggesting that no restrictive limitation
(substrate, oxygen,...) is occurring in this configura-
tion.

Table 3:
Results listed in the literature on EC,,,, for the biofiltration
of toluene containing air (Jorio et al.,1999), tol. = toluene

Filter Medium ECaxs Authors

g tol./m’peqh
Peat and compost 21 Ottengraf et al. (1986)
Compost and 4 Seed et al. (1994)
perlite
Peat and perlite 25 Shareefden et al. (1994)
Compost 15 Benitez et al.(1995)
Compost and 97 Tang et al. (1995)
activated carbon
Commercial peat 70 Kiared et al. (1996)
Formulated peat 165 Jorio et al. (1998)
UCS system 95
CS system 190
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4 Conclusions

The comparison of two biofiltration systems in or-
der to assess the inclusion of PVA cells applied as a
coating element of the inert support shows high effi-
ciency of this concept. This specific bioaugmentation
method reduces the start-up period of biofilter ex-
periment to some days. On the basis of Michaelis-
Menten like development and microbial qualitative
and quantitative analysis, it was shown that micro-
organisms included in PVA still show a high degrada-
tion activity after a period of three months. It makes
the “PVA-coating bioaugmention” concept reliable
and more efficient than a classical “liquid culture
sparkling” bioaugmentation. This also suggests that a
significant part of gel entrapped biomass encounters
no restrictive limitation, neither by substrate diffu-
sion, nor by by-products accumulation, nor by oxygen
limitation.

Symbols and abbreviations

calc calculation
voC Volatile Organic Compound.
CS Coated Support

UcCs Uncoated Support

OUR Oxygen Uptake Rate (% O»/min)

SOUR Specific Oxygen Uptake Rate (% O,/min-1E10 CFU)
CFU Colony Forming Unit

EBRT Empty Bed Residence Time (s)

OL Organic Load (g toluene in inlet gas/m’,.s-h)
EC Elimination Capacity (g toluene degraded/m’y.sh)
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Biotechnological Production of L-Tryptophane as a pharmaceutical ingredient:
optimization of the process by immobilization and use of bioanalytical systems

Birgit KlaBen', Ulrich Seja', Robert Faurie', Thomas Scheper?, and Klaus-Dieter Vorlop®

1 Introduction

L-tryptophan is an essential amino acid, which oc-
curs naturally in all organisms. In humans, it has a
sedative and antidepressive effect in higher doses
although it is neither addictive nor physiologically
harmful. Due to this unique combination of features,
there was a fast developing market for this amino acid
as a soft sleeping drug in the 1980s. A further applica-
tion of L-tryptophan is as ingredient in medical infu-
sion for pre- and postoperative, parenteral nutrition.

L-tryptophan has been produced at the AMINO
GmbH for 12 years using a biotechnological method
as displayed in Figure 1 (Wagner et al., 1980, Faurie
and Fries, 1999).

NH N
7 H o

COOH COOH

\ OH
+ Tryptophan-Synthase \ +H,0
N in E. coli N

Indole L-Serine L-Tryptophan
Figure 1:
Enzymatic synthesis of tryptophan

A strain of E. coli overproducing a highly active
tryptophan synthase is fermented in a 3 m’ scale.
After separation of the biomass, the cells are mixed
with a solution containing serine and indole. Serine is
produced by chromatographic extraction from sugar
beet molasses. Indole as a reaction partner with low
solubility is added during the transformation process.
The optimal dosage profile ensures a high space-time-
yield and a low byproduct concentration. Cells are
permeabilized in situ by indole, so that the reaction
with the intracellular tryptophan synthase can take
place. If indole is supplied in too high concentrations,
the enzyme is inhibited whereas too low concentra-
tions lead to a suboptimal space-time-yield and higher
amounts of undesired by-products.

After the biotransformation, most of the biomass
can be recovered by separation and is mixed with
fresh biomass to be used again for further transforma-

tions. After several biotransformation cycles, biomass
has to be discarded due to the decrease in enzymatic
activity.

2 Process optimization by immobilization

The process can be optimized by increasing the
stability of cells and enzyme activity. After fermenta-
tion, cells can be either cross-linked or entrapped in
suitable materials. Combination of both methods can
be efficient. The entrapment of the cell was achieved
by using polyvinylalcohol (PVAL), the method was
recently described (Jekel et al., 1998). This hydrogel
provides immobilized biocatalysts with ideal features.

