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ABSTRACT
Silicone oilsweremicroencapsulated within polyamide (nylon)membranes cross-linked
with polyethylenimine. Solubility of oxygen within the silicone oils, whether
encapsulated or not, was approximately 6 mM, representing solubilities 20 fold higher
than that of oxygen in water. Assuming that the bioreactor volume consists of 10 to
20% microencapsulated silicone oil, this represents an enhancement of the oxygen
reservoir bya factorrangingfrom4to 7. Theuse of 20 %(v/v)microcapsule dispersions
also enabled a 4 to 5 times increase of volumetric oxygen transfer coefficient (k, a),
calculated on a per-litre aqueous phase basis, with or without the presencc of cells. The
improvement in oxygen transfer rates was due to the greatly increased specific surface
area in comparison to conventional bubble aeration. These oxygen transfer
enhancements were directly translatable into enhancements in overall productivity in
a culture of Gluconobacter suboxydans (ATCC 621). The production rate of
dihydroxyacetone was increased from 1.5 to 9 mM DHA/hr with the introduction of
20% of microcapsules in a batch fermentation and also from 6 to 8 mM DHA/hrina
fluidized bed fermentation. Thus, the oygen permeable polymeric membrane coating
the silicone oils asoxygen carrier should reduce thetoxic or inhibitory effects previously
observed in other oxygen carriers during use with live cells while providing an efficient
alternative to bioreactor oxygenation with shear sensitive cell systems, or in

fermentations with high oxygen requirements.



RESUME

Les huiles de silicones ont ete microencapsuler dans des membranes de polyamide
crosslinked avec du polyethylenimine. La solubilite de I'oxygene dans les huiles de silicone
encapsuler ou pas etait approximativement 6 mM, donnant une solubilite de 20 fois plus que
dansl’eau. Enassument que le volume du bio-reacteur consiste de 10a20% d’huiles de silicone
microencapsuler, ce qui donnerait une augmentation des reserves d’oxygene de 4 a 7 fois la
normal. L’utilization de dispersions microencapsuler de 20%(v/v) a permis d’avantage un
augmentation de 4 a 5 fois du coefficient de transfer volumetric d’oxygene (k, a) calculer pour
un volume d’un litre de phase aqueuse avec ou sans la presences ¢ = cellules. L’amilioration du
taux de transfer d’oxygene etait due a la grande augmentation de la superficie specifique
comparer a la methode conventionelle d’airation directe. Cesameliorations entaux de transfer
d’oxygene se transmettent airectement en une amelioration de productivite dans une culture
de Giluconobacter oxydans (ATCC 621) 1l serait suggerer que le revetement de membrane
polymeric des huiles desilicone agisant comme transporteurd’oxygene devrait reduire les effets
toxic ou inhibitoire observer auparavant en utilisant des cellules vivantes donnant un
alternative efficase a I'oxigenation due bio-reacteur avec des systemes cellulaires sensible, ou

dans des fermentations requerant de grands nivaux d’oxygene.
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1.0 INTRODUCTION

In industrial fermentation technology, the rate of oxygen supply to submerged
1aicrobial cells has long been recognized as a major limiting factor. This occurs when
the oxygen supply rate to the aqueous phase cannot match the overall oxygen
consumption rate under equilibrium conditions causing theamount of dissolved oxygen
to fall below the critical concentration needed for the microorganisms to maintain
metabolic activities. In conventional bubble aerated bioreactors, low oxygen solubility
(0.28 mM at 20°C) combined with slow oxygen transfer rates often results in poor
growth of microbial cells or poor yield of fermentation products.

Various techniques areused inconventional aerobic fermentation technology to
improve the rate of oxygen transfer from the gas phase into the liquid medium, such as,
increasing the agitation speed and the amount of aeration, raising the partial pressure
of oxygen in the gas phase, or improving the shape of the fermentation vessel. These
techniques are oftencostly and vigorous mixing creates high shear stresses incompatible
with the culture of fragile cells.

Other methods have been reported to achieve good oxygen supply to microbial
cells. One approach was to generate oxygen in stz using a hydrogen peroxide /catalase
system'™"’, or by adding hydrogen peroxide to the medium and using an organism with

a high natural catalase activity”. However, hydrogen peroxide is toxic and results in



-

a reduction in growth at high cell densities " .

Another approach was to replace oxygen by another electron acceptor such as
p-benzoquinone® *. The reaction rate was four times higher compared to when oxygen
was used. However, the drawback of this technique is that not all organmisms are able
to use p-benzogquinone as an oxygen substitute and toxic effects were observed over the
long term. Adlercreutz et a/. observed that productivity decreased from 60 to 10
mmol/h.g in a 8-day period when using Gluconobacter oxyd:ins and p-benzoguinone
for the oxidation of glycerol to dihydroxyacetone”.

A biological approach has also been reported involving the generation of oxygen
in situ. Adlercreutz et al. reported that Gluconobacter oxydans, co-immobilized with
the oxygen-producing algae, Chlorella pyrenoidosa, is 5.4 times more effective in the
production of dihydroxyacetone than when in pure culture. However, the oxygen
production is limited and co-immobilization may cause inhibition or coinpetition for
the substrate’.

Yet another novel method reported is cloning and expression of hemoglobin into
the host system for enhancing the utilization of oxygen. However, this technique can
only be applied to a limited sumber of biological systems.

Finally, oxygen supply may be enhanced by the introduction of oxygen carriers,

compounds with high oxygen solubility, into the aqueous medium. Oxygen carriers
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include hemoglobin®, perfluorocarbon chemicals (PFC’s)"™'® andlow viscosity silicone
oils'"**. Hemoglobin has limited application since it is not stable in fermentation
medium. It is oxidized to met-hemoglobin concomitant with a loss in oxygen
absorption capacity’. Moreover, the growth rate of E. colfis inhibited by emulsified
perfluorocarbons and the emulsifiers as dispersants. Chandler et al. "% showed that
emulsion from proprietary formulation, Fluosol-DA (20%), and also a combination of
the Pluronic F-68 surfactant and yolk phospholipid emulsion stabilizer inhibited the
growth of E. coli. Yeast growth isalso inhibited by Fluosol stem emulsion and pluronic
alone. Furthermore, electron microscopic examination of yeast cell thin sections,
following culture in perfluorodecalin emulsion revealed cytoplasmic vacuolation and
other ultrastructural perturbations’. Lowe et a/.*® showed that some PFC’s led to
inhibition of growth and other negative effects to many mammalian cells. Junker and
Wang* also found that the initial cell density from a uniform inoculum decreased at
high PFCvolume fractions due toincreased cell adsorption at the water-PFC interface.

Silicone oils have been used to supply oxygen to liquid medium. Chibata efal''
observed that silicone oil has at least twice the oxygen solubility of perfluorocarbon
liquids. For example, oxygen solubility (at 25°C) for perfluorotributylamine (FC-43)
is 39 ml of oxygen dissolved in 100 ml liq., and for perfluoro-1-methyldecaline is 43 mV/

100 ml liq.; whereas for silicone oil (Dow Corning 200 fluid - 1 cs), the oxygen solubility
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is 100 ml/ 100 ml lig. (25 °C). Moreover, Leonhardt et al. reported that the L-amino

acid oxidase activity of immobilized cells was increased by a factor of four in the
presence of silicone emulsion*.

Oxygen carriers seem to enhance the fermentation performance. However, in
most cases, after prolonged contact with oxygen carriers, the fermentation system
became unstable due to loss of activity of the microbial cells '°, toxicity of the oxygen
carriers >*, or the increased cell adsorption at the water-oil interface .

Previous problems with the use of oxygen carriers immiscible in the aqueous
phase, led to the notion of encapsulating the oxygen carriers within ultra-thin oxygen-
permeable membranes such as polyamide films, eliminating direct contact between the
liquid medium and the oxygen carriers. Pcrcelet et a/. reported that silicone oils were
successfully encapsulated by semi-permeable nylon membranes, and under certain
conditions, the oxygen reservoir in water containing 10 to 20 % microcapsuies was
enhanced by a factor ranging from four to seven ™.

The aim of this project was to examine the enhancement of oxygen transfer due
to microencapsulated silicone oils during aerobic fermentation. Determination of
oxygen solubility and transfer rate from microcapsules, and evaluation of fermentation

productivity usingmicroencapsulated oxygen carriers in different types of fermentation

systems are described.



2.0 BACKGROUND

2.1 Microencapsulation

Microencapsulation is an immobilization technique whereby small discrete solid
particles or liquid droplets are enclosed within an intact shell of natural or synthetic
polymers. The microcapsules are typically spherical with diameters ranging from 5 pm
to 1000 pum. However, this range may be extended from | pm up to 5000 pm in
diameter”™.

