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The potential of an aqueous two-phase system composed
of a polycation, poly(ethy1eneimine) (PEI), and an uncharged polymer, (hydroxyethyl) cellulose (HEC), for extractive lactic acid fermentation was tested. Batch fermentation with 20 g/L glucose i n two-phase medium using
Lactococcus lactis without external pH control resulted
in 3-4 times higher amount of lactate and biomass produced as compared t o that i n a conventional one-phase
medium. Lactic acid was preferentially partitioned to the
PEl-rich bottom phase. However, the cells which favored
the HEC-rich top phase i n a fresh two-phase medium were
partitioned t o a significant extent to the bottom phase
after fermentation. Addition of phosphate buffer or pH
adjustment t o 6.5 after fermentation caused fewer cells
to move t o the bottom phase. With external pH control,
fermentation in normal and two-phase medium showed
no marked differences i n glucose consumption and lactic
acid yield, except that about 1.3 times higher cell density
was obtained in the two-phase broth, especially at initial
glucose concentrations of 50-100 g/L. Use of higher concentration of phosphate during batch fermentation in the
two-phase medium with 50 g/L sugar provided a 15%
higher yield of lactic acid, but the growth rate of cells was
nearly half of the normal, thus affecting the productivity.
Continuous fermentation with twice the normal phosphate concentration resulted i n higher cell density, product yield, and productivity in two-phase medium than in
monophasic medium. 0 1996 John Wiley & Sons, Inc.
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INTRODUCTION

Extractive bioconversion or in situ product recovery has
been suggested to provide a technological solution to
overcome the limitations of product inhibition and low
volumetric productivity characteristic of biotechnological p r o c e s ~ e s .The
~ ~ ,concept,
~~
as the name implies, involves integration of an extractive step or the first step
of downstream processing for removal of the product
simultaneous to its formation. This serves to reduce the
inhibitory influence of the product, at the same time
making its purification simpler.
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Liquid-liquid extraction is a separation technique
used commonly in the biotechnology industry for product recovery. Attempts are being made to integrate the
technique with the fermentation step as a means of in
situ product recovery. The use of organic solvents for
extraction of small molecular weight products during
fermentation seems to be often limited by the incompatibility of the solvents. The solvents which are good extractants usually turn out to be toxic to the cells and
vice versa.25Separation of the solvent from the broth
by means of a membrane (perstraction) seems to provide some protection to the microbial cells.18
Aqueous two-phase systems, on the other hand, are
known to present a biocompatible environment and
have shown enormous potential for extraction of proteins from crude feedstock^.^ Examples of extractive
bioconversions in such systems include ethanol production from g l u ~ o s e 'and
~ starch,15acetone-butanol from
g l ~ c o s e ,hydrolysis
'~
of starch14and c e l l u l ~ s to
e ~glu~~~~
cose, hydrolysis of casein proteins,23conversion of benzyl penicillin to 6-aminopenicillanic acid,2and biotransformation of hydrocortisone to prednisolone."
For extractive bioconversion to be realized in an
aqueous two-phase system, the product has to be preferentially partitioned into the phase opposite to the one
in which the biocatalyst is located.12 A one-sided partitioning of the microbial cells is usually observed, while
desirable partitioning of soluble biocatalysts can be
achieved through trial and error. However, the low
molecular weight products are invariably distributed
equally between the phases. One of the ways to obtain
the maximal extraction of such molecules has been to
adjust the phase composition so that the phase behaving
as an extractant is much larger in volume.
Even when satisfactory extraction is obtained by such
means, other factors that need consideration during extractive bioconversion in an aqueous two-phase system
are the cost of the phase-forming polymers and the
separation of the product from the polymers. These
factors are especially of interest when the low molecular
weight products are low-value, bulk commodities. High
cost of the polymers has been a major limitation in the
large-scale application of aqueous two-phase systems.
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Some inexpensive polymers, e.g., derivatized starch, are
being tested for use as phase-forming components.29
Another approach that is being investigated is the use
of polymers whose properties allow them to be easily
recovered and separated from the product, making their
recycling simple.'
Lactic acid fermentation is a typical example of a
product-inhibited bioconversion. Accumulation of lactic
acid in an undissociated form inhibits both cell growth
and production. The fermentation generally aims toward obtaining high yields of both the biomass and lactic
acid. A wide range of in situ product recovery methods,
including membrane filtration with cell r e c y ~ l e , ' ~ad?~'
sorption to solid sorbents,2628reactive extraction with
organic
and aqueous two-phase extraction,"
have been proposed or tested to reduce product inhibition during lactic acid fermentations. The fermentation
in a poly(ethy1ene glycol) (PEG)/dextran two-phase system did not show any particular advantage over conventional fermentation."
This article presents studies on lactic acid partitioning
and fermentation in a two-phase system composed of a
polycation, poly(ethy1eneimine) (PEI), and a neutral
polymer, (hydroxyethyl) cellulose (HEC). Such systems
were first reported by Dissing and Mattias~on,4.~
and
the authors had also demonstrated that the partitioning
of a lactic acid bacteria, Lactococcus lactis, occurred
mainly into the HEC-rich top phase and interface: It
is assumed that PEI acts as a liquid ion exchanger and
would thus make a better extractant of the lactic acid
produced during fermentations than the uncharged
polymers. Both PEI and HEC are cheap, bulk polymers;
the polyelectrolyte can also be easily recovered by phase
separation with multivalent ions?