3 Entrapment in LentiKats®

E. coli cells are mixed with a highly viscous sus-
pension of 1 part of polyvinylalcohol (supplied by Fa.
genialLab, Braunschweig) and 4 parts of water. By
dropping or stamping, lentile shaped little tiles are
formed (approx. 200 to 400 um thick, diameter of 3
to 5 mm). At defined humidity and temperature, a
hydrogel is formed by developing hydrogen bonds.
These LentiKats® (Figure 2) are very resistant to me-
chanical and chemical stress. They can be used up to
50°C. Due to the unique shape and physical proper-
ties, they show very good diffusion features, so that
transport processes are only limiting in extreme situa-
tions.

Figure 2:
Some LentiKats® shown by light microscopy
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4 Comparison of LentiKats® and free cells

20 transformations were carried out with free cells
or LentiKats® under the same experimental condi-
tions. In both cases the cells or biocatalyst were re-
used each time. The result of those biotransformations
are shown in Figure 3.

100 g

e -
crosslinked LentiKats
° [N
70
° ° o
60 ° S———

Activity [%]

0 2 4 6 8 10 12 14 16 18 20
Transformations

Figure 3:
Comparison of the activity of tryptophan synthase of free
cells and LentiKats®

The entrapment of the cells into hydrogel results
in a higher activity, decreasing in much lower degree
than for free cells. Thus a higher process stability can
be reached by this method.

5 Impact of cross-linking

An increased activity and higher stability of the
separated cells can be achieved as well by cross-
linking with glutaraldehyde. After fermentation, the
separated cells were mixed with 10 mM glutardialde-
hyde. Activities of different treated cells were com-
pared (Figure 4). Results are shown for a) not cross-
linked, free cells; b) cross-linked, free cells; c¢) not
cross-linked, immobilized cells; and d) cross-linked,
immobilized cells. A combination of cross-linking
and immobilization is most effective, stability of the
biocatalysts can be increased by more than 100%.

crosslinked,
immobilized

not
crosslinked,
immobilized

crosslinked,
free

not
crosslinked,
free

0 50 100 150 200 250 300

activity [%]
Figure 4:
Activity of different treated biocatalysts (mean of 12 trans-
formations)

6 Process optimization by use of 2-D-process
fluorimetry

During several biotransformation cycles suitable
fluorescence spectra were recorded. This allowed an
in-time determination of the concentrations of trypto-
phan and indole. The recorded data were used for the
construction of a mathematical algorithm for the pre-
diction of the process parameters. With application of
this model an optimized dosage of indole can be
achieved (Ulber et al., 2001).

7 Conclusions

Costs for downstream processing can be mini-
mized by immobilization of the used biocatalysts. The
separation step of the biomass after transformation
can be achieved by simple sedimentation, just by tur-
ning off the stirrer. After sedimentation of the biocata-
lyst the product solution can be pumped out of the
vessel. Time and equipment (separator) can be saved.

The costs for the biocatalysts are also decreased
by minimizing the loss of bacterial cells during sepa-
ration. Furthermore, the immobilized biocatalysts pos-
sess a higher long term activity which results in a
lower consumption of cells. Assuming the costs for
hydrogel and entrapment process to be 1-5 EUR per
kg, costs for the biocatalysts can be reduced about 30
up to 80 %.

Free inactivated biomass can be released to waste
water plants after use. LentiKats® are liquefied by
heating to 70°C. For many biotechnological processes
the step is obligatory for the inactivation of the bio-
mass, so that additional costs will not occur. For keep-
ing the melted polymer in liquid condition up to tem-
peratures of 4°C, the suspension has to be diluted with
one volume of water or aqueous process effluents.

In biological waste water plants, degradation of
the hydrogel up to > 90 % is possible (Schonberger et
al., 1997). Basic requirements are adapted microorga-
nisms and temperatures above 12°C. The adaption
phase of the microorganisms takes 3 to 6 weeks.

By application of 2-D-process fluorimetry based
in-time analytics a higher product concentration can
be obtained in shorter times. This leads to a signifi-
cant reduction in consumption of the educts indole
and serine. Additionally the power demand for down-
stream processing and waste water load are decreased.