The concept of microencapsulation originated in the 1960’s. Early work of
microencapsulation involved the formation of impermeable membranes. One of the
first industrial uses was the coating of paper with encapsulated ink to produce
carbonless copy paper in 1953. Other applications include "microfragrance” for
advertising and publicity, controlling the rate of drug release in the pharmaceutical
industry, and the introduction of flavors and aromas in the food industry. After the
development of semi-permeable membranes, applications were developed in medicine
as detoxicants or artificial cells, in agriculture for slow release of fertilizers, and in the

textile and printing industry as dye precursors.



2.2 Oxygen Transfer Rate Measurement

Inorder tomaintain metabolicactivities of microbial cells, the oxygen supply rate
mustmatch the overalloxygenconsumption rate underequilibrium conditions. Oxygen
supply requires transferring oxygen through gas-liquid contacting, followed by
transporting dissolved oxygen to respiring microorganisms. With adequate agitation,
the gas-to-liquid oxygen transfer resistance often controls the overall oxygen supply rate
in fermentations without microbial aggregates or pellets. The oxygen transfer rate,

OTR, is usually expressed as follows:

OTR =k a(C -C) (1)

where k, = liquid phase oxygen transfer coefficient, cm/s
a = interfacial area per unit volume of dispersion, cm’/cm’
C’ = saturation concentration of dissolved oxygen at bubble surface, mol/L

C, = bulk concentration of dissolved oxygen, mol/L
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For perfectly mixed vessels, the saturation concentration, C‘, is in equilibrium with the

oxygen partial pressure of the exhaust gas, i.e.,

C'=Hp, )

where p, = oxygen partial pressure of the exhaust gas,
H = Henry Law constant of the fermentation medium (mol/l-atm).
The Henry Law constant can be either measured directly or calculated on the basis of

chemical composition of the fluid. Similarly, the bulk concentration, C,, corresponds

to p,, the average oxygen partial pressure in the fermenter:

C,=Hp ®3)

In practice, p, can be measured directly with a dissolved oxygen probe. Thus, equation

(1) can be transformed to:

OTR =k,aH (p,- p) 4)



In theory, the maximum theoretical driving force is achieved when p, = 0,

OTR =k;aH(p,) (%)

Thus, the oxygen supply rate is strongly influenced by oxygen solubility in the
fermentation medium (C, < 0.3 mM or 10 mg/L for typical fermentation medium).
Both k; and a can be affected in several ways. Among the most important
variables are power consumption, gas superficial velocity, and liquid phase properties
such as ionic strength, surface tension and viscosity.
In fermentation, the oxygen balance can be described by eq. (1) with the addition

of one term to account for the oxygen consumption by the culture:

dC,/dt = ka(C - C) - QX (6)

where Q,; = specific rate of Oxygen consumption (mole/g/hr)

X = biomass concentration (g/1)
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k,a can be obtained from equation (6) either in dynamic or steady-state

conditions. In the latter case, dC,/dt =0, and

k,a=Q,, X/(C"-C) (7

Another method todetermine k, aisin the unsteady state. Rearranging equation

(6) gives:

C, = (-1/k a)(dC,/dt + Q,, X) + C’ 8)

A plot of C, vs dC,/dt + Q,, X will have a slope of -1/k; a and y-intercept of C.

2.2.1 k, a Measurement Methods

The k,a can be measured by various methods:
Direct Measurement. The most reliable method available simply measures the
oxygen absorption directly. Instrumentation for this technique includes a

gaseous oxygen analyzer, flow meters, pressure gauges and temperature



10

measuring devices. A material balance around the system will yield the oxygen
transfer rate.
Dynamic Method. This method makes use of non-steady state oxygen transfer
conditions, where dC,/dt # 0. The underlying principle is that after a given
liquid has been deoxygenated by purging with an inert gas (e.g. nitrogen), the
re-oxygenation profile is monitored by an oxygen electrode probe following re-
introduction of air.
Sodium Sulphite Oxidation. This technique is based on the oxidation of sodium
sulphite in the presence of a catalyst:
Co” or Cu™

Na, SO, + 0.5 O, ---------- > Na,SO,
The reaction is very fast as compared with the physical dissolution of oxygen,
and therefore C, = 0 as oxygen is reduced as soon as it transfers into solution.
The rate of SO32' oxidation, measured by withdrawing samples at various times
and titrating the unreacted 8032' with iodine, is assumed to represent the rate
of oxygen transfer. The major limitation to this technique is that it cannot

simulate an actual fermentation in the absence of cells.
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2.3 Background of the Microorganism
The strain, Gluconobacter oxydans subsp. suboxydans, was obtained from the

American Type Culture Collection (ATCC 621).

H,COH H,GOH
| G.oxydans |
H—(|30H+ {2 O2 9-0 + H,0
H,COH H,COH
Glycorol Dihydroxyacelone

Figure 1. Oxidation of Glycerol to Dihydroxyacetone (DHA)

Bioconversion of glycerol to dihydroxyacetone is used for industrial DHA
production for pharmaceutical purposes and chemical synthesis. G. suboxydans has
two pathways forming DHA-3-phosphate from glycerol®:

1) direct oxidation of glycerol to DHA by a NAD-independent

membrane-linked glycerol dehydrogenase, which is optimal at pH 6.0.

The DHA can be eventually phosphorylated by a kinase;
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2) conversion of glycerol into glycerol-3-phosphate by a kinase and
then oxidation to DHA-3-phosphate by a NAD-dependent

dehydrogenase. The optimal pH of this reaction is 8.5.

Dihydroxyacetone

BIOMASS
( / \ /

GLYCEROL Dihydroxyacetone- ——=s Pentoses cycle

3-phosphate \
( 2)\ / ENERGY

Glycerol-3-phosphate

Figure 2. Mctabolism of glycerol in Goxydans. (1) Principal pathway at pH 6 lcading to DHA
accumulation in the culture batch. (2) Pathway leading to biomass synthesis from glycerol as source

of carbon and energy.

The DHA-3-P can be used later for biomass and energy synthesis by the pentose
phosphate pathway. DHA is usually produced by the non-phosphorylation oxidative
pathway more quickly than it is consumed causing an accumulation of DHA in the

fermentation medium.
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3.0 MATERIALS AND METHODS

3.1 Microencapsulation of Silicone Oils

Nylon membranes were formed by interfacial polymerization around an
emulsified organic phase containing silicone oils (Dow Corning 200 Fluid -- 10¢s). The
silicone oil containing 45 mM sebacoyl! chloride (Aldrich) was dispersed within an
aqueous phase with the aid of 2% (v/v) emulsifier (Dow Corning 190 Fluid), and 0.2 M
sodium bicarbonate as a buffer. Emulsification was performed in a 250 ml vessel
(internal diameter 55 mm) with four S mm baffles using a 70 mm long sheet-lattice type
impeller for mixing. The emulsion was mixed at 450 rpm for 2 mins. Polymerization
was initiated at the droplet interface by the addition of a diamine solution which
consists of 0.6 M 1,6-hexanediamine, and 2 % (w/v) polyethyleneimine tocross-link the
membrane. The pH of the diamine solution was adjusted to 10.0 by addition of 1 N
HCl before adding to the mixture. The volume of organic, aqueous and amine phase
were 20, 80 and 20 ml (ratio 1:4:1) respectively. After 3 mins reaction time, the
microcapsules were centrifuged, washed with distilled water, filtered, and suspended in
distilled water for storage.

A simplified procedure is shown in figure 3.
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Microencapsulation of Silicone Qils

\/
/
04 M

Silicone Qil Diamine Solution
+ Dichloride +2 w/v% P.E.L
(45 mM)

Water + Emulsifier * N32003

1) Emulsify Silicone Qil/Dichloride in Water
Aided by an Emulsifier for 2 mins

2) Initiate Reaction by adding Diamine and
Polyethyleneimine

3) After 3 mins Reaction, Wash and Filter
the Microcapsules

Figure 3. Procedure for Mic-ocncapsulation of Siliconce oils

Emulsification was carried out in a 250 ml vessel (55 mm internal diameter) for
small scale microencapsulation and a 2-litre vessel for larger quantities. The volume
ratio of organic, aqueous and amine phase was 1:4:1. The emulsification time, reaction

time and the rotational speed of the impeller were the same for both vessels.
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3.2 Microcapsule Size Distribution Analysis
Mean diameter and size distribution of the silicone oil microcapsules were
determined with a Malvern Sizer 2600Lc(Malvern Instruments, England). The particle
analyzer determined the volume distribution of the microcapsules and calculated an
average size based on a log normal distribution. The arithmetic standard deviation was

calculated from diameters at 16 and 84% of the cumulative distribution curves

[0, =(dgyy~d)))]-

3.3 Microcapsule Physical Properties

Microcapsules were evaluated microscopically to evaluate sphericity, fraction of
broken microcapsules and membrane strength. The membrane strength was evaluated
qualitatively by compression to rupture with micromanipulators. Microcapsules were
classified as very good (+++), good (++), satisfactory (+) and unsatisfactory (-) based

on the ease of rupture.