MATERIALS AND METHODS

Microorganism and Culture Medium

Lactococcus lactis 65.1 was used in this study. The strain
was obtained from the Swedish Dairy Association
(Lund, Sweden) and stored in litmus milk at -20°C.
The normal medium used for inoculum cultivation
and fermentation contained, per liter: glucose, 20100 g; yeast extract, 5 g; tryptone, 5 g; casamino acid,
1 g; KH2P04, 2.5 g; K2HP04, 2.5 g; MgS04.7H20,
0.5 g. Glucose and magnesium solutions were autoclaved separately and mixed with the other medium
components prior to inoculation. The pH of the medium
was 6.5. A 10-fold concentrated stock culture medium
was prepared for use in experiments with aqueous twophase systems.
Inoculum of L. lactis was prepared by seeding 50 mL
of culture medium in a 100-mL Erlenmeyer flask with
0.2 mL of stock culture of L. lactis in litmus milk. The
medium was incubated at 30°C in a shaker water bath
at a speed of 150 rpm. After 10 h, cells recovered by
centrifugation of the broth were resuspended in the
same volume of distilled water.
Measurement of Lactic Acid Partitioning in
Aqueous Two-Phase Systems

Stock solutions of the phase components (PEI and HEC
or PEI and PEG) were mixed with buffer (1M sodium
phosphate, pH 6.5) or culture medium (10 X normal
concentration and lactic acid and diluted with distilled
water to form a two-phase system with a final desired
concentration of all the components. The phase systems
in graded test tubes were left to stand at room temperature until phase separation took place. The volume of
each phase was read visually. Samples from the top and
bottom phases were withdrawn for lactic acid determination. The partition coefficient K of lactic acid is defined as the ratio of its concentration in the top phase
to that in the bottom phase.

Materials

Poly(ethy1eneimine) (50% w/v aqueous solution, mol.
wt. 50,000-60,000) was purchased from Sigma Chemical
Co. (Hydroxyethyl)cellulose, with a tradename of Natural 250LR (viscosity 0.1-0.18 Pa * s of 5% solution in
water) was kindly supplied by Hercules BV (The Netherlands). DL-Lactic acid was from Aldrich Chemie.
Yeast extract, tryptone, and casamino acids were procured from Difco Laboratories. All other chemicals used
were of analytical grade.
Stock solutions of poly(ethy1eneimine) (PEI), 9%
(w/w); (hydroxyethy1)cellulose (HEC), 6% (w/w); and
poly(ethy1ene glycol) (PEG), 25% (w/w) were prepared
in water. The PEI stock solution was titrated with diluted H2S04(20%v/v) to pH 6.5. All polymer concentrations given subsequently are calculated on weight per
weight (w/w) basis.

Fermentations without pH Control

Lactic acid fermentations were carried out in 50 mL of
normal culture medium and two-phase medium, respectively, in 100-mL Erlenmeyer flasks at 30°C in a water
bath with a shaking speed of 150 rpm. The two-phase
medium was prepared by autoclaving stock solutions of
PEI and HEC along with some distilled water in the flask
and then mixing with sterilized stock culture medium to
give the final desired concentration of all components
in 50 mL. The respective media were inoculated with
5% (v/v) of L. lactis suspension prepared as described
above. Samples of 3-4 mL withdrawn periodically during fermentation were centrifuged and the cell pellet
resuspended in 0.9% NaCl for cell mass determinations.
Supernatants were stored in freezer for further analyses
of glucose and lactic acid. In the case of two-phase
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medium, the supernatants were mixed well prior to
freezing. At the end of fermentation, 10 mL of the twophase broth was transferred to a graded test tube and
left for phase separation. The phase volumes were read
visually and 3-4 mL of sample was taken from the bottom phase and treated in the same way as the other
samples for analysis. Concentrations of cells and lactic
acid in the top phase were calculated by measuring
their respective concentrations in the bottom phase and
subtracting from the total concentrations.

