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Abstract In this study, Streptococcus thermophilus and
Lactobacillus bulgaricus were used to produce L(+)-lactic
acid by simultaneous saccharification and fermentation
(SSF). The use of hydrolyzed yeast as cheap nutrients and
mixtures of cellulosic materials and starchy materials as
carbon source for L(+4)-LA production was evaluated. Heat
treatment (121 °C) was proven to be an effective method to
improve the performances of yeast as nutrients for the
fermentations using different carbon sources. The addition
of yeast hydrolyzate obviously lowered the surface tension
of medium and improved enzyme hydrolysis of furfural
residue (FR) as the concentration was beyond 10 g/L.
Carbon—nitrogen ratio, substrates composition, substrates
feeding rate and enzyme-feeding strategy will affect the
productivity of L(+)-LA production from mixed substrates.
SSF of FR and corn saccharification liquid tends to obtain
good yields, when the total WIS content is in 10 % and
carbon-nitrogen ratio is about 30. This study provides an
encouraging means of producing L(+4)-LA from lignocel-
lulosic resource and starchy resource, which could opti-
mize the use of raw materials.
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Introduction

Lactic acid (LA) is applied in a wide array of industries
because of its unique physicochemical properties, such as
safety properties and optical activity [1]. There are two
optical isomers of lactic acid, L(4)-lactic acid and p(—)-
lactic acid. In recent years, attention has been focused on
the great potential of L(+)-LA in manufacture of polylactic
acid (PLA), a type of environment-friendly alternative to
petrochemicals plastics [2].

Microbial fermentation based on renewable sources is
the main way of LA production in industry because it
allows pure isomers to be obtained [3]. L(+)-LA can be
produced by species such as Lactobacillus rhamnosus and
Lactococcus lactis, while p(—)-LA can be produced by
species such as Lactobacillus delbrueckii. The starchy
materials are the preferred carbon sources used in L(+4)-LA
production at present [4]. When using starchy materials to
produce L(+)-LA, starch is usually pretreated by lique-
faction followed by enzymatic saccharification and
subsequent fermentation [5]. During those processes,
non-starch polysaccharides cannot be wused. Cellulase
addition and chemical-thermal treatment could be used for
conversion of non-starch polysaccharides into fermentable
sugar [6, 7]. According to a previous study on economic
evaluation of LA production from starchy materials, the
costs of raw material, the sodium hydroxide in the fer-
mentation step and the conversion of lactate to LA were
found to contribute considerably to the total production
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cost [5]. The production cost could reach 0.833US $/kg
product [5].

Further expansion of the LA industry will depend in
part on the availability of low-cost lignocellulosic
materials. The bioconversion of lignocellulosic biomass
to LA occurs in two steps. The cellulose is first depoly-
merized by cellulase to produce glucose, which is sub-
sequently fermented to produce LA. Simultaneous
saccharification and fermentation (SSF) is preferred
process option for LA production from lignocelluloses
such as furfural residues (FRs) [8]. As a result of furfural
production by hydrolyzing hemicelluloses of corncob,
huge amounts of FR are generated annually in China. A
potential use could be as raw materials for LA production
because FR is rich in cellulose that can be easily
hydrolyzed by cellulase [9].

The search for low-cost nutrient sources is some of the
most important objectives to be achieved. Recently, spent
cells, by-product of ethanol fermentation process, were
used as a nutrient source in LA fermentation. Treatments,
such as acid treatment, distillation and enzymatic hydro-
lysis, were used to improve the performance of yeast as
nutrients [10-12]. Heat treatment, in the absence of added
mineral acids, is desirable for facilitating the production
and the recovery of fermentation products. Furthermore,
the environmental and recovery side effects are avoided,
and no by-products from mineral acid neutralization are
produced. Heat treatment was, therefore, investigated in
this study.

This paper deals with the fermentative production of
L(+)-LA using mixtures of FR and corn saccharification
liquid (CR) as main carbon source and yeast hydrolyzate
(YH) as nutrients. The objectives were as follows: to
optimize treatment conditions for the use of YH; to
investigate the effect of YH addition on enzyme hydrolysis
of cellulose; to investigate the feasibility of producing
L(+)-LA from mixtures of cellulosic and starchy materials
and select the best strategy.