3.4 Oxygen Solubility and Partition
The reactor used for solubility measurements consisted of a closed cylindrical

polycarbonate vessel (380 ml). An oxygen probe (YSI model 5739) was fitted through
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a sealed port in the lid and reactants were injected through a second sealed port as

illustrated in figure 4.

|
/N =
D.O. probe
/
SOs D.O Analyzer
]
90 % water Chart Recorder
10 % O,Carriers

Figure 4. Oxygen Solubility and Partition Measurement

The oxygen solubility of silicone oil was determined in a two phase mixture of
silicone/water (1/9 volume ratio). The probe was adjusted to measure oxygen tension
in theaqueous phase with the two-phase mixture filling the entire volume of the reactor.
After equilibration with air, sodium sulphite was added to the aqueous phase as an
oxygen sink together with 0.1 mM cobalt sulphate catalyst. The concentration of
oxygenin the water phase was recorded at equilibrium following incremental additions

of sulphite. Solubility and partitioning of oxygen was computed as described below.
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A concentrated sulphite solution was prepared just prior to use to minimize air
oxidation. Inallexperiments, the volume of sulphite solution added was less than 0.1%
of the reactor volume and its effect on the suspension volume was neglected. The
polymeric microcapsule membranes contain a number of amine groups and behave like
a base. Thus, the suspended microcapsules in distilled water were neutralized toensure
rapid oxidation of sulphite.

A similar procedure was followed to determine the oxygen solubility of
microencapsulated silicone within water suspension (1/9 volume ratio). The volume of

microcapsules was determined from the mass assuming a similar density to silicone oil.

3.4.1 Modelling of Oxygen Solubility and Partition

Sulphite is oxidized by oxygen according to:

2Na,SO, + O, --memeees > 2 Na,SO,

The sulphite oxidized, S, expressed in equivalent mol of oxygen reduced, is given
by:

$=1/2[S0,"]V, 9
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where V_ is the volume of sulphite added. The mass balance of oxygen before and

after addition of sulphite may be written:

{[02]cvc + [Ozlwvw}l = {[OZ]cvc + [Ozlwvw}f + S (lO)

where subscript w and c refer to the water and the oxygen organic carrier phase
respectively, and i and f deiine initial and final state. Assuming a constant
concentration ratio of oxygen between the water and organic phases, the partition

constant, K, is defined by:

K= { [02]c/ [OZ]w } atequilibrium (l l)

Combining equations (10) and (11):

[0,],, (KV,+V,)=[0,](KV,+V)+S (12)

and by grouping oxygen terms ( a [O,], = [O,),; - [O,),p:

2[0,), (KV.+V,)=S (13
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The oxygen partition constant may be computed using equation (13), from the
decrease in oxygen concentration, a [O,], following the addition of sulphite, S. For
greater accuracy, the oxygen concentration, [O,],, was plotted as a function of the
added sulphite, S. The slope, m, isequal to KV_+ V_ andthe partition constant is

then calculated by:

K=(m-V,)/V, (14)

Expressing the oxygen solubility as a partition constant is useful because it is
insensitive to temperature and oxygen pressure. Knowing the oxygen solubility in
water, the corresponding solubility in the oxygen carrier may be computed with
Equation (11). Dividing the solubility by the oxygen pressure leads to the Henry’s
constant, another method of defining oxygen solubility independently of the

oxygen pressure.
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3.5 Oxygen Transfer Determination
3.5.1 k,a Measurements Using Dynamic Methods

In this study, the dynamic method was used. This method makes use of the
non-steady state oxygen transfer conditions, where dC,/dt # 0. After the given
liquid had been deoxygenated, the dissolved oxygen concentration profile was
monitored by means of an oxygen electrode following the re-introduction of air.
The oxygen transfer coefficient was calculated with the aid of an appropriate
mathematical model.

The removal of dissolved oxygen in the model system, i.e. without respiring
microorganisms, required spargingwithanoxygen-free gas, e.g. nitrogen gas, while
in an active culture it was sufficient to discontinue the oxygen supply by stopping
the aeration. When the desired agitation-aeration conditions were resumed, the

oxygen concentration, C,, started incicasing at a rate,

dC, /dt=k,a(C - C)- Q,, X (6)
where C, =D.O. concentration at bulk liquid
C’ = D.O. concentration in equilibrium with gas phase

Q,, X = Oxygen uptake rate of microorganisms.
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During the aeration phase, C, increased with time until a steady state C' was

reached. The above equation could be rearranged as:

C, = C - (I/k,a)dC, /dt + Qp, X) (15)

from which the k, a value was determined from the slope of D.O. concentration
(C,) in function of (dC, /dt + Qg,).

In the model system with no oxygen consumption, the last term of eq. (6)
became zero. After integration in the range C,, to C, and t, to t using the

assumption of constant k, a and C yielded:
k.a = [1/(t-t)] In[(C - C H)(C - CD ] (16)
where C,,= D.O. concentration att= 0.

Plotting the argument of the logarithm versus time on semi-log paper

allowed the evaluation of k; a as the slope of the fitted straight line.
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However, the accuracy of the dynamic method may be influenced by the
delayed response of the oxygen electrode signal due to oxygen diffusion through

the membrane®.

3.5.2 Oxygen Probe Response

When using the dynamic kla measurement, it is necessary to ensure that it
is the response of the system that is being measured and not that of the dissolved
oxygen probe. Thus, the probe gives the correct concentration when the probe
response is much faster than the process response. This occurs when the time
constant of the probe ismuch less than the time constant of the process, i.e. T, <<
(1/k a).

The method used to determine response time of the probe was to utilize two
vessels, one with air saturated, and the other with nitrogen saturated water. After
the probe had reached a stable reading in one vessel, it was quickly transferred to
the other and the dynamic response was monitored until it reached a new steady
state. The time constant of the probe was determined as the time to reach 63.2%

of the new steady state value.
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3.5.3 Instrumentation

All k,a measurements were performed in a 2-litre glass bench-top
fermenter. The working volume was | to 1.5 litres at ambient pressure. The
reactor has an inner diameter of 15 cm,a height of 30 cm and was equipped with
a vertical agitator shaft turning three (or two) sets of impeller blades mounted
along the shaft. Gases were introduced with a sparger placed beneath the
impellers. Four vertically mounted baffles along the sides of the reactor enhanced
the mixing.

The agitator was powered by a variable speed motor (0 to 850 rpm). The
impeller speed was measured by a tachometer (Cole Parmer).

The aeration rates were measured with arotameter at the inlet. The air flow
was measured in litre per minute and could be varied from 0.1 to 2 litre per min,

Dissolved oxygen was measured with an Ingold permeable membrane probe
and a Cole Parmer 0197100 digital D.O. meter giving readings asmg/L. The probe
was installed near the side wall in the bottom half of the vessel. The D.O. probe

was calibrated and tested before insertion into the vessel.
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3.5.4 Experimental Design

3.5.4.1 Agitation-Aeration System

The experimental design consistec of six aeration rates (0.05, 0.1, 0.16,
0.2, 0.28, 0.48 vvm) com’ .red at steady agitation (500 rpm) using 0 or 20 %
(v/v) of microencapsulated silicone oils. Moreover, three agitation rates (225,
500, 725 rpm) were compared at steady aeration rates (0.3 vvm)in the absence
or presence (20% v/v) of microcapsules. The microcapsules were saturated with
air and then introduced into the deoxygenated aqueous phase.

All the k;a experiments were carried out with 1.0 litre of water in the
vessel. Therefore, | LPM of air flow rate corresponded to one volume per
volume per minute (vvm). The air flow rate and the experimental value of k  a
were referred tothe aqueous volume without taking into account the volume of

microcapsules.

3.5.4.2 Non-aeration System
Similar procedures as above were followed except without aeration.

Therefore, the deoxygenated aqueous phase was re-aerated solely by the
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microcapsules. Five volume fractions (10, 15, 20, 25, 30%) of microcapsules

were compared at constant agitation rate of 500 rpm.