8 Outlook

Whereas reaction control by use of 2-D-spectro
fluorimetry could be tested on a production scale, all
immobilization experiments have thus far been car-
ried out on a laboratory scale. Prior to transfer to the
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production scale, companies producing pharmaceuti-
cal ingredients must fulfil high quality GMP stan-
dards. These include that neither the use of polymers
nor of glutaraldehyde affects the final quality of the
pharmaceutical products.
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Encapsulation of Hirsutella rhossiliensis in hollow beads based on sulfoethylcellu-

lose to control plant-parasitic nematodes
Anant V. Patel, Thomas Rose and Klaus-Dieter Vorlop'

Abstract

Plant-parasitic nematodes are important pests of a
wide range of economically important plants world-
wide. The endoparasitic nematophagous fungus Hir-
sutella rhossiliensis is a ubiquitous antagonist of
many commercially important root-knot, cyst, and
other pest nematodes. However, no commercial prod-
uct containing this fungus is available because effec-
tive methods for the delivery of fungal mycelium to
the soil have not yet been developed, and conidia can
not be used.

The encapsulation of H. rhossiliensis in hollow
beads should provide the following advantages:

(i) easy handling, (ii) protection from biotic and
abiotic stress factors, (iii) enhanced shelf life, (iv)
controlled release into the soil (controlled by envi-
ronmental conditions and capsule materials) and (v)
enhanced action in the soil. Amending capsules with
nutrients, water-retaining substances, fillers, etc.,
should further enhance efficacy.

Growth experiments on petri dishes resulted in a
capsule containing 15 % biomass, 15 % corn gluten
and 0.5 % yeast extract. Further experiments were
conducted to reduce the biomass content and capsule
diameter.

During a stay at the University of California at
Davis, USA (Bruce Jaffee) pathogenicity assays
against Heterodera schachtii were conducted. The
experiments indicated that high concentrations of corn
gluten and yeast extract in the capsule had an adverse
effect on spore transmission from fungus to nematode
larvae. A reduction of nutrient content to 1.5 % corn
gluten and 0.05 % yeast extract led to an increased
number of infected nematode larvae of up to 50 %.

In view of the results, it may be concluded that the
encapsulation of H. rhossiliensis in nutrient-amended
hollow beads is a promising approach to the biologi-
cal control of plant-parasitic nematodes.

Keywords:  Hirsutella  rhossiliensis, Heterodera
schachtii, encapsulation, formulation, biological
control

1 Introduction

The European market for biopesticides was esti-
mated at 97.1 million US dollars in 2000 and is ex-
pected to grow by 11.7 % per year to 210.1 million
US dollars in 2007 (Frost and Sullivan 2001).

While there is a wide range of microorganisms
with a high biocontrol potential, the shelf life and
action of cells introduced into the soil is still unsatis-
factory. This is due to a lack of suitable formulation
techniques (Burges 1998). The basic idea of the re-
search presented here is to encapsulate biocontrol
agents which should provide the following advan-
tages:

easy handling

protection from biotic and abiotic stress factors
enhanced shelf life

controlled release into the soil (controlled by
environmental conditions and capsule materi-
als)

e enhanced action in the soil

The amendment of capsules with nutrients, water-
retaining substances, fillers, etc., will further enhance
their efficacy.

This approach was already successfully tested in
our research with entomopathogenic nematodes and
plant-growth promoting rhizobacteria (Patel and Vor-
lop 1994, Patel et al. 1995) where immobilization
techniques known in classical biotechnology (Vorlop
and Klein 1987) were applied. Here, this approach
was to be tested for the nematophagous fungus Hir-
sutella rhossiliensis against economically important
plant-parasitic nematodes.

Plant-parasitic nematodes are important pests of a
wide range of plants all over the world (Oerke et al.
1994). The sugar beet nematode Heterodera schachtii
causes an annual loss of about 90 million Euro in
Europe (Miiller 1999). As the hazardous chemical
nematicides are being removed from the market, and
the remaining control methods of integrated plant
protection are not cost-effective, new control agents
must be found.