Materials and methods
Raw material

FR was kindly provided by Chunlei Company (Xingtai,
China) and had been water-rinsed before being used. The
average contents of glucan, lignin and ash were 48.17,
43.29 and 6.42 %, respectively. Corn kernels with a starch
content of 75.2 % and a protein content of 7.46 % were
purchased from COFCO Ltd, in China. Yeast with a pro-
tein content of 48.09 % and a glucan content of 18.45 %
was S. cerevisiae in the form of dry yeast and purchased
from Angel Yeast Company Co., Ltd (Yichang, China).
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Microorganisms and enzyme preparation

The microorganism used for L(+4)-LA fermentation was
freeze-dried lactic acid bacteria (LAB) (Meihua Company,
Harbin, China), mainly comprising Streptococcus thermo-
philus and Lactobacillus bulgaricus. The recommended
temperature of the commercial lactic bacteria used is
42-43 °C. In SSF and enzyme hydrolysis experiments,
Cellulase (Celluclast 1.5 L, Novozymes) and B-glucosidase
(Novozyme 188, Novozymes) were used. Celluclast 1.5 L
had an activity of 75 filter paper units (FPU)/mL, measured
using the [UPAC protocol [13], and 35 TU/mL B-glucosi-
dase activity according to the method of Berghem and
Petterson [14]. Novozyme 188 had a B-glucosidase activity
of 174 TU/mL. a-amylase (150 U/g corn) and glucoamy-
lase (20 U/g corn) (Aoboxing Universeen Bio-Tech Com-
pany Ltd, Beijing, China) were used for corn liquefaction
and saccharification, respectively.

Preparation for corn saccharification liquid (CR)
and yeast hydrolyzate (YH)

The saccharification of corn starch was realized by double
enzymes method. Corn kernels were liquefied at 85 °C for
2 h using the commercial thermostable a-amylase with an
enzyme activity of 4KU/g, followed by several hours of
saccharification (pH 4.0, 60 °C) with amyloglucosidase.
Before being used, the pH of CR was adjusted to 7.0 with
10 % NaOH.

Nine grams of yeast cells was added into a 180 mL
sealed pressure bottle each containing 150 mL distilled
water, and the slurry was hydrolyzed at 121 °C (or 100 °C)
for a certain time. After cooled, YH was added into med-
ium to achieve a certain concentration.

Enzyme hydrolysis

Enzyme hydrolysis were carried out by using 3 % FR, 30 g/L
YH or mixtures of 3 % FR and YH (10, 20 or 30 g/L) as
substrates. Enzyme hydrolysis was performed at45 °C with a
shaking speed of 150 rpm in 100 mL Erlenmeyer flasks
containing 60 mL. medium. The same amount of celluclast
1.5 L and Novozyme 188 was used in all experiments. In
enzyme hydrolysis of 3 % FR, the amount of celluclast 1.5 L
and Novozyme 188 added was 12.5 FPU and 13.5 IU per
gram glucan of FR, respectively.

Fermentation experiments

The fermentation medium for utilization of sole starch
materials contained 10 % CR, 10 g/L YH and 42 g/L
CaCOs;. The fermentation medium for utilization of sole
lignocelluloses contained 5 % FR, 10 g/L. YH and 30 g/L
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CaCOj;. The fermentation medium for studying carbon-
nitrogen ratio contained 9 % CR, 5 % FR, some YH (the
concentrations ranged from 0 to 30 g/L) and 100 g/L
CaCOj;. The fermentation medium for studying substrate
composition contained CR (the concentrations ranged from
2.5 to 7.5 %), FR (the concentrations ranged from 2.5 to
7.5 %), YH (0 or 10 g/LL) and some CaCOj; (Calcium
carbonate was added as 100 % (w/w) of glucose to the
medium).