3.6 Fermentation
3.6.1 Rehydration of Bacteria

The strain used in the fermentation experiments was Gluconobacter oxydans
subsp. suboxydans. It was obtained from American Type Culture Collection
designated as ATCC 621.

Lyophilized cultures were stored at -18°C. Rehydrated cells (0.1 gdry wt
/100 ml medium) were cultured in liquid medium for 24 hours at 28 to 30°C. The

medium was sterilized for 30 minutes at 121°C prior to use.
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3.6.2 Cultivation of Bacteria

The stock culture was maintained on sterilized agar slants at 4 °C of the

following composition (in g/l):

glycerol 50
yeast extract 5

peptone 3

NH,C] 0.8
Na,HPO, .2H,0 0.6
KH,PO, 0.4
MgSO, .7TH,0 0.2
Agar 20

' (CaCl, 1.1)

Glycerol was the main carbon source and the yeast extract was provided as
nitrogen source. The culture was reinoculated on new agar slants every month.
Liquid growth medium had the same composition, except agar was not added. In
some of the experiments where cells were immobilized in Ca-alginate beads, 10mM

CaCl, were added to the medium in order to stabilize the beads.



3.6.3 Estimation of Biomass Concentration

Optical Density (O.D.) was measured at 600 nm with a Varian Cary UV-
visible spectrophotometer. Millipore water was used as blank. It was found that
one O.D. unit corresponds to 706 mg litre"' dry weight. A standard curve for cell

density was plotted and the relationship is as follows:

Cell Density (g/L) = (Absorbence - 0.02575) / 1.38 17

The biomass concentrations were also measured by the dry weight of the
samples of the fermentation brotn. After centrifuging 20 ml of cell suspension at
6000 rpm for 25 minutes, the pellets obtained were washed with Millipore water

and dried over-night at 105 °C to a constant weight.

3.6.4 Quantification of Dihydroxyacetone

In the presence of oxygen, Gluconobacter suboxydans is able to convert
glycerol to dihydroxyacetone (DHA). The amount of DHA produced is used as
an indicator of the oxygen supply in the preparation. Quantification of DHA was
performed with the DNS-method of Miller et a/*’ which had been modified by
Aldercreutz and Mattiasson®. DHA was oxidized by dinitrosalicylic acid and a

coloured complex wasformed. One ml of the sample was mixed with 1 ml of DNS-
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reagent and 5 ml of Millipore water. The absorbence was measured with a Varian
Cary spectrophotometer at 575 nm. The standard curve of DHA was plotted and

the relationship was found to be:

[DHA] (mM) = Absorbance / 0.088824 (18)

3.6.5 Batch Fermentation

3.6.5.1 Inoculum

Gluconobacter oxydans from the agar slants was incubated in 500 mi
Erlenmeyer flasks containing 150 ml culture medium, on a rotary shaker (220
rpm) at 28°C. After 24 hrs, 50 ml of the medium was transferred to 1 50 ml fresh
medium and shaken for 24 hrs. This culture was used as the inoculum for a 2-
litre batch fermenter. The medium used to prepare the inoculum was the same
as that used for the fermentation. The medium in the 2-litre fermenter was

inoculated with 10 % (v/v) inoculum.

3.6.5.2 Batch Fermentation Conditions
The batch fermentation of Gluconobacter oxydans was carried out at
28°C, 1 atm, and pH 6.0 in defined minimal media as described above in

microcapsule-in-water dispersions overmicrocapsulevolume fractions between
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0 and 20% (v/v). Fermentation was performed in a 2-L fermenter of 1.3 litre
working volume. The agitation and aeration rates were 450 rpm and 0.3 vvm
respectively. All equipment and liquid media were sterilized in the autoclave
(121°C and 2 atm for 25 mins) before inoculation. The inlet and exhaust air
was sterilized by passing through a packed fiber-glass filter.

The dissolved oxygen concentration was monitored by an Ingold
sterilizable D.O. probe connected to a Cole Parmer digital D.O. analyzer. The
temperature control was achieved by a solid state controller with a thermowell

mounted thermistor sensor and a heater element.

3.6.6 Fluidized Bed Fermentation

3.6.6.1 Immobilization of Cells

3.6 g of sodium alginate was dissolved in 100 ml of distilled water with
the aid of a homogenizer. The alginate solution (3.6% w/w) was then sterilized
in an autoclave (121°C and 2 atm) for 15mins. A cell suspension of known cell
density in the culture medium was mixed with an equal volume of 3.6% (w/w)
sodium alginate. The finalalginate concentration was 1.8% (w/w). The mixture
was pumped through a sterile hypodermic needle (0.9 mm I.D.) and dropped

10 cm, into a 0.1 M pre-sterilized CaCl, solution. The Ca-alginate gel beads
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containing cells, were stabilized in the CaCl, solution for an hour. The beads
were then filtered off and stored in the pre-sterilized peptone water containing
10 mM CaCl, at4°C until use. The density of the Ca-alginate gel beads was
1027 kg/m’ (ref. 5) and the mean diameter was about 0.2cm. The cell density

in the beads was 35 mg cell (dry weight) per g wet gel.

3.6.6.2 Experimental Set-up

The reactor was constructed of transparent arcylic glass with an inner
diameter of 3.8 cmand a height of 16 cm. Both ends of the reactor were sealed
with stainless steel mesh screen of pore size 0.12 X 0.12 cm. The purpose of the
mesh screen was to ensure the Ca-alginate gel beads stay in the reactor while
allowing the microencapsulated silicone oil (mean diameter = 100pum) frec
passage.

The culture medium containing 50 mM glycerol as substrate for the
bacteria, and 10mM CaCl, to stabilize the Ca-alginate gel beads, was pumped
from the bottom of the reactor. The effluent then entered the aeration section
through a shower head for enhancing oxygen transfer surface area. The
aeration section has an inner diameter of 3.8 cm and a height of 20cm, in which

9 cm was the liquid level and 11 cm was the head space. Sterile air was
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introduced into the liquid level of the aeration section and purged from the top.
The culture medium containing pre-dissolved oxygen was recirculated into the
reactor. The totalliquid volume in the fluidized bed fermenter was 400 ml. The
liquid flow rate was 100m}/min and the air flow rate was 0.35 LPM. The
dissolved oxygen concentration was measured by the oxygen probes which were

placed in both the inlet and outlet of the reactor.

Fiuidized Bed Fermentation

mesh
(1 mm)

immobolized
cells (2 mm)

AlR

Figure 5. Fluidized Bed Fermentation Set-up
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The test conditions for polyamide membrane formation via interfacial

polymerization are presented in table 1.

Reagent or Conditions

Details Class’

Noteg

icrocapsulc classification: +++ very go

>3 min ++
a,++ ;oa'a, + ulullclory,- poor

Table 1. Test Conditions for Nylon Membrane Formation

Dichloride:
Trephthaloyl 0.04 - 0.1 M - No capsules formed
Trimesoyl 0.04 - 0.1 M - No capsules
Sebacoyl < 0.05M ++4
> 0.05 M ++ Water entrainment
Silicone 0Olls 1 cs +++ Volatile, expensive
5, 10 50 cs ++
Hexancdiamine 0.1 - 0.2 M ++ Not very strong
0.4 -0.6M ++ Not very strong
+ Polyethylenimine 2 % (v/v) +4++ Very strong
Aqueous solution pH pH 8 + Il
pH 9 ++
pH 10 +++
pH 11 ++
Phase volume ratio 1:4 +4+4
(organic.aqueous) 1:3 ++
1:2.5 ++
I
Turbine: Sheet ++
Frame +4++
Turbane Speed 250 rpm + Poor emulsion
300~400 rpm ++
450 rpm +++
>450 rpm ++
Surfactants:Tween 20 1 to 5%(v/v) -
Tween 80 1 to 5%(v/v) -
Pluronic acid -
Dow 190 1 to 10%(v/v) +++ Good emulsion
Emulsion Time 1 min +
1.5 min ++
2 min +++ F
2.5 min ++ 1
Reaction Time 2 min +
2.5 min ++
3 min +4+
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Low viscosity (1 cs) silicone resulted in stronger microcapsules, and the acid
dichloride was not completely soluble in high viscosity silicone (50 cs). Using 40-100
mM trephthaloyl and trimesoyl chloride as oil soluble reactants resulted in reduced
yields. Sebacoyl chloride promoted strong membranes at an optimum concentration
of 45 to 50 mM. At higher concentrations, microcapsules were less stable or were
irregularly shaped.

