
E
i

Z
a

b

c

a

A
R
R
A

K
l
J
L
F

1

r
h
f
t
d
l
c
i
o
b
s
l
c
t

Z
f

0
h

Enzyme and Microbial Technology 51 (2012) 263– 268

Contents lists available at SciVerse ScienceDirect

Enzyme  and  Microbial  Technology

jou rn al h om epage: www.elsev ier .com/ locate /emt

fficient  production  of  l-lactic  acid  from  hydrolysate  of  Jerusalem  artichoke  with
mmobilized  cells  of  Lactococcus  lactis  in  fibrous  bed  bioreactors

houming  Shia,c, Peilian  Weib, Xiangcheng  Zhuc, Jin  Caic,∗∗, Lei  Huangc,  Zhinan  Xua,c,∗

The Key Laboratory of Biomass Chemical Engineering, Ministry of Education, Zhejiang University, Hangzhou 310027, China
Department of Biochemical Engineering, Zhejiang University of Science and Technology, Hangzhou 310023, China
Institute of Biological Engineering, Department of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 10 December 2011
eceived in revised form 16 July 2012
ccepted 17 July 2012

eywords:
-Lactic acid
erusalem artichoke
actococcus lactis

a  b  s  t  r  a  c  t

Hydrolysate  of  Jerusalem  artichoke  was  applied  for  the  production  of l-lactic  acid  by  immobilized  Lac-
tococcus  lactis  cells  in  a fibrous  bed  bioreactor  system.  Preliminary  experiments  had  indicated  that  the
high  quality  hydrolysate,  which  was  derived  from  the 40  min  acid  treatment  at 95 ◦C and  pH 1.8,  was
sufficient  to support  the  cell  growth  and  synthesis  of l-lactic  acid.  With  the addition  of  5  g/l  yeast  extract,
the  fermentative  performance  of free  cell  system  was  evidently  improved.  After  the  basal  settlement  of
hydrolysate  based  fermentation,  the  batch  mode  and  the  fed-batch  mode  fermentation  were  carried  out
in  the  free  cell  system  and  the fibrous  bed  bioreactor  system,  respectively.  In  all  cases  the immobilized
cells  presented  the  superior  ability  to produce  l-lactic  acid.  The  comparison  of  batch  mode  and  fed-batch
ibrous bed bioreactor mode  also  indicated  that  the  growth-limiting  feeding  strategy  could  reduce  the  lag  phase  of  fermentation
process  and  enhance  the  production  of  l-lactic  acid.  The  achieved  maximum  concentration  of  l-lactic  acid
was 142  g/l in  the fed-batch  mode.  Subsequent  repeated-batch  fermentation  of the  fibrous  bed  bioreac-
tor system  had further  exhibited  the  persistence  and  stability  of  this  system  for  the  high  production  of
l-lactic acid  in  a long  term.  Our work  suggested  the  great  potential  of the  fibrous  bed  bioreactor  system
and hydrolysate  of J.  artichoke  in  the  economical  production  of  l-lactic  acid at  industrial  scale.
. Introduction

The fermentative production of l-lactic acid using renewable
esources has attracted many interests in recent years. Many efforts
ave been made to improve the titer of l-lactic acid in microbial

ermentation using food-based feedstock [1,2]. Recently, fermen-
ation of non-food biomass has also gained considerable attention
ue to the forthcoming scarcity of fossil fuels and the increased

ack of food and feed supplies over the world. Among them, the
heap and ubiquitous non-grain raw material Jerusalem artichoke
s a good candidate and has been intensively studied. Hydrolysate
f J. artichoke has been widely used to replace refined sugar, and
een utilized for the submerged fermentation of economic product
uch as ethanol [3],  single cell protein [4] and organic acid such as

actic acid [5] and butyric acid [6].  The dried tuber of J. artichoke
ontains approximately 60–70% insulin which can be hydrolyzed
o fructose and glucose by inulinase or acid. Enzymatic hydrolysis
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of inulin is widely used for the production of fructose. However,
the slow reaction rate and high cost of the feedstock pretreatment,
enzyme production and enzyme recovery have limited the utiliza-
tion of enzymatic hydrolysis. From the economic viewpoint, the
hydrolysate derived from enzymatic hydrolysis may not be appli-
cable for the production of low-priced lactic acid. On the contrary,
acid-hydrolysis is a low-cost and simple quick operation which is
more appropriate for some cost-effective industrial processes.