Glucose concentration was measured by a modification of the dinitrosalicylic acid method."
Cell density was determined by measuring the optical
density of the cell suspension at 600 nm and converted
to dry weight (g/L) using a calibration curve for optical
density versus cell dry weight.
RESULTS AND DISCUSSION
Lactic Acid Partitioning in Two-Phase Systems

Fermentations with pH Control

The aim of the extractive lactic acid fermentation in a
PEI-based aqueous two-phase system was to achieve the
The pH-controlled fermentations in normal and twomaximal extraction of the product to the PEI-containing
phase media were performed in a 2-L Multigen ferbottom phase. Earlier studies have shown that anions
mentor (New Brunswick Scientific Co., New Brunswick,
such as phosphate and sulfate which interact strongly
NJ) with a working volume of 1 L. For two-phase ferwith the polyelectrolyte influenced the properties of the
mentations, 100 g of 50% PEI and 13 g of HEC were
PEUHEC systems including the partition coefficients of
dissolved in water, titrated with H2S04to p H 6.5 in the
protein^.^.^ As the culture medium of L. lactis contains
fermentor vessel, and made up to a volume of 700 mL.
predominantly phosphate ions, their effect on the partiAfter autoclaving, the sterilized stock culture medium
tioning of lactic acid in two-phase systems of PEI/HEC
and glucose solution were added to the polymer solution
and PEUPEG was studied. The phase polymers were
and the total volume made to 1 L.
used at low concentrations as b e f ~ r e in
, ~order not to
Inocula for these fermentations were prepared by
unduly increase the viscosity of the two-phase system.
transferring 3 mL of the 12-h culture of L lactis in normal
Figure l a shows that increase in phosphate ion conmedium (grown as described above) to another 50 mL
centration in a 4% PEI/l% H E C system resulted in an
of normal medium or to 50 mL of 5% PEI/1.3% HEC
increase in the phase volume ratio (Vr/Vh)
and a concomtwo-phase medium, and the cells obtained after 12 h
itant decrease in the partition coefficient ( K ) of lactic
cultivation at 30°C were centrifuged and resuspended
acid (1% w/v). The addition of phosphate leads to a
in distilled water. The cell suspensions were used for
reduced volume of bottom phase with a high concentrainoculating the respective 1 L media at a concentration
tion of PEI? which in turn seems to retain a high concenof 5% (v/v).
tration of lactic acid. A somewhat similar trend in phase
All cultivations were carried out at 30"C, pH 6.5,with
volume ratio and partition coefficient was observed
a stirring speed of 150 rpm, unless specifically menwhen the phosphate buffer was replaced with varying
tioned. The p H was kept constant by addition of 6 M
concentrations (0.5-to 1.5-fold) of culture medium
NaOH for batch culture and 8 M NaOH for continuous
which contains a much lower concentration of phosfermentation. Samples withdrawn during the fermentaphate than shown in Figure la. At the normal medium
tions were treated in the same manner as described
concentration, the partition coefficient of lactate was
above, for measurements of cell density, glucose, and
around 0.5 (Fig. lb), indicating relative enrichment
lactic acid.
(about 75% of the total amount) in the bottom phase.
Continuous fermentations were carried out in the
In a PEI/PEG (4%/4%) two-phase system, varying
same fermentor and were started by pumping in the
phosphate concentration did not have a significant effect
fresh medium after the batch culture had reached the
end of the exponential phase. The dilution rate (D) on the phase volume ratio and partition coefficient of
lactic acid (Fig. 2). This behavior would be advantawas increased in a stepwise manner. After changing the
geous for fermentations since lactate partitioning is
dilution rate the culture was left for three residence
more robust to the changes in ion concentration of the
times to allow steady states to be established.
culture medium. The partition coefficients were lower
than those in PEI/HEC system, but a higher phase
Analytical Methods
volume ratio meant accumulation of relatively high
amounts of lactic acid in the top phase. About 55% of
Lactic acid concentration was determined enzymatically
the total lactic acid amount was obtained in the bottom
using Sigma Diagnostics kit (procedure no. 735)and also
phase, as compared to a maximum of 78% in the PEI/
by high-performance liquid chromatography (HPLC)
HEC system (with the 0.05 M phosphate) described
(Beckman) equipped with an ultraviolet (UV) detector
earlier.
using a Rezex R O A column (300 X 7.8 mm, PhenoChanging the concentration of the polymers from 4%/
menex, CA) with a mobile phase of 0.013 N H2S04at
pH 3 and a flow rate of 0.6 mL/min at room temperature.
1% to 5%/1.3% in the PEIiHEC system with normal
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bottom phase irrespective of the medium concentration
(normal or 1.5-fold). Even this increased level of lactic
acid was far lower than that obtained in the PEIIHEC
two-phase system; hence the latter was used for further studies.
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Figure 1. Effect of concentration of (a) phosphate buffer and (b)
culture medium on the phase volume ratio v,/vb ( 0 )and partition
of lactic acid in 4% PEIl1% HEC two-phase system.
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The concentration of lactic acid used was 1%(wlv). Different concentrations of the medium used in (b) have been given in relation to the
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medium decreased both the VJVb and the K of lactic
acid (2% w/\) (Fig. 3a). As a result, the proportion
of lactic acid in the PEI-rich bottom phase (Lb)was
increased from 71% to 82%. The phase volume ratio
was further reduced in the 5% PEI/1% HEC system,
resulting in a still higher proportion of lactic acid (85%)
in the bottom phase. The use of higher medium concentration (1.5-fold of the normal) in these two-phase systems did not show any noticeable effect on lactic acid
partitioning as the lower K value was counterbalanced
by a higher phase volume ratio in accordance with Figure lb. However, if facilitated faster phase separation
as compared to the normal medium concentration
(see below).
In a PEI/PI:G system containing normal culture medium, no phase separation took place at polymer concentrations of 4%/4% (Fig. 3b), but a two-phase system
with a high top-to-bottom phase volume ratio (4.4) was
formed at the 1.5-fold medium concentration (not
shown). The lactic acid in the bottom phase ( L b )was
just about 32% of the total amount. Further increase in
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Figure 3. Partitioning behavior of lactic acid in (a) PEIlHEC and
(b) PEUPEG two-phase system with normal culture medium. Lb is
the relative proportion of total lactic acid in the bottom phase. The
concentration of lactic acid used for partitioning was 2% (wlv).
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The PEI forms a two-phase system with the other
polymers only when titrated with acids having multivalent anions such as H2S04and H3P04,which are strong
counterions to the charges on the p~lycation.~,’
It has
been shown earlier that substituting H2S04with a mixture of HC1/H2SO4 led to the requirement of higher
polymer concentrations for phase formation. In the
present study, the effect of titrating the system with
H2S04on the V J V ,and K of lactate was similar to that
described above €or phosphate ions. Replacing H2S04
with HC1/H2S04(1:7 molar ratio) reduced the effect
of sulfate ions and generally led to a slightly lower phase
volume ratio and higher K value (Table I). Ultimately
the proportions of lactic acid in the bottom phase were
almost the same in the two systems. Also, titration of
the system with H2S04to p H values of 4-6 showed no
significant change in the phase volume ratio, partition
coefficient, and proportion of lactate in the bottom
phase (not shown).
Time for Phase Separation