Different concentrations of hexanediamine, with or without the addition of
branched polyethylenimine (PEI) ascross-linker, weretested. Intact microcapsules with
stronger membranes were obtained using 0.4 M hexanediamine aqueous solution and
cross-linked with 2% (v/v) PEI solution. The microcapsule suspension was autoclaved
for 20 mins at 121°C and 1 atm without breakage or change in physical properties.
Thus, the microcapsules are heat-stable and able to withstand sterilization conditions.

The pH of the aqueous solution did not appear to strongly influence
polymerization. However, best results were obtained with pH 10.

Of the four surfactants tested, only Dow 190 promoted good emulsification. The
concentration of surfactant affected the mean size of the preparation as will be shown
but not the appearance. Intact microcapsules were obtained at all rotational speeds
tested with a turbine impeller, however stronger microcapsules with the lowest broken

fraction were obtained at 450 rpm when using a frame lattice mixer.



o

35
Emulsification and reaction time are optimum at 2 and 3 minutes respectively.

The volume ratio of silicone was maintained less than 20% of the emulsion volume.

4.2 Microcapsule Size Distribution
According to Poncelet eral ”, the silicone microcapsule preparations resulted in

broad size distributions using a 150-ml vessel (50 mm internal diameter) and a 45X 10
mm sheet mixer. The mean size varied between 100+35 and 300+141 wm.

In this study, the vessel was slightly modified. It was mounted with four
vertical baffles along the sides and the sheet lattice mixer was longer (70 X 10 mm).
The mean size of the microcapsules obtained varied between 50+34 .im and 200485 Lam
due to the enhanced mixing in the baffled reactor.

The mean diameter of the microcapsule preparation decreased from 150 to
50 xm as the surfactant concentration increased from 1 to 10% (v/v) during

emulsification. The distribution curves are shown in figure 6.
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Figure 7. Impact of Surfactant Concentration on Microcapsulec Size Distribution

It was also possible to control the mean diameter by varying the turbine rotational
speed as illustrated in figure 8. The mean diameter ranged from 130 to 330 m when

the rpm was varied between 200 and 700.
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‘ Figurc 8. Effect of Turbine Rotational Speed on Mean Microcapsule Diameter

Other tested parameters (Table 1) had minimal impact on mean diameter.

No real dependence was observed between the standard deviation and the operating

conditions.



4.3 Oxygen solubility in silicone oils and other solvents
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Oxygen solubility and partition coefficient were determined using sulphite

as an oxygen sink. Values are tabulated (table 2) for silicones of varying viscosity, in

comparison to that of microencapsulated 10 cs silicone oil.

Silicone Oils

Micro-

capsules
Scs 10cs | S0 cs
54 5.8 B 53 6.01
19 20 18 24

Table 2. Oxygen Solubility and Partition at 25 °C

The solubility of oxygen in silicone oils,relative to that of water, was enhanced by

approximately 20 fold, including that of the microencapsulated form. Solubilities

ranged from 5.3 to 6.0 mM, with no correlation evident to the silicone viscosity. Asa

comparison, reported values of oxygen solubility in a variety of other solvents are listed

in table 3.



Compound

e

Hexane
Hexanedacane

Paraffin Oil

Perfluorodecalin

Perfluorocarbon
FC-40
FC-45
FC-75

Polydimethylsiloxane

Hemoglobin (350 g/1)

6.9
4.0

3.9
33

16.9

9.2
12.6

11.6
11.3
15.9
14.0

66.4

18

30
30

37

37
25

30
30
30
30

20

McMillan, 1987 ¥

Yoshida, 1970 ¥
McMillan, 1987 ¥

King, 1989

Leonhardt, 1985 %
Mattiason, 1987 ¢

McMillan, 1987 ¥
McMillan, 1987 ¢
McMillan, 1987 ¥
Leonhardt, 1985 %

Computed

#w

Tablc 3. Comparison of Partition Coeflicients of Different Oxygen Carriers

39

K I T (°C) | Reference I

30 McMillan, 1987 ¥

|

Partition coefficients range widely from 3.3 for paraffin oil to 16.9 for perfluorodecalin.

Oxygen solubility in the silicone oils is almost double that of the fluorocarbons FC-40

and FC-45 and 1.3 times higher than that of FC-75. Hemoglobin was estimated to bind

oxygen to levels of 66.4 times that of oxygen solubility in water.
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Figure 9. Oxygen Concentration in Function of Diffcrent Pressure for Certain Oxygen Carricrs

Oxygen concentration as a function of pressure is plotted in figure 9" fora
few materials including microencapsulated hemoglobin, and red blood cells. A linear
correlation was observed for silicone oil and fluorocarbon FX-80, while a
sigmoidal-typerelationship wasobserved representing oxygenbinding tored bloodcells

and microencapsulated hemoglovin.
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4.4 Mass Transfer of Oxygen From Microencapsulated Oxygen Carriers
4.4.1 Oxygen Electrode Response Time
Figure 10. shows the response of the Ingold dissolved oxygen electrode a
step change in D.O. concentration. The time constant for the probe was 10.5
seconds. As the probe membranes were repeatedly autoclaved, the response time
increased. For example, the response time was observed to be 16 seconds after 10
cycles of steam sterilization. It is recommended that the probe membranes be

replaced every 20 sterilization cycles to achieve a better probe response.

O%Olnu Satarahion
N /rl/".
63.2 %

60

Wit

20 F

° A1 1. 1 1 1 A

o [ 2 “" " " o 126 140
0.5 sec Time [se¢)

Figurc 10. Response Time of the Ingold Oxygen Electrode



4.4.2 Oxygen Electrode Dynamics

The response of the oxygen electrode was subject toa delay, mainly caused
by the oxygen diffusion through the electrolyte layer separating the inside surface
of the membrane from the surface of the cathode. This effect might greatly
influence the dynamic k, ameasurements, especially during high aeration capacity,
due to the fact that the rate of oxygen transfer from gas to liquid was comparable
with the rate of oxygen diffusion via the membrane to the cathode. Failure to take
into account of such oxygen electrode dynamic effects could cause errors in the
determination of k; a of up to 100%*

A graphical approach of the integrated form of eq.(1) was suggested by
Fujita and Hashimoto'’. By introducing a normalized variable - normalized probe

response, Y, into eq. (1):

Y,=(C"-C)/(C"-Cy) (19)

where C,, = D.O. concentration at t=0, and integrating, the following relation

was obtained,

Y, =exp(-kat) (20)
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Taking into account the probe dynamics, the probe response was expressed by the

first order lag function:

dY/dt=K (Y. -Y)=(Y,-Y)/T, 21)

where Y, = normalized oxygen concentration in liquid phase,
K p = probe constant (s ),
T, = probe time constant (s).

The initial conditions t=0, Y, = 1, Y, =1 yielded the following relation:

Y, =[K,exp(-k;at) - k;aexp(-K, t)] / (K, - k; a) (22)

Determination of k;a could be achieved either by non-linear regression
estimation techniques, or by the method of moments™. In this study, the latter was

used to modify the dynamic k,; a measurement in order to characterize the oxygen

electrode delay.
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The method of moments was based on area measurements on tlie

normalized electrode output versus time plot. Using the following equation:
l/kl_a:ac-as=f(l -Yp)dt-f(l-Yp')dt (23)

where «_was the area above the chart of the transient aeration experiment,
«_was the area above the recorder chart of the electrode step response
experiment (see figure 11). The final plot was composed of two curves. The first,
Yp', represented the electrode response to a step change in oxygen concentration,
while the second, Y, was the normalized trace of an actual aeration experiment.
The area between the two curves, obtained as a_ - a_, was the reciprocal of k a. An

example is shown in figure 11.
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' Figure 11. Determination of k,a by Method of Moments using a 1.5-litre vessel with no
respiring cells presence. The air flow rate was 0.15 vvm and the agitation rate was 550 rpm.
The k,a measured by the dynamic method was 64 br' and by the method of moments was 77

hr'.

4.4.3 k, a Mcasurements without Cells
4.4.3.1 Non-aerated system - k, a Measurement
In the absence of bubble aeration, the oxygen transfer coefficient, k; a,
for microencapsulated oxygen carriers-to-water using different microcapsule
volume fractions was measured by the dynamic method. As seen in figure 12,

‘ asthe volume fraction of the microcapsules was increased from 10%t030%, the
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k, a value increased from 125to 188 hr'. The0% on the graph represents the

oxygen transfer through surface aeration.