Conventional batch fermentation usually utilizes free cells
for metabolite production, which has several limitations such
as low productivity, product inhibition and batch-to-batch vari-
ation, leading to the high cost of fermentation. Thus, various
novel fermentative techniques have been developed for efficiency
improvement. In the previous study [7,8], some new bioreactors
including membrane bioreactor and fluidized-bed bioreactor were
introduced to improve l-lactic acid production. Especially, the
fibrous bed bioreactor (FBB) with immobilized cells in the fibrous
matrix has been successfully applied to produce several important
organic acids, such as lactic acid [9],  acetic acid [10], propionic acid
[11] and butyric acid [12,13], with significantly improved produc-

tivity and titer of final product. One type of lactic acid bioproduction
was depended on the fermentation of homolactic acid bacteria,
which usually synthesize a mixture of l(+)- and d(−)-lactic acids.
However, optically pure lactic acid is required for polylactic acid
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http://www.sciencedirect.com/science/journal/01410229
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PLA) manufacture and many other applications. Comparing to
ther strains, Lactococcus lactis ATCC19435 is an efficient l-lactic
cid producing strain and normally no d-isomer could be detected
uring the fermentation process [14].

In this work, the influence of pH and temperature on the hydrol-
sis of J. artichoke was investigated. The addition of yeast extract
as also investigated to consummate the hydrolysate-based fer-
entation medium. The batch, fed-batch and repeated-batch

ermentative modes were studied respectively to evaluate the fea-
ibility and robustness of the FBB system for the production of
-lactic acid from hydrolysate of J. artichoke.

. Materials and methods

.1. Microorganism and culture medium

L.  lactis ATCC19435 was  purchased and preserved as freeze-dried tube in our
aboratory. As previously described, the strain was statically incubated in serum
ottles containing MRS  medium [15] under anaerobic conditions at 30 ◦C for 12 h.
nless otherwise noted, the fermentation medium contained a certain concentra-

ion of hydrolysate and other components including 5.0 g/l yeast extract, 0.25 g/l
H2PO4, 0.25 g/l K2HPO4, 6 g/l CH3COONa, 0.51 g/l EDTA, 0.5 g/l MgSO4·7H2O and
.07  g/l MnSO4.

.2. Pretreatment of Jerusalem artichoke

J. artichoke tubers were harvested from experimental plot on October (Jiangsu,
RC,  Public taste Seasoning Co, Ltd.), with 25% of dry matter content. The tubers
ere sliced and dried at 60 ◦C for 12 h, and ground to fine powder. 100 g of such
owder was mixed with 500 ml diluted sulfuric acid to give a final pH of 1.6, 1.8
nd 2.0, respectively. Each pH has duplicates for temperature comparison, one was
eated at 85 ◦C and the other was heated at 95 ◦C for 60 min. Samples were taken
t  15-min intervals and the content of reducing sugars was analyzed by HPLC. A
oncentrated syrup for fed-batch study was prepared from the vacuum evaporation
f  hydrolyzed extracts.

.3. Fermentative production of l-lactic acid

Both free-cell and immobilized-cell fermentations were carried out. Free-cell
ermentation was conducted in a 5-l B. Braun fermentor (B. Braun Biotech, Germany)
ontaining 2.5 l production medium. The 2.5 l fermentation medium was  inoculated
ith 100 ml  seeds from a serum bottle and cultivated at 30 ◦C and 100 rpm with
at blade disc turbine, and the pH in the bioreactor was controlled at 6.0 by 5 M
aOH. The anaerobic condition was  maintained by initially sparging the medium
ith nitrogen and once for 30 min  each day afterwards.