The time for phase separation is normally influenced
by the polymer concentration and also by the ionic
strength of the medium. Phase separation in the PEI/
HEC system was achieved within 30 min in the presence
of high concentration (0.15 M ) of phosphate buffer
(data not shown), while it took a much longer time,
4-4.5 h in the 4% PEI/1% HEC system and 1.5-2 h in
the 5% PE1/1.3% HEC system, in the presence of culture
medium which contains much lower concentration of
the salt (Table 11). The separation time of these systems
could be further reduced by using a higher medium
concentration or by supplementing the normal medium
with phosphate buffer or sodium sulfate.

Table 11. Phase separation time of PEIlHEC aqueous two-phase
systems supplemented with culture medium and lactic acid.
PEUHEC
(% WIW)
4/1

511
5/1.3

PH

Medium conc.

4.6
4.9
5.1
5.2

Normal
1.5-fold
Normal
1.5-fold
Normal
1.5-fold
Normal + 0.05 M
Phosphate buffer
Normal + 0.02 M
Sodium sulfate

5.0
5.2
ND
ND

Separation
time (h)

4.5
2.0
2.0
1.5
2.0
1 .5
0.92
1.2

ND: not determined.
Lactic acid concentration used was 2% (w/v).

inhibited and ceased within 5-6 h, and the resultant pH
of the broth was down to 4.3 (Fig. 4). Fermentation in
the medium supplemented with only HEC followed a
similar trend. But in the presence of only PEI the cells
experienced a long lag phase (data not shown), due
to the inhibitory influence of the polycation. Similar
observations on delayed cell growth have been made
4
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Batch Lactic Acid Fermentations without
pH Control
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5

1s

Time ( h )

Lactic acid fermentations were carried out in flasks without p H control in normal culture medium and in PEI/
H E C two-phase systems containing the medium, respectively. Growth of L. lactis in the normal medium was

20
b

Table I. Effect of nature of titrating acid on partitioning of lactic
acid in PEUHEC aqueous two-phase system.
Polymer conc.
(PEIIHEC) (% w/w)

Titrating
acid

4/1

5/1

HClIHZS04
HzS04
HCl/HZS04

5/13
HCVHZS04

Lh

Volume
ratio

K

(% of total)