The endoparasitic nematophagous fungus Hir-
sutella rhossiliensis is an ubiquitous antagonist of
many commercially important root-knot, cyst, and

' Anant V. Patel, Thomas Rose and Klaus-Dieter Vorlop, Institute of Technology and Biosystems Engineering, Federal Agricultural Research Centre (FAL),
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other pest nematodes. It uses adhesive conidia to
parasitize infective juveniles of the sugar beet nema-
tode Heterodera schachtii and other Heterodera spp.,
Meloidogyne javanica and other Meloidogyne spp.,
Globodera pallida, etc. (Figure 1). Because the co-
nidia lose their infectivity soon after they become
detached from the mycelium (Mclnnis and Jaffee
1989), a liquid formulation of these conidia is impos-
sible. It follows that the mycelium must be delivered
to the field so that spores can be produced on-site in
soil. Although the fungus has long been known
(Minter and Brady 1980, Sturhan and Schneider
1980), no commercial product is available because
methods for the delivery of mycelium to the soil have
not yet been developed. Figure 2 illustrates the basic
steps involved in the production of a biological con-
trol agent based on H. rhossiliensis to control plant-
parasitic nematodes.

Figure 1:

Left: Spore of Hirsutella rhossiliensis adhering to the head
of a juvenile Heterodera schachtii. Right: Early sporulation
of Hirsutella rhossiliensis from a parasitized juvenile of
Heterodera schachtii. The spore that initiated the infection
is on the surface of the cuticle, to the right of the stylet. The
body cavity is filled with hyphae. The first phialide and
spore produced are to the right of the nematode (photos
courtesy of B. Jaffee).

Earlier, a novel type of hollow bead based on sul-
foethycellulose was developed (Patel 1998) and opti-
mised (Rose et al. 2000). It was reported that H. rhos-
siliensis can be encapsulated in this type of hollow
bead and that the addition of corn gluten and yeast
extract enhanced growth of mycelium out of the cap-
sules (Patel et al. 1996). Thus, this capsule system
may offer an alternative to the conventional calcium
alginate beads used to deliver microbes to the soil
(Cassidy et al. 1996, Burges 1998). In a first patho-
genicity assay, a high reduction of nematode invasion
into roots of sugar beet plantlets was found. However,
the transmission of spores to nematodes was not
measured.

Here, we present data on the encapsulation of H.
rhossiliensis mycelium in hollow beads based on
sulfoethylcellulose together with nutrients (corn glu-
ten and yeast extract). Then, the influence of nutrients
(corn gluten, yeast extract) on the growth of fungus
from capsules (colony diameter, mycelium density,
sporulation) was monitored using interference con-
trast microscopy. Finally, the resulting formulations
were tested in pathogenicity assays against Heterod-
era schachtii at the UC Davis (Prof. Bruce Jaffee)
where the transmission of spores from mycelium to
infective juveniles was determined in heated and
unheated field soils.

drying storage

F ton of
biological control agent

sugarbeat sowing
sead
B 5 G G
{ \
Y \T encapsulated nemaicde
biological control agent
Figure 2:

Encapsulation of Hirsutella rhossiliensis to control Het-
erodera schachtii

2 Experimental

First, fungus was raised in a liquid shake culture
(Lackey et al. 1993) and the mycelium encapsulated
in hollow beads together with nutrients, resulting in a
hollow bead which contained 15 % (w/w) wet bio-
mass, 15 % (w/w) corn gluten and 0.5 % (w/w) yeast
extract. Figure 3 illustrates the encapsulation of fun-
gal mycelium in hollow beads according to Patel et al.
(1996). The capsule formation is based on the reaction
of the polyanion sulfoethylcelluose with a correspon-
ding polycation such as polydiallyldimethylammoni-
umchloride (PDADMAC) or chitosan resulting in a
semi-permeable symplex gel membrane.

Conventional calcium alginate beads were pre-
pared according to Lackey et al. (1993) and contained
no nutrients, but about 25 % (w/w) biomass.

In vitality assays, radial growth of fungus out of
the capsules on water agar and soil was measured.
Finally, the formulations were tested against infective
juveniles of Heterodera schachtii (sugar beet nema-
tode) in pathogenicity assays as described in Lackey
et al. (1993): Briefly, capsules were transferred into
snap cap bottles with heated or non-heated field soil
and incubated for 14 d at 20°C. Then, 500-800 infec-
tive juveniles (IJ) of H. schachtii were added. After



A. Patel et al. / Landbauforschung Vélkenrode (2002) SH 241:145-150

another 2 d incubation, IJ were extracted and the
number of 1J with one or more spores adhering to the
cuticle (Figure 1, left) or with no spores adhering
were counted.