160
100

.T 1 1 1 1 1 1
0

§ " 15 20 ] $0 L}
Volume Porcent Microcapsules | %)

Figure 12. k,a Values versus Microcapsules Volume Fraction in Non-acrated System at
500 rpm Agitation Specd

4.4.3.2 Bubble Aerated System - k, a Measurement

In the bubble-aerated system, the air flow rate was varied from 0.05 vvm
to 0.48 vvm at 500 rpm, with and without microcapsules present. Figure 13
shows that for conventional bubble aeration, the k a values increased with the
air flow rate. In the presence of 20% (v/v) microencapsulated silicone oils, the

k, a values were enhanced following a similar trend.
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Figure 13. Variation of k,a with Air Flow Rate in the Presence of 20% silicone

microcapsules (O) or in the absence of microcapsules (0)

It can be seen that a high oxygen transfer coefficient (k; a = 180 hr')can
be achieved in the conventional bubbling system at 0.48 vvm air flow rate.
However, at highmixing and aeration, shear-sensitive cellsmay not tolerate the
shear. On the other hand, with 20% (v/v) microcapsule suspension, the same
oxygen transfer rate can be reached at 0.15 vvm of air or less than 1/3 that
required with air alone. Therefore, oxygen carriers reduce the cost of aeration
and the potential for cell damage due to the shear. The results alsoindicate that

at very low aeration (0.05 vvm) the k,a was increased by a factor of 5, due to
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poor oxygen transfer from bubbles, resulting in oxygenation from the
microcapsules dominating. The k;a value of 145 hr'' is similar to that of the
non-aerated system using 20% microcapsule suspension (figure. 12).

Figure 14 indicates that the oxygen transfer rate was also strongly
influenced by theagitation speed. The k, ameasurements were performed when
three agitation speeds (250, 500, 750 rpm) were compared at 0.3 vvm air flow
rate. As the rotational speed of the impeller increased, the oxygen transfer
coefficient alsoincreased. The presence of 20% (v/v)microencapsulated silicone

oil also enhanced the k;a values in a similar manner as the curve without

. microcapsules.

tle [hi'-1)
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200 |
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Figure 14. k,a in Function of Agitation Speed with 20% microcapsules (O) or with bubblc

. acration alone (0)
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4.4.4 k, a Measurements with Cells

k,a measurements were conducted to determine the oxygen transfer rate

during the exponent.al phase of fermentation.

Disselved Oxypon Concontralios [mg/iy
An 0f!
4

slopua“x

/
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Time (s0¢)

Figurc 15. Dissolved Oxygen Concentration Profik During dynamic k,a Measurement in 1.5L
Fermentation with Gluconobacter suboxydans, with 20% (O) and without ([J) microcapsules

present

The oxygen uptake rate, Q,,X, was determined from figure 15 to be 4.6 mmol
OyL/hr and the specific oxygen uptake coefficient, Q,, for Gluconobacter
suboxydansduring exponential phase was 19.3mmol O,/g drycell/hr. Therate of

change in D.O. concentration in the fermenter is given by:

. dC/dt = ka (C'-C)-Qy,X (6)
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Thus, from plot of D.O. concentration (C,) in function of (dC /dt + Q,,), the -
1/k,a can be determined from the slope. The k,a for the control fermentation
without microcapsules present was 34 hr'. In the presence of 20% (v/v)
microencapsulated silicone oil, the k;a was 135 hr'. Therefore, oxygen transfer
capacities were increased by a factor of 4 using 20% microencapsulated silicone
oils. These enhancements agreed with those obtained in the absence of cells

(figure 13).

4.5 Fermentation Results
4.5.1 Shake Flask Fermentation
Gluconobacter oxydanswas cultivated in standard medium containing
15%(v/v)silicone oil emulsion, or 15% (v/v) microencapsulated silicone oil. An
inoculated control contained medium only. The dihydroxyacetone production
rate of the shake flask cultures was monitored. Figure 16 indicates that both
the non-encapsulated and encapsulated silicone oils enhanced the production

rate by about 33% over that of the control culture.
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Figure 16. Shake Flask Fermentation with 15% silicone oil (a) and 15% microencapsulated
silicone oil (O) added. The control (O) experiment was conducted in the absence of oil.

4.5.2 Batch Fermentation

Figure 17. shows dissolved oxygen and DHA production rate profiles
during two 1.5-litre Gluconobacter oxydans batch fermentations. One was a
control fermentation with no microencapsulated silicone oils and the other
contained 20% (v/v) suspended microcapsules. Before the air was turned on at

1 hour, the production rate of dihydroxyacetone was zero. After air was
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supplied at 0.4 vvm after 1 hour, the production rate for both fermentations
increased to about 1 mM DHA/hr and remained constant between 2 and 8.5
hours. In the control fermentation, the production rate increased gradually to
1.8 mM DHA/hr between 8.5 to 15 hours. This increase was due to the
exponential phase which began at approximately 6 hours. It can be seen that
the D.O. concentrationalso decr ased drastically duringthe exponential phase.
As the cell density was increasing, the D.O. concentration approached zero
between 9 and 1 5hours corresponding with the onset of oxygen-limited growth.
During this period, the oxygen consumption rate exceeded the oxygen supply
rate and oxygen became the limiting nutrient. Therefore, the production rate
of DHA in the control fermentation increased only by 1.8 times during
exponential growth. This poor productivity was also due to low oxygen
transfer rate during exponential phase. The k a was measured to be 34 hr' (see

4.4.3).
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Figurc 17. Batch Fermentation of Gluconobacter suboxydans with (O) and without (00)
microencapsulated silicone oil in the culture medium. Rate of DHA production (fig. 17a)
and dissolved oxygen concentration profiles (fig. 17b) are plotted. Microcapsules were
added at 8.5 hour. 1.5-litre fermentations run at 0.3 vvm air and 450 rpm
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It was observed that the D.O. concentration remained at 30 to 40 %
saturation after the microencapsulated silicone oils (20 v/v %) were introduced
at 8.5 hours. Thus, the addition of microcapsules before oxygen became
limiting can avoid the oxygen limitation. Moreover, the k;a was measured to
be 134 hr' (see 4.4.3) after 20 % of microcapsules were introduced to the
fermentation broth. The four fold increase in oxygen transfer as well as the
avoidance of oxygen-limited growth resulted in the increase of production rate

of dihydroxyacetone from 1.5 to 9 mM DHA/hr.

4.5.3 Fluidized Bed Fermentation

In the fluidized bed fermentation, the microbial biomass was
immobilized in calcium alginate gel beads which were suspended in an upward
flow of nutrient medium. Theflow rate was adjusted such that the upward drag
of the liquid flow on the beads balanced the net weight of the beads. The
amount of alginate beads used in the fermentation was 22 g (wet weight) and
thuscontained 800mg(dry weight) of Gluconobactersuboxydans. Thealginate
beads were then effectively suspended and uniformly distributed in the liquid.
The top panel of figure 18 shows the dissolved oxygen profile at the reactor

effluent during a fluidized bed fermentation. Itis seen that the dissolved oxygen
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concentration was decreasing from saturation to almost 0% within 10 hours.
After 10 hours, the oxygen consumption rate was higher than the oxygen supply
rate, resulting in oxygen-limited growth. This ensuing period, between 10 and
12 hours, was characterized by the decreasing production rate of DHA shown
in figure 18b. To ascertain that oxygen was supplied to the immobilized cells,
a second oxygen electrode was placed at the feed of the reactor. The oxygen
concentration in the feed remained at 100% throughout the entire fermentation.

At 12 hours, 20% (v/v) of microencapsulated silicone oils were
introduced to the fermentation. It was observed that the microcapsules were
circulating freely in the reactor and the aeration section due to their small sizes
(between 50to 200pm). The dissolved oxygen concentration increased toabout
40% between 13 and 16 hours. The production rate of dihydroxyacetone also

increased from 6 to 8 mM DHA/hr after the addition of microcapsules.
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Figure 18 a) (top) Dissolved Oxygen Concentration versus Time in a Fluidized Bed Fermentation.
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5.0 DISCUSSION

5.1 Selection of an oxygen carrier.

It appears that oxygen carriers may be divided into two classes as a function of
the mechanism of oxygen fixation (figure 9). The oxygen concentration is directly
proportional to the oxygen pressure for solvents which absorb oxygen. In contrast,
chelation of oxygen by hemoglobin leads to a more complex relationship between
oxygen concentration and pressure. The binding of four oxygens on hemoglobin results
inastrong positive cooperative behavior leading to a sigmoidal oxygen saturation curve
(Figure 9).