0.61
0.52
0.37
0.35
0.48
0.48

0.69
0.75
0.49
0.63
0.48
0.61

71
71
85
82
81
78

Stock solution of PEI was titrated to pH 6.5 with the respective acids.
Lb: % of total lactate in bottom phase.
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Figure 4. (a) Growth of L. lactis and (b) lactic acid production during
fermentation without external pH control in normal culture medium
( 0 )and in aqueous two-phase medium having PEUHEC concentraand 5%/1.3% (0).Experimental
tions of 4%/1% (A), 5%/1% (O),
details are given in the text.
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during lactic acid fermentation with Lactobacillus casei
cells adsorbed to PEI-coated insoluble support.'
In the PEI/HEC two-phase system, L. lactis favored
the HEC-rich top phase6 and the inhibition by PEI was
diminished. The cells grew very well for a longer time,
consumed more glucose, and produced more lactic acid
(including lactate) than in monophasic medium (Fig. 4,
Table 111). The amount of lactic acid produced was
about three- to four-fold higher during two-phase fermentation, the highest being in the 5% PEI/1.3% HEC
system. The buffering effect of polyelectrolyte was also
evident from the higher pH obtained in the two-phase
broth containing a higher amount of the acid (Table 111).
Phase separation, after fermentation, in all the phase
systems was promoted due to the presence of the cells
and occurred in less than an hour. Major amount of
lactic acid formed was distributed to the PEl-rich phase.
However, the distribution of the cells, which was predominantly into the HEC phase of a fresh two-phase
system,' was altered at the end of the fermentation; an
increased number of cells were partitioned to the PEI
phase (Table 111). The probable reasons could be enhanced interaction of cell surface charges with the polybase during fermentation as the charge density of the
latter is increased at lower pH and/or as a result of
altered ionic composition of the broth.
Partitioning Behavior of Cells in
Two-Phase Medium

The effect of cultivation in an aqueous two-phase medium on the partitioning characteristics of L. lactis cells
was further investigated. The bacteria was grown in
shake flasks in normal and two-phase medium, respectively, containing 20 g/L glucose. The cells were recovered by centrifugation and partitioned in a new twophase system supplemented with fresh culture medium
at pH 6.5. It was seen that regardless of the medium
used for cultivation, partitioning of the cells was almost
similar, with only a few cells going to the bottom phase
(Table IV). Cultivation for a longer period (40 h) in the
two-phase medium led to only a slight increase in the
partitioning of' the cells to the bottom phase of a fresh
two-phase medium.
Alternatively, the cells were allowed to partition directly in the two-phase medium in which they were

cultivated. Here, ca. 25-30% of the cells were found in
the bottom phase. Adjusting the p H of the final twophase broth to 6.5 with NaOH or addition of 0.05 M
sodium phosphate buffer, pH 6.5, substantially reduced
the degree of cell partitioning into the bottom phase
(Table IV). This was assumed to be the influence of the
reduced charge density of PEI at increased pH in the
former case and the added effect of interaction of phosphate ions with PEI in the second case, resulting in the
displacement of the cells to the upper phase.
Batch Lactic Acid Fermentations with pH Control

Subsequently, lactic acid fermentations in two-phase
medium were done under pH-controlled conditions. Inoculating the two-phase medium with cells grown in
normal culture medium led to a long lag phase and a
slower growth rate (0.21 h-I) as compared to the growth
rate of 0.38 h-' obtained with the use of inoculum growth
in two-phase medium (Fig. 5). The final cell density and
lactic acid production were almost similar for the two
fermentations. Inhibition of growth of cells on transfer
to a two-phase medium has been reported earlier."
With time, cells are adapted to the new environment
and grow normally.
As, e.g., mass transfer of nutrients is affected by the
increase in viscosity caused by phase-forming polymers,
agitation of the two-phase medium was found to be
important for achieving optimal rate of growth of microaerophilic L. lactis and lactic acid production. Increasing
the agitation speed from 50 to 150 rpm in an aqueous
two-phase medium with 100 g/L glucose increased the
maximum specific growth rate of L. lactis from 0.17 to
0.37 h-', and the fermentation time was reduced from
70 to 43 h (Fig. 6). Further increase in the agitation
speed to 300 rpm affected the fermentation adversely;
the rates of cell growth and lactic acid production were
reduced to levels obtained during low agitation (data
not shown).
Lactic acid fermentations in 5% PEI/1.3% HEC twophase medium using 20, 50, and 100 g/L of glucose,
respectively, at p H 6.5,30"C, and 150 rpm agitation were
compared with those in normal growth medium under
similar conditions. The results are summarized in Table
V. At each concentration, maximum lactic acid produced in both media were similar, but the rates of cell

Table 111. Lactic acid fermentation in PEIIHEC aqueous two-phase systems without external pH control.