mycelium/
sulfoethyl-
cellulose/
nutrients-
suspension mycelium/ j
I nutrients
o
o
o /
o —
o
o
o
symplex gel
o Cé ;’ ° 5 © o (polyelectrolyte polyelectrolyte complex)
%o 0 00 0,
o
o o o
oo %o ° %o ° %0

PDADMAC solution
(polydiallyldimethylammoniumchloride)

Figure 3:
Encapsulation of H. rhossiliensis mycelium in hollow beads
based on sulfoethylcellulose

3 Results

Figure 4 shows the influence of biomass content
on the growth of mycelium out of the capsules placed
on water agar. It is very important to note that due to
the presence of nutrients in the capsule, a reduction of
biomass content from 15 % down to only 0.1 % does
not reduce the growth. It illustrates one of the main
advantages of such a formulation type: costly biomass
can be saved. The capsule acts as a “microfermenter”
where even small amounts of biomass (maybe even
fermentation liquid) can multiply. The capsule also
acts as a depot, because the filamentous fungus can
grow out of the capsule while still using the nutrients.
This gives a weak saprophyte a competitive advantage
over antagonists in soil.

Figure 5 shows the influence of capsule diameter
on radial growth of mycelium out of hollow beads
(placed on soil at 14 % (w/w) soil moisture). Natu-
rally, capsules with a higher diameter form bigger
colonies. If the number of colonies is considered, one
has to look at the “mycelium yield” per 1 ml capsule
volume: Out of 1 ml encapsulation liquid, 566 cap-
sules with 1.5 mm diameter can theoretically be
formed (if shrinkage of capsules and other effects are
not considered). In the other cases, with higher diame-
ters, only 122, 71 or 30 capsules can be formed. Fig-
ure 6 shows the “mycelium volume” which is pro-
duced per ml encapsulation liquid. The same results
are obtained if the surface is considered instead of the
volume (data not shown). In other words: the smaller
the capsules, the more mycelium will be obtained.
Also, more capsules (“colony forming units”) may
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give a better distribution of the biocontrol agent in
soil. These results indicate the importance of produc-
ing small capsules, probably less than 1 mm diameter,
which, to the knowledge of the authors, has not been
discussed in detail in the biocontrol literature. The
lowest capsule size possible will be dictated by the
technological and biological limits and still needs to
be investigated.
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Figure 4:

Influence of biomass content on radial growth of fungal
mycelium out of hollow beads containing 15 % corn gluten
and 0.5 % yeast extract and placed on water agar, standard
deviation for n = 10 capsules
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Figure 5:

Influence of capsule diameter on radial growth of fungal
mycelium out of hollow beads containing 15 % corn gluten
and 0.5 % yeast extract and placed on soil at 14 % (w/w)
moisture, standard deviation for n = 10 capsules

The hollow beads were then tested in pathogenic-
ity assays where the transmission of spores from my-
celium to infective juveniles of H. schachtii was
measured. In the first experiments, it was observed
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that the fungus grew very well from hollow beads
containing 15 % corn gluten, 0.5 % yeast extract and
15 % biomass, not only on water agar, but also in
heated and unheated soil compared to alginate beads
(Figure 7A,B). Surprisingly, the infection of nema-
tode larvae was very low, despite excellent mycelial
growth for hollow beads containing 15 % biomass, 15
% corn gluten and 0.5 % yeast extract (Figure 7C).
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Figure 6:
Mycelium volume produced per ml capsule volume calcu-
lated for hollow beads with 1.5-4 mm diameter (explanation
see text)
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Figure 7:
Hollow beads and alginate beads extracted from soil after
16 d (A: top left, B: top right) and infection of nematode
larvae in a bioassay with H. rhossiliensis encapsulated in
hollow beads and alginate beads (C: bottom); HB: hollow
bead; 1, 2, 4: number of capsules added to bioassay, H:
heated soil; UH: unheated soil; Alg: alginate beads, DAlg:
dried alginate beads (standard error for n=3-6)

In a “pulse experiment” it was to be investigated if
the 16 d long bioassay can be accelerated by raising

the temperature to 25°C. It was observed that there
was a variation in the infection over time (Figure 8):
There was a distinct increase in spore transmission
after 5 d, which subsequently decreased. Extraction
efficiency was around 50 % in all experiments (data
not shown).
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Infection of nematode larvae in a bioassay after 1, 3, 5, 7
and 14 days of incubation of the hollow beads in heated soil
at 25°C, HB: hollow beads, 2,4: number of capsules added
to bioassay (standard error for n = 6)