The immobilized-cell fermentation system consisted of a 5-l fermentor con-
ected with a 0.5-l fibrous-bed bioreactor by a recirculation loop for pH and
emperature control. The FBB with a working volume of 480 ml  was  made of a glass
olumn packed with spiral wound cotton towel. The immobilized-cell fermenta-
ion was operated at 30 ◦C, and pH was controlled at 6.0 by addition of 5 M NaOH.
he details of FBB construction was described elsewhere [10–13].  Cell immobiliza-
ion was carried out by circulating the culture broth through the fibrous bed at a
umping rate of 25 ml/min to allow cells be immobilized onto the fibrous matrix.
atch fermentation was  carried out to produce l-lactic acid with the concentrated
ydrolysate medium supplemented with 5 g/l yeast extract. After the batch fermen-
ation, the free-cell and immobilized-cell fed-batch fermentations were carried out
ith the pulse feeding of concentrated hydrolysate. The feeding process was  not

topped until the concentration of lactic acid became steady in the broth. Samples
ere taken at regular intervals for the analysis of biomass and the concentrations

f  substrate and product. Finally, several repeated batch fermentation was done by
emoving the broth in the FBB when the concentration of the reducing sugars in the
roth was almost consumed, and pumping fresh hydrolysate based medium into the
ermentor. During this long-duration process, samples were taken at regular inter-
als  for the rapid analysis of biomass and the concentrations of reducing sugars to
etermine the timing of running next batch. The concentration of l-lactic acid in the
roth was  then analyzed to determine the productivity.

.4. Analytical methods

The cell density of the free cells in the bioreactor was  determined by measur-
ng the absorbance of the cell suspension at a wavelength of 660 nm (OD660) with

 spectrophotometer (Ultrospec 3300 pro, Amersham Bioscience). Dry weight of

ell biomass in the broth was  determined by centrifuging the fermentation broth at
0,000 × g for 10 min, washing the sediment with distilled water twice, and drying at
0 ◦C until constantly weighed. For immobilized cell fermentation, the immobilized
ells were collected by washing the cells off the fibers twice with 0.2 M phosphate
uffer (pH 6.0) after the end of the fermentation, then the OD660 of the collected
Fig. 1. Effect of pH and temperature on the hydrolysis of Jerusalem artichoke. The
hydrolytic yield is calculated by the determination of reducing sugars in the samples.

solution was determined, finally the immobilized biomass in the FBB was calcu-
lated according to the predetermined coefficient (1 unit of OD660 was equivalent to
0.763 g/l for L. lactis cells) [16].

The concentrations of glucose and fructose were analyzed by Agilent 1100 HPLC
system consisted of a refractive index detector (Agilent 1100, G1362A) and an
Aminex HPX-87H column (250 mm × 4.6 mm,  5 �m; BioRad, USA), with the mobile
phase of 5 mM H2SO4 and a flow rate of 0.6 ml/min at 45 ◦C. Reducing sugars were
was detected with 3,5-dinitrosalicylic acid timely to control the limit of residual
sugars in the repeated-batch fermentations. The concentrations of d- and l-lactate
were enzymatically measured using the test combination “d-lactic acid/l-lactic acid”
kit  (Cat. No. 1112 821) from Boehringer Mannheim (Mannheim, Germany). The
method is based on the measurement of NADH derived lactic acid oxidation at the
UV  absorbance of 365 nm,  in the presence of d- or l-lactate dehydrogenase (LDH),
respectively [17].