PEUHEC
(% w/w)

Maximum cell
density (g/L)

Final pH
~

Normal
4/1
511
511.3

4.35
4.80
4.90
4.78

Residual glucose

W)

Total lactic
acid (g/L)

Productivity
(glLt h)

~

0.96
2.89
3.21
3.30

Volume ratio
(VrIvh)
~

14 9
8.1
6.0
4.6

3.5
9.9
12.1
13.9

0.54
0.95
0.96
1.12

0.67
0.44
0.59

Cb

(a)

~

Lh (%)

~~

41
30
28

70
79
70

Ch = percentage of total cells partitioned into bottom phase.
Lh = percentage of total lactic acid partitioned into bottom phase.
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Table IV. Partitioning behavior of L. luctis cells in PEI/HEC two-phase system.
Culture
medium for
cultivation

Cell age
(h)

Two-phase system
for cell partitioning
(% PEI/% HEC)

vt/v b

Cells in
bottom phase
(% of total)

~

(i) Cells partitioned in fresh two-phase medium at pH 6.5
Normal
12
411
12
5/1.3
Two-phase
12
411
(5% PEIi
12
5i1.3
1.3% HEC)
40
5/1.3

4.5
5.5
5.8
6.6
9.8

0.78
0.68
0.80
0.78
0.83

(ii) Cells partitioned directly in two-phase medium used for cultivationa
5% PEI/1.3% HEC
12
0.59
12h
0.80
40
0.61
40'
0.66

28.0
4.4
29.0
11.0

"pH was not controlled (ca. 4.8-5.0).
hpH was adjusted to 6.5 with 6 M NaOH prior to phase separation.
'0.05 M sodium phosphate buffer, pH 6.5, was added prior to phase separation.

growth and lactic acid production obtained were somewhat slower in the two-phase medium. PEI is a weak
polybase and has a limited buffering capacity for lactic
acid. Hence when the fermentation is driven by an external pH control using a strong base, the effect of PEI
becomes insignificant. In spite of this, relatively higher
cell density was achieved during two-phase cultivations
at initial glucose concentrations of 50 and 100 g/L
(Table V). This could be due to reduced product inhibition as a result of lower lactate concentration in the
immediate vicinity of the cells; however, that did not
have any effect on improving the productivity.
The two-phase broth with initial glucose concentration of 100 g/L required about 3 h for phase separation
after fermentation. The most likely reason was the excessive dilution of the system with NaOH used for pH
control. Also in this system, a significant amount of cells
went into the bottom phase and were seen to settle
down as a flocculate.

-

20

As addition of phosphate was found to be favorable
for partitioning of both cells and lactate, and even for
achieving faster separation, the effect of increasing the
salt concentration during fermentation in the two-phase
medium was studied. Fermentations were first performed without p H control in flasks containing 5% PEI/
1.3%HEC medium with phosphate concentration three
times higher than normal. Fermentation of 20 glL glucose after 12 h yielded over 10% higher amount of lactate than that in the presence of normal phosphate concentration (which is shown in Table 111).Even the final
cell density (3.58 g/L) obtained was slightly higher. Favorable partitioning of lactate ( K = 0.59) and the cells
(less than 4% in bottom phase) was observed. However,
the higher V j V , (0.88) obtained with higher phosphate
levels did not alter the actual amount of lactate present
in the bottom phase.

1

I

0

Effect of Increase in Phosphate Concentration on
Two-Phase Fermentation

5

10

1s

20

2s

0

20

Time (h)
Figure 5. Effect of inoculum preparation in normal medium (closed
symbol) and aqueous two-phase medium (open symbol) on the growth
of L. lactis (0)and lactic acid production ( A) in the two-phase medium
composed of 5% PEI and 1.3% HEC.
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40
Time ( h )

60

80

Figure 6. Effect of agitation speed on the growth of L. luctis (0)
and lactic acid production (A) in 5% PEI/1.3% HEC two-phase medium. The agitation speeds used were 50 rpm (open symbol) and
150 rpm (closed symbol).
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Table V. Lactic acid fermentation with external pH control.
Fermentation
time
(h)

(gk)

Productivity
(g/L. h)

K

Lactate
in bottom
phase (% of
total)

19.1
17.75

0.82
0.81

1.91
1.61

0.53

75

12

0.98
1.21

38.95
37.35

0.76
0.75

2.69
2.58

0.71

63

9

2.62
2.47

69.64
69.62

0.74
0.75

1.29
1.15

1.1

57

c

Medium

Initial
glucose
(g/L)

Maximum cell
density”
(g/L)

Residual
glucose

Normal
Two-phaseh

23.58
112.37

10
11

4.20
4.41

0.3
0.44

Normal
Two-phaseh

52.13
51.01

14.5
14.5

4.86
6.17

Normal
Two-phaseb

06.81
04.32

54
60.5

4.57
6.00

Total
lactic
acid

Product
yield

WL)

Cells
in bottom
phase (8of
total)

“Maximum cell density was obtained before the final fermentation time.
bTwo-phase system used was 5% PEI/1.3% HEC supplemented with normal culture medium.
‘It was difficult to estimate the cell partitioning as most of the cells were sedimented.