SSF with 5 g/L beef extract could obtain a 98.3 % of
LA yield at 144 h, which is higher than that with 5 g/LL
yeast extract (94.5 %), so beef extract was chosen as
control nitrogen source. Fermentation with full medium
(KH,PO,, 0.5 g/L; MgS0,4-7H,0, 0.5 g/L; NaCl, 0.1 g/L;
beef extract, 5 g/L) and fermentation without any supple-
mentations were carried out as control cases. FR and full
medium were sterilized (121 °C, 15 min) before loading

Lacticacidat 120h (g/L)/1.11

measure the surface tension to 0.01 m Nm™'. Tensiom-
eter equipped with a 5 cm Wilhelmy platinum at room
temperature (30 £ 1 °C). Extreme care was taken with the
platinum plate and experimental vessel. The solutions were
equilibrated before running the experiments. The total
amount of reducing sugars was measured by dinitrosali-
cylic acid method [18]. The liquid fraction of the super-
natant after hydrolysis and fermentation were analyzed
according to an NREL procedure [15]. L(4)-LA was ana-
lyzed by HPLC (Waters 2695e, USA) using an Aminex
HPX-87H (300 x 7.8 mm: Bio-Rad, USA) at 65 °C and
refractive index detection detector at 30 °C. Assays were
performed in three repeated experiments, and the mean
values are presented. SPSS Statistics 17.0 was used to
analyze the data.

Polysaccharide utilization (%) was
follows:

calculated as

Polysaccharide utilization =

x 100 %

Polysaccharide of corn (g/L) + Cellulose of furfural residue (g/L)

into the Erlenmeyer flask. The amounts of Celluclast 1.5 L
and Novozyme 188 used in SSF were 15 FPU/g and
17 TU/g glucan of FR, respectively. The cellulase, CR and
YH were added to the Erlenmeyer flask directly. Fermen-
tations were carried out at 42 °C with a shaking speed of
150 rpm in 100 mL Erlenmeyer flasks containing 60 mL
medium. The inoculation amount of all the fermentations
was 0.21 % (W/V).

Analytical methods

Glucan and lignin of FR were analyzed according to the
standard National Renewable Energy Laboratory (NREL)
method [15]. One gram yeast was treated with 3 mL 72 %
H,SO, for 1 h at 30 °C, then diluted to 4 % H,SO, and
autoclaved for 1 h at 121 °C. Sugar contents were analyzed
with high-performance liquid chromatography (Waters
2695e, USA) using an Aminex HPX-87P (300 x 7.8 mm:
Bio-Rad, USA) at 85 °C and refractive index detection
detector at 35 °C. The total starch was determined when
the saccharification of corn starch was finished [16]. The
total nitrogen content was determined by Kjeldahl nitrogen
determination [17]. Protein content was obtained by mul-
tiplying the elemental N content by the universal factor of
6.25.

The liquid fraction of YH was diluted by different times
before determining its surface tension. A JK99B automatic
surface tensiometer (Shanghai, Zhongchen) was used to

Results and discussion
Lactic acid production from CR with YH as nutrients

The moisture loss during treatment processes was detected
to be less than 5 %. Solution containing yeast cells were
treated at 121 °C for 10, 30 and 60 min, and YH obtained
were labeled YHI, YH2 and YHS3, respectively. CR was
prepared by 22 h of saccharification. Fermentation using
CR as carbon sources and YH as nutrients was carried out.
Figure 1 shows the L(+4)-LA and reducing sugars profiles.
The low production rate and low glucose consumption in
fermentation without any supplementations indicated a
nutrient limitation in CR. YH addition had a great effect on
LA fermentation, and YH2 had the best performance in all
cases. Fermentation with YH3 obtained lower yield than
that with YH2, which can be considered that longer treat-
ment time lead to more nutrient destruction. Fermentation
with YH had higher productivity than that with full med-
ium, which indicated that heat treatment (121 °C) is an
effective method.