3. Results

3.1. Acid hydrolysis of J. artichoke tuber

Since L. lactis could not directly utilize inulin, hydrolysis of J.
artichoke by acid treatment was  necessary to transform inulin into
available fructose and glucose. Because fructose is thermostable
below 100 ◦C, the hydrolysis of J. artichoke is usually taken at 85 ◦C
or 95 ◦C, depending on the type of J. artichokes [18]. Moreover,
the pH of acid also contributes a lot to the hydrolysis process. To
determine the optimal condition for the hydrolysis, three pH val-
ues (1.6, 1.8 and 2.0) were tested at 85 ◦C or 95 ◦C, respectively. As
shown in Fig. 1, higher temperature and lower pH could enhance
the efficiency of hydrolysis obviously. Considering about the cost
and efficacy, the optimal hydrolysis was carried out at pH 1.8 and
95 ◦C for 45 min, which could convert 79% of dry weight to reducing
sugars with an approximate 5:1 ratio of fructose and glucose.

3.2. The effect of yeast extract on lactic acid production

To test the nutrient efficiency of hydrolysate, especially for fer-
mentation purpose, the addition of yeast extract was conducted in
the 1 l shaking flask fermentation. The final concentration of reduc-
ing sugars in each flask was  diluted to 80 g/l, the concentrations
of yeast extract in the initial media were ranged from 0 to 20 g/l.
Although the high levels of nutrients in the hydrolysate were suf-
ficient to support the cell growth and production of l-lactic acid,

the addition of 5 g/l yeast extract could notably enhance the titer
of lactic acid (Fig. 2). However, further increase of yeast extract
concentration could only lead to unconspicuous improvement of
l-lactic acid production. As a result, the fermentation medium
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Fig. 2. Effect of yeast extract addition on the production of l-lactic acid with
h
1
r

c
f

3

b
i
n
f
i
c
f
w
a
0
t
o
i
a
i

F
o
t

yrolysate of Jerusalem artichoke. The final concentration of reducing sugars in each
 l shaking flask was diluted to 80 g/l; the concentrations of yeast extract were
anged from 0.0 to 20.0 g/l with an increment of 5 g/l.

ontaining hydrolysate and 5 g/l yeast extract was used for the
ollowing fermentative trials.

.3. Batch fermentation of free cells and immobilized cells

The batch fermentation of L. lactis using free cells and immo-
ilized cells was compared (Fig. 3). The time-course results

ndicated that glucose and fructose were metabolized simulta-
eously. Because of the extra growth stage of free cells, the

ermentation using free cells was lagged comparing to that of
mmobilized cells. At the end of fermentation, the highest con-
entration of lactic acid (92.56 g/l) was observed in the free cell
ermentation (Fig. 3a), while the highest concentration of lactic acid
as improved up to 120.5 g/l (Fig. 3b) in the FBB bioreactor. It was

lso observed that the productivity of lactic acid was  improved from
.5 g/(l h) in free-cell system to 1.0 g/(l h) in immobilized cell sys-
em, and this improvement was contributed by the high cell density

f immobilized cells in the FBB because the profiles of cell density
n the broth seemed to be not quite different between in free-cell
nd immobilized fermentations. Moreover, these immobilized cells
n the fiber bed column improved the product yield from 0.68 g/g

ig. 3. Kinetics of batch fermentation of JA acid hydrolysate by free (a) and immobilized ce
f  100 ml  cell suspension into fermentor placed with 2 l hydrolysate medium. For repeat
he  broth in the fermentor was pumped out thoroughly and new fresh hydrolysate was a
echnology 51 (2012) 263– 268 265

to 0.92 g/g, which might be contributed by the alleviated distribu-
tion of cellular energy for biomass synthesis in immobilized cell
fermentation.

3.4. Fed-batch fermentation of free cells and immobilized cells

To eliminate the effect of possible substrate inhibition, the pulse
fed-batch feeding was applied to improve product concentration.
The concentration of fructose was set in the range of 10 g/l to 60 g/l
by the supplementation of concentrated syrup (400 g/l reducing
sugars) derived from hydrolysate of J. artichoke. The fermentative
performance in both batch mode and fed-batch mode was  very sim-
ilar, except that the titer of l-lactic acid was  obviously improved in
fed-batch mode. In fed-batch mode, the maximum yield of 142 g/l
lactic acid was obtained in the FBB system, which was 27.92% higher
than that (103 g/l) in free-cell system (Fig. 4).