Identical studies on fermentation of 100 g/L glucose
with higher phosphate concentration for 48 h also
showed increased production of lactic acid (19.2 g/L)
and a decrease in cell distribution to the bottom phase
(16% of total) as compared to the two-phase system
with normal medium (16.4 g/L lactic acid, 28% of total
cells in bottom phase). But here a lower amount of
biomass (2.75 g/L) was produced.
During pH-controlled fermentations at 50 g/L glucose, threefold phosphate concentration resulted in extremely slow growth rate (nearly half of the normal),
but the amount of biomass formed was not affected. At
the same time lactic acid yield was improved by about
15% compared to that in normal growth medium or twophase medium with normal phosphate concentration
(Table VI). Separation of the phases after fermentation
was attained within a reasonable time period (Table
VII). Cell distribution throughout the fermentation was
nearly unchanged, a maximum of 10% of total cells
being partitioned to the bottom phase. Lactic acid was
preferentially partitioned to the PEI-rich bottom phase,
even though the partition coefficient had increased at
the end of fermentation. It may be possible to minimize
the inhibitory effect of phosphate on cell growth and
hence improve the fermentation rate by adding the salt
in a fed-batch mode.
The favorable effect of phosphate on the lactic acid
yield obtained above was not observed when glucose
concentration was increased to 100 g/L. Both cell growth
and lactic acid production were adversely affected (data

not shown). The phase separation time was rather long,
especially during the stationary phase (Table VII). The
cell distribution was also not significantly improved over
that in the medium with normal phosphate concentration. Toward the end of fermentation, about half of the
cells in the bottom phase had settled down as flocs, as
observed earlier. Figure 7a is a picture of flocs of cells
which were sedimented. Flocculation of cells is most
likely the result of bridging of the negatively charged
cell surface with the p~lyethyleneimine.~~
Resuspending
the settled cells in 1 M phosphate buffer caused their
dispersion into single cells (Fig. 7b).
Continuous Fermentation of Lactic Acid

From the above studies it was apparent that the PEI/
HEC system could be made reasonably effective for
performing extractive batch fermentation within a certain limit of lactate concentration. As the product concentrations in a fermentor can be maintained at fairly
low levels by continuous fermentation, this mode was
used for lactic acid fermentations in normal and twophase media, respectively, containing 50 g/L glucose and
phosphate at twice the normal concentration. Dilution
rates were varied from 0.19 to 0.7 h-l for normal medium
and from 0.11 to 0.39 h-’ for the two-phase system. The
steady-state cell mass and lactate and glucose concentrations for each dilution rate are shown in Figure 8. Lactic
acid production and glucose consumption were decreased with increasing dilution rates in both systems.

Table VI. Effect of high phosphate concentration on lactic acid production in aqueous twophase medium.
Initial
glucose
(g/L)

Residual
glucose
(g/L)

Total
lactic acid
(g/L)

Product
yield

System

Phosphate
concentration

One-phase
Two-phase
Two-phase

Normal
Normal
Threefold

52.13
51.07
55.41

0.98
1.21
1S O

38.95
37.35
46.00

0.76
0.75
0.85

~

~

~

~

~

~

Wg)

~~
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Table VII. Partitioning of cells and lactic acid during pH-controlled fermentation in aqueous
two-phase system with high concentration of phosphate.
~~

~

~

Glucose
(g/L)

Fermentation
stage

Separation
time (min)

VJVb

(% of total)

KL

(% of total)

50

Exponential
Stationary
Exponential
Stationary

30
40
50
150

0.6
0.65
0.46
0.33

10.0
9.0
35.0
70.0”

0.25
0.84
0.40
0.90

87
64
85
75

100

Cb

Lb

Note: Lb and Ch are relative proportions of lactate and cells, respectively, in the bottom
phase.
“ca. 50% of the total cells in the bottom phase were settled.

Higher cell density and lactic acid were obtained in the
two-phase system at a similar range of dilution rates.
At a dilution rate of 0.2 h-’, lactic acid produced was
34.2 g/L in the two-phase medium, whereas 28.2 g/L of
the product was formed at a corresponding dilution rate
of 0.19 h-I in normal medium. The glucose consumed in
the two instances was 72 and 78%, respectively, meaning
that the yield of lactic acid per gram of glucose utilized
was higher for the two-phase system.