Enzyme hydrolysis of YH
Enzymatic hydrolysis of YH was carried out, and the
results were shown in Fig. 2a. Monomeric sugars were not

detected at the beginning of hydrolysis, which indicated
that polysaccharide of yeast could not be hydrolyzed
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—v— With 10 g/L YH2
—a— With 10 g/L YH1
—x— With 10 g/L YH3
70 9 —»— With full medium
] —=— Without any supplementations

L-Lactic acid, reducing sugars (g/l)

Time (h)

Fig. 1 Effect of yeast hydrolyzate (YH) on the L(+)-lactic acid
production from corn hydrolyzate (CR). Lactic acid, solid line;
reducing sugars, dashed line

during heat treatment. Figure 2a also shows that polysac-
charide of yeast can be hydrolyzed to glucose by cellulases
and heat treatment makes polysaccharide of yeast cell more
accessible to enzymes. Gao et al. [11] proposed a diluted
acid-hydrolysis to improve the performance of spent cells.
After pH adjustment to 2 by the addition of 3 M H,SO,,
the slurry was hydrolyzed at 121 °C for 20 min. Though
attention was not focused on polysaccharide hydrolysis of
yeast, it could be inferred that polysaccharide hydrolysis
happens during the acid-hydrolysis in their study. When glu-
coses are used to produce LA, acid-hydrolysis is a promising
method, which could optimize the use of yeast. However,
when lignocelluloses are used in SSF, heat treatment is sup-
posed to be better than acid-hydrolysis. Heat treatment needs
less chemicals consumption, and enzyme addition could also
realize polysaccharide hydrolysis of yeast.

In the ethanol fermentation step of separate hydrolysis
and fermentation (SHF) and SSF process, sugars are con-
verted to ethanol, as well as to by-products and yeast [19].
When the solid residues from ethanol fermentation are used
for LA production as nutrients, it would be very beneficial
to simultaneously use polysaccharide from yeast. To
improve the performances of spent cells from ethanol fer-
mentation step as nutrients, distillation could have good
performances [10]. However, to improve the access of
polysaccharide from yeast to enzymes, more severe con-
ditions are necessary according to this study.

Effect of YH on enzyme hydrolysis of FR

The results of enzymatic hydrolysis of YH were used to
deduct glucose from yeast to investigate effect of YH on
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Fig. 2 The influence of the addition of yeast hydrolyzate (YH) on
enzymatic hydrolysis of furfural residue (FR) and the surface tension
of medium. a Total concentration of glucose during enzyme
hydrolysis of FR and YH; b concentration of glucose produced from
FR obtained by deducting glucose from YH; ¢ the surface tension of
yeast hydrolyzate (YH) with different concentrations

enzyme hydrolysis of FR, when enzyme hydrolysis was
carried out by using mixtures of YH and FR as substrates.
Figure 2b shows the probable value of glucose from FR.
The addition of YH improved the cellulose hydrolysis of
FR significantly, and YH3 had better performance than the
other two (Fig. 2b). These interesting results might be
attributed to that proteins in YH could prevent unproduc-
tive binding of cellulases. The correlation between the
amount of YH2 and its effect on hydrolysis was also
investigated. Increasing the amount of YH2 slightly
decreased the cellulose hydrolysis of FR.

Surfactant addition can improve the enzymatic hydro-
lysis of various cellulosic materials [20]. Heat treatment
destroyed the cell walls of yeast to stimulate the level of
protein hydrolysis. Protein is also surface active [21]. To
compare with YH obtained at 121 °C, YH obtained at
100 °C for 10, 30 and 60 min was labeled YH4, YHS and
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YHGO, respectively. As shown in Fig. 2c, the surface tension
decreased more sharply with the concentration prior to YH
concentration = 10 g/L.. Beyond that the decreasing trend
is slower. The results indicated that the active effect of YH
addition on enzymatic hydrolysis would not be enhanced as
its concentration is beyond 10 g/L. The results of enzyme
hydrolysis (Fig. 2b) demonstrated this point. Treatment
conditions have a significant effect on the surface tension.
Higher temperature and longer residence time lead to lower
surface tension.

YH is a cheaper addition with the same positive effects
as surfactant. The surface tension of YH obtained at
100 °C (YH4, YHS and YH6) is obviously higher than
that obtained at 121 °C (YH1, YH2 and YH3), thus
indicating that a temperature of 100 °C is too low to
increase the surface activity of YH. The temperature for
ethanol distillation is always lower than 100 °C, thus
indicating that though distillation can improve the per-
formances of spent cells as nutrients, it could not obvi-
ously improve the performances of spent cells as
surfactant. An extra advantage of YH is its use as nutri-
ents for further fermentation. Fermentation with YH
(121 °C) had higher productivity than that with full
medium, which also indicated that a temperature of
121 °C is better treatment temperature than 100 °C. When
YH was treated at 121 °C, longer treatment time lead to
lower surface tension but more nutrient destruction. A
moderate treatment time is optimal.