3.5. Repeated-batch fermentation in FBB

To evaluate the long-term performance of FBB system, repeated-
batch fermentation was also studied. As shown in Fig. 5, no lag
phase was presented in the next 8 continuous batches. The cells
grew rapidly within the following 12 h after replaced with fresh
broth, indicating the high vitality of immobilized cells. The yield
of l-lactic acid from individual batch varied from 0.84 to 1.01 g/g,
with an average yield of 0.92 g/g. The productivity was ranged from
0.71 to 2.85 g/(l h). Such discrepancies were mainly related to the
initial concentration of reducing sugars. When the initial concen-
tration of reducing sugars was below 100 g/l, the fermentation cycle
was relatively short, and the cell density as well as the titer of
l-lactic acid could only reach moderate value. After five batches,
the immobilized cells were accustomed to the environment, and
the resistance to the high concentrations of both substrate and
product was  improved. With the increase of initial fructose con-
tent, the fermentation process was  prolonged, and the cell density
was concomitantly improved as well as the production of l-lactic
acid (Fig. 5). However, further increase of fructose concentration
over 150 g/l could result in the decreased yield of l-lactic acid. For

economical purpose, the optimal concentration of reducing sug-
ars should be in the range of 100 g/l to 150 g/l. In summary, the
repeated-batch fermentation has proved the endurance and stabil-
ity of FBB system for long-term operation.

lls (b) of L. lactis in FBB at pH 6.0 and 30 ◦C. Free cell batch was started by inoculation
ed batch, when the reducing sugars concentration in the broth decreased to zero,
dded into the fermentor to start a new batch.
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ig. 4. Kinetics of fed-batch fermentation of JA acid hydrolysate by free (a) and im
tarted with 2 l of fresh JA acid hydrolysate, followed with pulse feeding concentrat
as  close to 10 g/l.

. Discussion

In this work, the hydrolysate of J. artichoke was used for l-lactic
cid production by immobilized cells of L. lactis. As a fastidious
rganism, the growth of L. lactis normally requires complex organic
ubstances such as vitamins, nucleotides and amino acids. Fortu-
ately, the hydrolysate of J. artichoke after acid treatment contains
igh levels of vitamins, potassium, calcium, phosphorus, iron and
inc, as well as amino acids derived from hydrolyzed proteins [19].
east extract is a most commonly used nitrogen source for lac-
ic acid production, but the high cost usually limits its large scale
pplication. Based on our results, with the optimized hydrolysis
f J. artichoke concerning about the temperature and pH, the high
uality hydrolysate of J. artichoke was sufficient to support the cell
rowth and production of lactic acid, and the addition of only 5 g/l
east extract was enough to enhance the concentration of lactic
cid to a stable level, whereas 10–30 g/l yeast extract was used for
actic acid fermentation in previous studies [20–23].  This outcome
ould obviously reduce the cost of lactic acid and beneficial to the
ubsequent large-scale application.

Comparing to the conventional free cell fermentation system,
he FBB system has several advantages for efficient production of

actic acid, such as high cell density, high yield and productiv-
ty of final metabolite. The primary merit could be attributed to
he high viable cell density maintained in the fibrous matrix. Cell
mmobilization usually includes physical entrapment and chemical

ig. 5. Kinetics of repeated-batch fermentation of JA acid hydrolysate by L. lactis immobil
as  replaced with sterile JA acid hydrolysate as the carbon source to start a new batch.
ized cells (b) of L. lactis in FBB at pH 6.0 and 30 ◦C. The both fed-batch mode were
rolysate whenever its concentrations of reducing sugars in the fermentation broth