Figure 9 shows the lactate yield and productivity as
a function of dilution rate during a continuous fermentation in normal and two-phase media, respectively. In
the normal medium, maximal product yields of 0.70.77 g/g were obtained at a dilution rate of 0.19-0.54 h-’.
These values are in general agreement with published
data.I6 The yield was decreased at higher dilution rates.
In the two-phase system, the highest product yield of
0.95 g/g was obtained at a dilution rate of 0.28 h-’ and
was reduced to 0.77 g/g at 0.39 h-’. The productivity
increase with rising dilution rate was gradual in the case
of normal medium. A maximum of 9.3 g/L . h at a

0.0

.so

0.2
0.4
0.6
Dilution rate ( l / h )

0.8

15

I

3

M

v

.-u
m
.-”
u
2

40 -

30 -

c)

20-

‘U

0.0

0.1

0.2

0.3

(1.4

0
0.5

Dilution rate (lih)
Figure 7. (a) Flocculated cells of L. luctis recovered at the end of
fermentation from the bottom phase of two-phase broth having an
initial glucose concentration of lOOg/L. (b) Same cells after treatment
with 1 M phosphate buffer.
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Figure 8. Steady-state concentrations of total biomass (U), lactic
and glucose (A) during continuous fermentation in (a) noracid (0),
mal growth medium and (b) 5% PEI/1.3% HEC two-phase medium.
Glucose concentration in the feed was 50 g/L. Experimental details
in the text.

BIOTECHNOLOGY AND BIOENGINEERING, VOL. 50, NO. 3, MAY 5, 1996

1.0

I

0.0
0.0

i

0.2

0.4
0.6
Dilution rate ( l / h )

12 1

0.0

0.8

0.4
0.6
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’1I
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Figure 9. Effect of dilution rate on (a) total yield of lactic acid and
(b) volumetric productivity during continuous fermentation in normal
culture medium (closed symbol) and in 5% PEI/1.3% HEC two-phase
medium (open symbol).

Figure 10. Plots of 1/D versus l / Y during continuous fermentation
in normal growth media (closed symbol) and in 5% PEI/1.3% HEC
two-phase medium (open symbol).

nance coefficients of 1.85 and 0.48 gig cells . h and YG
of 0.26 and 0.14 g cellsig glucose were obtained for
normal and two-phase media, respectively. It has been
suggested earlier by Righelato et al.,24during continuous
culture of Saccharomyces uvarurn for ethanol fermentations, than the high m, value may represent the energy
demand for “cryptic growth” to overcome the killing
effect of the product. It is possible that in the present
system product inhibition is more severe during continuous lactic acid fermentation in normal growth medium;
hence more glucose is consumed as maintenance energy
than in the two-phase system.
CONCLUSION

dilution rate of 0.54 h-’ was achieved when more than
50% of glucose remained unconsumed. At higher dilution rates, lactic acid productivity was decreased sharply.
On the other hand, in the two-phase medium the increase in productivity was relatively sharper, with a stepwise increase in dilution rate until a maximum value of
10.2 g/L . h was reached at a dilution rate of 0.3 h-’,
where 30% of glucose was left unconsumed. Two-phase
fermentation thus shows slight improvements in both
productivity and substrate utilization.
The difference in the yields in the normal and
two-phase systems may be due to some differences in
the energy metabolism of the cells. Relatively lower
amounts of lactic acid and cells obtained during continuous fermentation in the normal medium indicated that
a larger part of the energy source was used for maintenance. Figure 10 shows a linear relationship between
overall growth yield Y and dilution rate D for continuous fermentations in the two media. From the slope of
the curves, the values of maintenance coefficient m, (the
amount of substrate required for the maintenance of
cell structure and function2’) were calculated by linear
regression analysis. The true growth yield Y , (which
varies with the limiting nutrient and growth rate p ) was
calculated from the intercept on the ordinate. Mainte-

The present studies indicate that extraction of charged,
low molecular weight products in an aqueous two-phase
system can be promoted by the using an oppositely
charged soluble polyelectrolyte as one of the phase polymers. The efficiency of the product extraction should
normally be determined by its charge-charge interaction with the polymer. However, during use of the polyelectrolyte as an extractant for in situ product recovery
from a complex fermentation broth, one needs also to
consider its interactions with other anions present, including the cell surface, and even its effect on the cell
growth. These factors influence the conditions for optimal performance of the system. In the system under
study, the product lactic acid is a weak anion and polyethyleneimine a weak polybase; interaction between the
two was sufficient enough to provide an efficient extractive bioconversion only under limited product concentrations. The effects are likely to be more significant for
a strongly charged product.
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