The concentration of oxygen in oxygenated red blood cells is double that of air
and triple that of silicone at atmospheric pressure (Figure 9). Moreover, oxygen
released from hemoglobin solution is accomplished within a small range of oxygen
pressure. This oxygen binding/release behavior of hemoglobin may be of interest in the
oxygenation of bioreactors due to its high oxygen capacity, and ability to maintain a
constant oxygen pressure. However, hemoglobin is a chemically unstable molecule.
Oxidation of methemoglobin inhibits the release of oxygen. The hemoglobin
concentration is very high in red blood cells (around 300 g/1). Encapsulation of
hemoglobin has been successful only at lower concentrations (less than 100 g/).

Moreover, the nylon encapsulating membranes are .permeable to hemoglobin
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(unpublished data). Encapsulation itself denatures hemoglobin mainly by cross-linking
of hemoglobin to the membrane during its formation. Finally, the pressure of oxygen
during release is less than 4 kPa, too low for practical applications.

Air may be considered as a good oxygen carrier (9.2 mM at one atmosphere or
20 kPa of oxygen, Figure 8) but due to the low oxygen transfer capabilities only a small
part of this oxygen is really available to the cells in a typical bioreactor. Typical
response times for conventional bubble aeration range from 30s to [Smin (i.e. k,a =
4t0120hr'")®.

Oxygen is soluble at high levels (4 to 6 mM) in many organic solvents and
solvent-water oxygen exchange has proven to be faster than in air-water systems ' >*'.
Silicones and perfluorocarbons represent the highest affinity for oxygen, yet only one
third that of red blood cells in contact with air. However, when the oxygen pressure
exceeds 15 kPa, the oxygen concentration in red blood cells remains constant, but is
proportional to the oxygen pressure with silicone and other oxygen absorbents. If
economically feasible, use of pure oxygen would lead to a concentration of 30 mM in
silicone, higher than what may be expected from concentrated hemoglobin solutions.

It is also important for the oxygen carriers to carry other gases, for example,

carbon dioxide. This gas is often produced in aerobic bioprocesses and is inhibitory to

many organisms. Therefore, it would be ideal if the oxygen carriers can transfer the
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reaction-promoting gas to the reactor while absorbing the inhibitory gases.

Besides the high capacity for oxygen and the inhibitory gases, desirable
characteristics that werz sought when selecting suitable oxygen carriers included a low
toxicity to biological cells, stability for extended periods and low-volatility. Thecarrier
must either be water insoluble or have a high molecular weight, to maintain the
compound within the encapsulating membranes to facilitate recovery and recycle.

Based on these criteria, silicone oils and perfluorocarbon chemicals are the most
suitable oxygen carriers. However, for many engineering applications such as
oxygenation of potable water, or wastewaters in purification operations, low cost of the

material is a priority. Silicone oils (10 cs) are about 50 to 60% the cost of most PFC’s,

therefore, were selected in the present study.

5.2 Microencapsulation Of Oxygen Carriers

The low reactivity of silicone oils enables use of interfacial polymerization with
diamine and dichloride to form polyamide (nylon) membranes. Nylon membranes are
very thin (200nm)in comparison to other types of membranes such as collodion (3 um),
thus, enhancing oxygen transfer. The addition of a preformed branched polymer may
result in stronger membranes. In the present study, addition of 2% (v/v)

polyethylenimine to the diamine solution yields resistant membranes. Inorder tomake
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a process economical, recycle of the microcapsules is a key factor. Moreover, since
most of the fermentation processes are lengthy and the medium isconstantly under high
mixing, the strength of the membranes plays a very important role. These
microcapsules are proven to be shear resistant over time as well as steam autoclavable
without breakage. In addition, due to the low density of silicone oils, the microcapsules
can be easily recovered (e.g. flotation)

The use of 1 cs silicone resulted in stronger microcapsules, but due to its
volatility, slight water solubility and cost (ten times the cost of 10cs), 10 cs silicone was
preferred. To achieve a narrow size distribution, the discontinuous and continuous
phases during emulsification should havesimilar viscosities and densities. The different
characteristics of microcapsules with silicones of increasing viscosity may be related to

decreasing solubility of the acid dichloride.

5.3 Oxygenation Capacity by Microencapsulated Silicone Oils
5.3.1 Oxygenation Capacity by Microencapsulated Silicone Oils versus
Non-bubbling Systems
Oxygen solubility in silicone microcapsules is approximately 6 mM
compared to 0.3 mM for water (i.e. 20 times higher). Assuming that the

microcapsules represent 10 to 20% of the reactor volume, the oxygen reservoir is
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multiplied by a factor of 4 to 7 (Figure 19). If the microcapsules (20 %) were

re-generated with pure oxygen, the oxygen reservoir will increase by a factor of up

to 30 (Figure 19).

Relative 2 t of O Available in Bi :
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(sat. AIR) (sat. AIR) (sat. Oy ) reactor
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0.22 mmol 082 mmol 1.42 mmol 8.22 mmol

1 (3.7] [6.5] [28.3]
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*Assumption: Oxygen from hesdapace I8 not svallable to cells

Figurc 19. Relative amount of oxygen available to cells in bioreactor containing different

concentration of microencapsulated oxygen carrier

Bioreactors for shear sensitive cell cultures (mammalian anc plant cells) may
supply oxygen in the influent or the recirculation loop. The maximum oxygen

. concentration in the fluid is then limited to 0.3 mM (oxygen water saturation).
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Using a 10%v (or 20%v) microcapsule suspension as influent yields 0.9mM
(respectively 1.5 mM) in oxygen. Moreover, the flow of liquid and microcapsules
may be independent. By adjusting the density of the capsules, their residence time
in the reactor may be shorter than the residence time of the liquid. The
microcapsules may then be recirculated at higher concentration (up to 50%) while
maintaining their concentration at a low level in the reactor (around 20%). The
oxygen concentration in the high loaded microcapsule influent may then reach 3.3
mM to be compared with 0.3 mM for oxygen saturated water recirculation. If
pure oxygen is used for the microcapsule reaeration, the concentration of oxygen
may even be increased by a factor approaching 50. Taking into account this high
concentration, one may reduce the recirculation flow while increasing the oxygen
supply to the reactor, improving the efficiency of reaeration. The use of pure
oxygen may then become economically and technically feasible.

In this specific case, the performance that may be reached with encapsulated
oxygen carriers may be compared with that obtained with non-encapsulated

14 . . . .
. Using air for re-aeration, bioreactor performance was

oxygen carriers "
increased by a factor of 4to 5 . A similar performance may be expected when

using microcapsules but the encapsulation of the oxygen carrier facilitates the

control of the permanent dispersion without the need for a surfactant”. The
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membrane may also reduce potential toxic effects observed with perfluorocarbons

10
on cells .

5.3.2 Oxygenation Capacity by Microencapsulated Silicone Oils versus
Bubbling Systems

The residence time of a bubble in a bioreactor is short and difficult to
control. Generally, the time is insufficient to release all the oxygen. Increasing gas
flow through a reactor generally results in an increase of the bubble diameter (from
1 to a few millimeters in large scale reactor), and decrease in the bubble surface
area per volume, and the residence time. Oxygen transfer capabilities are then not
directly related to the gas flow rate. On the other hand, the microcapsule residence
time may be optimized to increase the oxygen transfer efficiency maintaining a high
concentration of oxygen. Moreover, the diameter of the microcapsules is
independent of gas flow rate. Thus, the microcapsule surface area per volume is

easier to manipulate than that of air bubbles.
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5.3.3 Oxygenation Capacity by Microencapsulated Silicone Oils in Viscous
Media

When the culture media is viscous at elevated cell concentrations, it is
difficult for bubbles or microcapsules to pass through the reactor. Oxygen may be
supplied by diffusion through a membrane or a grid. The residence time of the
bubble in a column is short ( 4 s/m height) *'. Comparing this short time to the
response time of oxygen release from bubbles, it may be concluded that only a
fraction of the oxygen is transferred to the medium (less than 10 %/m height). Use
of microcapsules permits the optimization of the residence time of the oxygen
carrier in the column. Use of microcapsules will then allow the operator to

maximize the oxygen concentration in the column while reducing the cost.

5.4 Oxygen Transfer Rate Enhancement using Microencapsulated Silicone Qils

Figure 12 shows that the oxygen transfer coefficient, k a, for the microcapsule-
to-water was 187 hr ' using 30% (v/v) microcapsules in the non-bubbling system. This
is equivalent to the k, a value obtained using 0.5 vvm air flow rate for the conventional
bubbling system at the same agitation (fig 13). This suggests that 30% (v/v)
microcapsules may generate an equivalent oxygen transfer capacity as if using 0.5 vvm

of aeration under similar same conditions. Therefore, the microencapsulated oxygen
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carriers not only increase the oxygen reservoir but also the transfer rates in non-
bubbling systems. Furthermore, the k, a values increased linearly from 125to 187 hr'
when the microcapsules were increased from 10 to 30% (v/v). Goma et al. 7 also
demonstrated a similar relationship between the volume fractions of oxygen carriers and
the k; a values.