In the original bioassay, the soil was tamped after
addition of capsules (Lackey et al. 1993). Because of
the danger of breaking moist hollow beads in the
process, in the first experiments the soil was not
tamped. However, it is known that porosity of the soil
can have an influence on spore transmission (Tedford
et al. 1992), so, in another experiment, the influence
of tamping on spore transmission was investigated
using dried (and thus more stable) hollow beads. No
effect of tamping was observed (Figure 9).
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Figure 9:

Infection of nematode larvae in heated soil which was either
tamped or not tamped after addition of 1 dried hollow bead
(standard error for n = 6)

Finally, it was tested whether the nutrient content
of the capsules has an influence on the infection of
nematode larvae. It was observed that with hollow
beads containing only 1/10 of the nutrients used in the
experiments before (1.5 % corn gluten, 0.05 % yeast
extract), the infection was significantly higher (Figure
10, Figure 11), while growth of mycelium from cap-
sules was still good (Figure 12, Figure 13).
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Figure 10:

Infection of nematode larvae in bioassays using 1, 2 or 4
moist hollow beads with reduced nutrient content in heated
soil (standard error for n = 6)
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Figure 11:

Infection of nematode larvae in bioassays using 1, 2 or 4
dried hollow beads with reduced nutrient content in heated
soil (standard error for n = 6)
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Figure 12:

Radial growth of H. rhossiliensis from alginate beads and
from hollow beads with and without reduced nutrient con-
tent on water agar: HB: hollow beads, DHB: dried hollow
beads, HB reduced: reduced nutrient content, DHB reduced:
reduced nutrient content, Alg: alginate beads without nutri-
ents (standard deviation for n = 10 capsules)

4 Discussion

We reported here that H. rhossiliensis can be suc-
cessfully established in soil by encapsulation in a
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novel type of hollow bead amended with nutrients as
an alternative to conventional alginate beads. The
addition of nutrients to the capsule in order to give the
fungus, which is reported to be a weak saprophyte
(Jaffee and Zehr 1985), a competitive edge in soil is
still considered a sound idea. However, care has to be
taken that nutrients do not leak out of the capsule.
This problem will be investigated in future research
by changing membrane permeability, coating the
hollow beads or introducing high molecular weight
nutrients into the capsule.

Figure 13:
Growth of H. rhossiliensis from hollow beads with reduced
nutrient content on heated and unheated soil after 25 d

Then, in addition to the growth of mycelium, it
should be investigated how the sporulation is affected
by the nutrients (i.e., by the C:N ratio). Maybe (al-
though it is considered unlikely) the poor infection in
spite of excellent mycelium growth in soil can be
explained with a lack of sporulation or the formation
of less infectious (sticky) spores.

It also seems advisable to combine the spore
transmission bioassay with a pathogenicity bioassay
of H. schachtii where the invasion of sugar beet plant-
lets is investigated. This will be especially valuable in
cases where the invasion of sugar beets by nematodes
is very low. In these cases it should be checked if the
protection of the plant is actually due to fungal activ-
ity or due to other effects such as a direct or indirect
repellent effect of capsule ingredients, activity of
other nematode antagonists, etc. These investigations
are being carried out in the lab of J. Miiller at the
BBA Miinster and will be published elsewhere. More
systematic investigations regarding the interaction of
formulation additives/fungus/nematode/host plant/rhi-
zosphere are needed in order to develop a reliable
biocontrol agent.

Finally, a focus of future research will be the cap-
sule application. This may be done by incorporation
of capsules into sugar beet pills, which may result in a
release of the biological control agents only in the
rhizosphere and thus in a reduction of dosage. Alter-
natively, dried capsules may be delivered separately
as granules or powder during seed sowing or com-
bined with an underground fertilization process as
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used in maize. All formulations need to be tested in
more experiments in greenhouses and in the field.
More results regarding the cultivation, encapsulation
and drying of H. rhossiliensis will be published else-
where.