adsorption. In physical entrapment phase, cells were loosely
attached or entrapped in the fibrous matrix by simple filtration
effect; while in chemical adsorption phase, the chemical forces
could make a stronger attachment with fibrous matrix. In FBB
system, after the end of fermentation, approximately 35–42 g/l of
immobilized cell biomass was determined in the fibrous matrix,
whereas only 7–10 g/l of cells were suspended in the fermenta-
tion broth. The scanning electron micrographs has exhibited that
high density of L. lactis cells were immobilized on the fiber sur-
face and large cell clumps were formed via cell adsorption (Fig. 6).
These loosely entrapped cell clumps could be washed off during
the medium recirculation, which redistributed the cells in the FBB
to make the immobilized cells uniform.

Although Jerusalem artichoke has already been proposed as a
possible substrate for ethanol production in fermentation process
[24–27], there have been few studies on lactic acid production
from J. artichokes.  It was  reported that J. artichoke was  employed
as substrate for lactic acid production in a simultaneous saccha-
rification and fermentation process (SFF), and the highest lactic
acid concentration of 120.5 g/l was obtained in 36 h of the fed-
batch fermentation with high conversion efficiency of 0.945 g/g
[5]. However, the high productivity of 3.34 g/(l h) was based on the

inoculation volume of 35%, which is impractical for industrial-scale
production. The same group [28] investigated the influence of cit-
rate on the metabolism and physiology of the strain, significantly
improved the lactic acid productivity and increased the final acid

ized in FBB at pH 6.0 and 30 ◦C. In the repeated batch mode, the fermentation broth
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ig. 6. Scanning electron micrographs of (a) immobilized Lactococcus lactis cells on
rocessed through a progressive dehydration with 20–100% (v/v) ethanol at 10% 

hotographed with a Philips XL 30 scanning electron microscope at 15 kV.

oncentration to 140.5 g/l. However, to maximize the rate of sac-
harification, the fructose concentration in the culture has been
ept at a low level, and 10 g/l of sodium citrate was added as
upplement to maximize the lactic acid productivity, which may
omplicated the process of upscale production of lactic acid. In the
resent repeated fermentation, 120 g/l of lactic acid averagely in
our batches (batch 6–9) was reached approximately in 132 h. This
igh lactic acid concentration was achieved by only using fed-batch

ermentation operation in many literatures [17]. The FBB process
sing Jerusalem artichokes as substrate can endure high substrate
oncentration up to 180 g/l of reducing sugars, which owing to
igh cell density immobilized in the bioreactor and natural muta-
ion during adapting in fermentation process. It is not unusual
o have high fermentation productivity with an immobilized cell
ioreactor. Conventional immobilized cell bioreactors, however,
uffer from productivity loss when the cells are used continually
r repeatedly in continuous or fed-batch fermentation, due largely
o limited mass transfer and accumulation of dead cells. This reac-
or degeneration problem was overcome by continual cell renewal
n the fibrous bed, which also provided an effective mechanism for
dapting the culture to tolerate a high concentration of lactic acid.

Apparently, cell density and the concentration of substrate were
wo major factors to affect the production of lactic acid. With the
pplication of efficient FBB system and development of fed-batch
trategy, the fermentative performance was greatly improved. The
chieved high cell density not only stimulated the synthesis of lac-
ic acid, but also resisted the possible contamination. Moreover,
he lag phase of cell growth was eliminated in the FBB system,
hich accelerated the fermentation process. The high conversion

ate of substrates and the persistence of efficient continuous oper-
tion made the FBB system more potential and practical for the
ndustrial trials.

. Conclusion

In this study, the good performance of fibrous bed bioreactor
ystem with immobilized L. lactis cells was achieved for lactic acid
roduction from hydrolysate of J. artichoke. Using the fed-batch
trategy, the maximum concentration of 142 g/l lactic acid was
roduced with supplementation of concentrated hydrolysate of J.
rtichoke. With the high efficiency and long-term persistence, the
hole system developed in this work was really potential for the

conomical production of lactic acid on industrial scale.
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