In the agitation-aeration conditions, it can be seen from both figures 13 and 14
that 20% (v/v) microcapsules enhanced oxygen transfer coefficients by a factor of 1.5
to 5 depending on the conditions. In the presence of cells, . imilar enhancement of
oxygen transfer was observed (figure 15). The k;a obtained using 20% (v/v)
microcapsules ranged from 120 to 258 hr' (figure 12, 13, and 14) which are higher
compared to those observed in conventional bubbling systems. A value less than
120 hr' was reported with intense mixing, and less than 4 hr' under poor mixing
conditions *.

Thehigh oxygen transfer coefficient for the release of oxygen from microcapsules
may be attributed to the small diameter (50 to 150 m) compared to that of air bubbles
(few millimeters in large scale reactors ° or 1.5 mm in perfluorocarbon chemical
dispersions V). Furiucimore, both McMillan et a/*’ and Goma et a7'” showed that
exchange through the gas-liquid interface is slower than through liquid-liquid interfaces.

This implies that the resistance to oxygen transfer of the oxygen-carrier-water system
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is located in the water boundary layer. Takinginto account both the increase of specific
surface area (inversely proportional to particle diameter) and theincrease of the transfer
coefficient (k,) 2 oxygen transfer rates from microcapsules would be faster than an
efficient bubbling systems under high mixing.

The nylon membrane did not appear to reduce the diffusion rate of oxygen from
the microcapsules. Nylon membranes contain up to 85 % water and the pore sizes are
large, permitting diffusion of molecules aslarge as hemoglobin. Concei 2ing mo'’ecular
oxygen, the nylon membrane appears more like a grid with large openings than a real

barrier to mass transfer.

5.5 Comparison of Oxygen Transfer Performance between Microencapsulated
Silicone Oils and other Oxygen Carriers

In the past two decades, almost all the research on oxygen carriers was focussed
on perfluorocarbon chemicals*'**, (e.g. FC-43, FC-72) and hydrocarbons'"*(e.g. n-

11,25
. However,

dodecane). Only a few reseachers have reported the use of silicone oils
it is shown in Table 3 that the solubility of silicone oils is higher than many other
oxygen carriers. Moreover, the enhancements of oxygen transfer capacity were found

to be increased 3.5 times using 10 to 30% n-dodecane (Goma'®), and 4 times using 40%

PFC (Wang"). However, most of the PFC emulsions are stabilized with surfactants
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(e.g. Pluronic F-68 *), mechanical agitation or ultrasonic treatment. The surfactant was
found to be toxic to certain types of microorganisms'’ and ultrasonic treatment and
intense mixing may cause shear damage to the cells. On the other hand,
microencapsulated silicone oils do not require the addition of surfactant or other forms
of treatment to disperse and stabilize the oxygen carriers. The k; a was observed to be
higher than that obtained from other oxygen carrier dispersions. Therefore, thesilicone

microcapsules are more biocompatible than PFC’s or other pure organic solvents while

the oxygen transfer capacity is competitive.

5.6 Fermentation R<sults

5.6.1 Batch Fermentation

The experimental work was undertaken with Gluconobacter oxydans. This
strain was chosen due to its high demand for oxygen and high sensitivity to the
amount of dissolved oxygen®”. In the shake flask fermentation, the amount of
oxygen available to the cells was limited since the main oxygen source was from
surface aeration. Therefore, the oxygen became the limiting nutrient. After 20%
(v/v) of aerated, encapsulated or non-encapsulated, silicone oils were introduced to
the medium, the amount of oxygen available became 6.5 times higher (fig. 19) than

the reference culture without silicone oils. Furthermore, the oxygen transfer
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capacities increased dramatically when cultivation was carried out in microcapsule-
in-water dispersions. Therefore, the productivity was expected to be improved. As
shown in figure 16, both encapsulated and non-encapsulated silicone oils enhanced
the production rate of dihydroxyacetone by 33%. This increase was not as high as
expected due to the limited oxygen transfer in the flask compared to a well-agitated
fermenter with sufficient aeration. However, it demonstrates that silicone oils in
either encapsulated or non-capsulated form improve the productivity. This also
indicates that the nylon membrane is not a barrier to oxygen transfer.

Inthe 1.5-litre batch fermentation, the productivity enhancements were more
noticeable. The measured k, a during exponential phase was 34 hr'. Therefore,
growth would be limited by the weak oxygen transfer even though the system was
under agitation and aeration. As shown in figure 17, the dissolved oxygen profile
shows that the D.O. level remained low during the exponential growth phase.
However, after the microencapsulated silicone oils were introduced in the medium,
the D.O. level remained at 30% saturation compared to oxygen depletion in the
reference culture. Therefore, the oxygen limitation was total avoided by the
addition of microcapsules. Thisindicates that the oxygen carriers act as the oxygen
reservoir.

The k,a was measured to be about 4 to 5 times higher after the addition of
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microcapsules with or without the presence of cells (figure 13 and 15). In the batch
fermentation, improved oxygen transfer capacity and the removal of oxygen
limitation translated into greater productivity. The production rate increased by a
factor of 5 (figure 15). Toxic effects or inhibition were not observed in the course
of fermentation. Therefore, the microencapsulation technique avoids the toxic
effects as well as maintaining the high oxygen transfer capacity. Overall, observed
increases in productivity indicates that a small fraction of microencapsulated silicone

oils suspended in fermentation broth may potentially increase revenues per unit

reactor per unit time.

5.6.2 Fluidized Bed Fermentation

In conventional fluidized bed fermentations, the principal problem is often
to maintain sufficient oxygen supply. Sparging gas into a liquid fluidized bed
reduces the effective liquid density and the fluidized particles settle more rapidly™.
Pre-dissolved air in the liquid feed provides sufficient oxygen for only a short period
of fermentation due to the low oxygen solubility in water”. In this study, there was
no direct bubbling to the reactor, the oxygen availability was determined solely by
thefeed. Asseen infigure 18, the oxygen-limited growth period began after 8 hours,

concomitant with a decrease in the production rate of DHA. The introduction of
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20% (v/v)microcapsules at 12 hours enhanced the oxygen saturation from 0 to 40%,
due to the high oxygen solubility in the microcapsules (6mM) compared to water

(0.3mM).

The specific oxygen uptake rate of the bacteria was 19.3 mmole O,/g dry
cell/hr and thus the oxygen uptake rate during the exponential phase was at least
15.4 mmole/hr. Without microencapsulated silicone oils, the oxygen saturated feed
stream provided only 0.03 mmole/min (1.8 mmole/hr) to the reactor at a liquid flow
rate of 100 ml/min). This was insufficient to satisfy the high oxygen demand from
the cells and therefore the productivity decreased as cxygen-limited growth began.
Using 20% microencapsulated silicone oils as influent yielded 1.5 mM of oxygen
concentration which was 5 times higher than liquid medium alone. This
enhancement in oxygen capacity was translatable to enhancement in fermentation

productivity.
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6.0 CONCLUSIONS

Silicone oils as oxygen carriers were successfully microencapsulated within
nylon membranes cross-linked with polyethylenimine. The microencapsulated
oxygen carriers (e.g. 20% v/v) increase the oxygen reservoir by a factor of 7 as well
as the oxygen transfer rates by a factor of 5 in comparison to conventional bubble
aeration. Enhancement in the oxygen supply to bioreactors may result in an
improvement of bioreactor productivity in systems with shear sensitive cell lines or
with high oxygen demand. The oxygen permeable polymeric membrane coating the

oxygen carrier should reduce toxic or inhibitory effects previously observed during

use with live cells.



7.0 NOMENCLATURE

Po

Q02

interfacial area per unit volume of dispersion, cm’cm’
saturation concentration of dissolved oxygen at bubble surface, mol/L
bulk concentration of dissolved oxygen, mol/L

D.O. concentration at t=0, mol/L

Henry Law constant of the fermentation medium, mol/l-atm
liquid phase oxygen transfer coefficient, cm/s

probe constant, s,

oxygen partial pressure of the exhaust gas, atm

specific rate of Oxygen consumption, mole/g/hr

biomass concentration, g/l

normalized probe response

normalized oxygen concentration in liquid phase,

probe time constant, s

the area above the chart of the transient aeration experiment,

the area above the recorder chart of the electrode step response experiment
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