In view of the results, it may be concluded that the
encapsulation of H. rhossiliensis in nutrient-amended
hollow beads is a promising approach to the biologi-
cal control of plant-parasitic nematodes.
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Pre-activated LentiKat®-hydrogels for covalent binding of enzymes

Emine Capan', Ulrich Jahnz” and Klaus-Dieter Vorlop'

Abstract

A mild new enzyme immobilisation technique u-
sing pre-activated poly (vinylalcohol) hydrogel (Len-
tiKats"™) as an immobilisation matrix was developed.
This new technique is based on the following proce-
dure: First chitosan is entrapped in LentiKats® as non-
dissolved small particles according the standard
method (Jekel et al. 1998). Subsequently, the amino-
groups of chitosan are activated with glutardialde-
hyde. After removing non reacted glutardialdehyde in
a washing step, LentiKats” are incubated with the
enzyme solution. The enzyme molecules diffuse into
the hydrogel matrix and are covalently bound. As
model reaction we use the enantioselective synthesis
of optically active (R)-cyanohydrins.

Keywords: cyanohydrin, entrapment, enzyme immobi-
lisation, LentiKats®, (R)-oxynitrilase, pre-activated
polyvinylalcohol hydrogel (PVA)

1 Introduction

PVA hydrogels as an immobilisation matrix are
widely used because these hydrogels are very elastic
and stable. In addition, PVA is an inexpensive mate-
rial for entrapment. PVA hydrogels are mainly gener-
ated by the freeze thawing method or by cross-linking
with boric acid (Muscat et al. 1996, Lozinsky and
Plieva 1998). The problem with these methods is the
complicated generation of the hydrogels. To over-
come this shortcoming, a new and mild gelation
method was developed. This gelation method, based
on partial drying of LentiKat®Liquid (a polyvinylal-
cohol-containing aqueous solution which is commer-
cially available from genialab, see also genialLab
2001) at room temperature (Jekel et al. 1998), results
in lens-shaped hydrogels (LentiKats™) and offers the
following advantages: low costs for matrix and pro-
duction, easy preparation, excellent mechanical stabil-
ity, easy separation from reaction mixture (diameter
3-4 mm) and low diffusion limitation (thickness 200-
400pm). LentiKats® were successfully used for the
immobilisation of cells (Durieux et al. 2000, Wittlich
et al. 1999a, Wittlich et al. 1999b, Welter et al. 1999).
Due to the enzymes’ small size and their subsequent

diffusion out of a gel matrix, an entrapment of pure
enzymes in polyvinylalcohol hydrogels (LentiKats"™)
often fails. A possibility to keep enzymes in Lenti-
Kats® is to cross-link the enzyme with chitosane and
glutaraldehyde to obtain a supra-molecular structure
prior to entrapment in LentiKats® as shown in Figure
1 (geniaLab 2001, Groger et al. 2001).

Enzyme

\
C -linki Gelati
‘\ ross-linking elation
an

Cross-linking reagent U

Solution of polymer

Sul bstrate
»

Hydrogel
and “Spacer”

Figure 1:
Entrapment of cross-linked enzyme in LentiKats®

Instead of first cross-linking the enzyme and en-
trapping the resulting complex, we pursue the follow-
ing alternative procedure: First chitosan is entrapped
in LentiKats” as non-dissolved small particles. Sub-
sequently, the amino-groups of chitosan are activated
with glutardialdehyde.

After removing non reacted glutardialdehyde in a
washing step, the LentiKats® are incubated with (R)-
oxynitrilase. The enzyme molecules diffuse into the
hydrogel matrix and are covalently bound (Figure 2).

chitosan particles

#. ® B
G~ @7 @ 7 O

LentiKat glutar- ,5 enzyme
Liquid dialdehyde

Figure 2:
Entrapment of enzyme in pre-activated LentiKats®™

The (R)-oxynitrilase from almonds, E.C.4.1.2.10,
which catalyses the reversible condensation of hydro-
gen cyanide with aldehydes, is a useful and promising
enzyme for biotransformation processes (Figure 3).
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(R)-oxynitrilase (\)H
CHO + HCN ——————= ?WH

R)- itril

(R)-oxynitrilase N

(R)-cyanohydrin

Figure 3:
Synthesis of (R)-cyanohydrin.

The resulting optically active cyanhydrins are ex-
pedient starting materials for the preparation of seve-
ral important classes of compounds such as o-hydro-
xyketones, a-hydroxyacids, B-aminoalkohols as well
as aminonitriles and aziridines.

2 Materials and methods
2.1 Preparation of LentiKats"

LentiKat"Liquid (geniaLab, Braunschweig) was
liquified according to manufacturer’s directions
(genialLab 2001). 5 g chitosan was shaken in 5 ml of
phosphate buffer (20 mM, pH 7). The chitosan solu-
tion and 10 ml water were added under thorough
mixing to 80 g LentiKat"Liquid to give a final vol-
ume of 100 ml. Using a printing device with over 400
identical pins, small droplets of approximately 4 pl
were floored on a plastic dish and exposed to drying.
After drying down to 30 % of the initial mass the
resulting lenses were submerged in a stabilising solu-
tion (genialLab) to reswell for 30 minutes.

Subsequently, the amino-groups of chitosan were
activated with 30 ml glutardialdehyde (50 % (v/v)) for
16 hat4 °C.

After removing non reacted glutardialdehyde by a
washing step LentiKats® were incubated with (R)-
oxynitrilase (purchased from ASA Spezialenzym
GmbH, Braunschweig; specific activity: 51 U/mg pro-
tein; amount of protein: 14 mg/mL). At first different
amounts of enzyme (3.14-15.69 mg protein) were
dissolved in 8 ml of phosphate buffer (200 mM, pH
7). In a subsequent step, 2 g LentiKats® were added
at the current enzyme solution. In this step, the en-
zyme molecules diffused into the hydrogel matrix and
were covalently bound. The concept of this immobili-
sation method is shown in Figure 2.

2.1 Activity of the immobilised enzyme

To 400 ml of a solution of 0.1 mM benzaldehyde
in citrate buffer (50 mM pH 3.75), 0.5 g KCN were
added. After removing non covalently bound (R)-oxy-
nitrilase in a washing step 1, LentiKats® were added
to the reaction mixture. The reaction mixture was
stirred for 30 minutes at 20°C.

The conversion of benzaldehyde was analysed by
photometer (A = 250 nm) and the formation of (R)-
cyanohydrin was analysed by HPLC using a chiral
column (chiralpak® AD, Merk-Eurolab, Germany).
Analysis was done at 20°C (column) with hexan/2-
propanol (90/10 v/v) as the eluent at a flow rate of 1.0
ml/min.

3 Results and discussion

To check whether the enzyme had really diffused
into the hydrogel matrix and was covalently bound
inside the pre-activated LentiKats® we measured the
activity of washed LentiKats® for different concentra-
tions of the enzyme as well as of the supernatants in
relation to the activity of the free enzyme. The results
are collected in Table 1. As can be seen from Table 1,
the amount of bound activity was rather poor.

Table 1:
Activity of pre-activated LentiKats

®

incubated with differ-
ent concentrations of enzyme. LK: LentiKats®, pro: protein,
chi: chitosan, U: units)

Deployed Activity  Covalently Covalently
activity of 1g bonded bonded
(4 mL+1g LK), LK, protein, protein,
U u HEoro/8LK  M@prot/MEehi
80 1.37 27 0.54
100 1.39 27 0.54
133 1.42 28 0.56
200 1.59 31 0.62
400 1.59 31 0.62

Even a five-fold increase in enzyme concentration
(80 to 400 U in total) caused an enhancement of only
15% (27 to 31 U). To investigate whether this was
due to an insufficient diffusion of the enzyme into the
hydrogel, the activity of soaked LentiKats” was mea-
sured as depicted in Figure 4.

The graphs clearly show that a major amount of
the employed enzyme indeed diffuses into the hy-
drogel and that the poor results after washing are
based on an inadequate binding capacity of the acti-
vated chitosan particles.

4 Conclusion and Outlook

This study proves that the idea of pre-activated
LentiKats® is a viable method for enzyme immobili-
sation. However, further work has to focus on increas-
ing the binding capacity inside the hydrogel. Entrap-
ment of materials other than chitosan and other reac-
tive compounds other than the aldehyde groups, espe-
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cially nanoparticles with oxirane groups, will possibly
show better results.

100

80

D
o

activity [%]

N
o

20

free enzyme supernatant 1. batch 2. batch 3. batch

Figure 3:

Activity of free enzyme, supernatant and LentiKats®.
1.batch: without washing the LentiKats® before testing on
activity, 2. and 3. batch: with washing the LentiKats® before
testing on activity
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