Lactic acid production from FR

To evaluate the efficiency of the cellulosic fermentation
process with YH2, the fermentations with full medium and
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Fig. 3 Effect of the addition of yeast hydrolyzate (YH2) on the lactic
acid production in SSF of 5 % furfural residue (FR). L(+)-Lactic acid,
solid line; reducing sugars, dashed line

YH2 were compared. Figure 3 shows the fact that little LA
was produced in the medium that only consisted of 5 %
FR. When YH2 was supplemented, higher productivity was
obtained relative to full medium. This result was probably
due to the improvement of YH2 on enzyme hydrolysis and
the use of YH as nutrients.

Lactic acid production from mixtures of CR and FR

Cellulase addition could be used for conversion of non-
starch polysaccharides in CR and YH into fermentable
sugar. YH could improve enzyme hydrolysis of cellulose. It
became, therefore, important whether FR, CR and YH
could be used in the same system or not.

Effect of saccharification time on lactic acid production

It has been observed that the release of nutrients in
starchy LA process is critical and may reduce LA fer-
mentation rate [5]. The level of release of glucose is
depended on saccharification time. Therefore, sacchari-
fication time is supposed to be an important factor, when
starch materials are used as substrates. SSF with mix-
tures of 5 % FR and 10 % CR prepared by different
hours of saccharification (1, 7 and 22 h) was carried out.
The results indicated that LA production increased with
the saccharification time. However, though completely starch
hydrolysis was realized, relative low LA (54.77 g/L)) was
obtained at 120 h, thus indicating that completely
starch hydrolysis could not eliminate the nutrient limitation of
CR.

Effect of substrate composition on lactic acid production

YH2 (10 g/L) was used as nutrients in SSF with mixtures
of FR and CR. Experiments were carried out to investi-
gated the effect of substrate composition. Without YH2
addition, the final LA yield of SSF with 5 % FR decreased
with increasing concentration of CR, which was probably
due to high osmotic stress and end-product inhibition
(Fig. 4). Without YH2 addition, the final LA yield of SSF
with 5 % CR increased with the FR concentration (Fig. 4).
YH?2 improved the final yield of SSFs mainly due to its use
as nutrients and its use as surfactant. YH2 addition
increased the yield of SSF with 5 % CR and 2.5 % FR by
70.5 %, while YH2 addition increased that with 5 % CR
and 7.5 % FR only by 3.1 % (Fig. 4). The interesting
results may be due to that enzymes could also serve as
nutrients. This inference could explain that, without YH2,
the final LA yield of SSF with 5 % CR increased with
increasing the concentration of FR. With YH?2 addition, a
LA concentration of 40.74 g/L. at 120 h, which corre-
sponded to a 87.1 % polysaccharide utilization, was
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obtained in SSF of 2.5 % CR and 5 % FR (Fig. 5), indi-
cating that the process could optimize the use of raw
materials.

Higher carbon-nitrogen ratio could not result higher
final concentration of LA [22]. When 10 g/LL YH2 was
used, carbon—nitrogen ratio decreased with increasing the
concentration of CR and FR. When SSF was carried out by
using 10 % CR, 5 % FR and 10 g/LL YH2, the carbon—
nitrogen ratio was 63.25 (The carbon-nitrogen ratio was
calculated by taking no account of nitrogen in CR). The
high carbon—-nitrogen was one of reasons for high residual
sugar in SSF of 10 % CR and 5 % FR (Fig. 5). When
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Fig. 4 Polysaccharide utilization at 120 h from simultaneous sac-
charification and fermentation (SSF) of furfural residue (FR) and corn
hydrolyzate (CR) with/without YH. L(+)-Lactic acid, solid line;
reducing sugars, dashed line
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Fig. 5 Concentration of L(+4)-lactic acid (solid line) and reducing
sugars (dashed line) during simultaneous saccharification and
fermentation of furfural residue (FR) and corn hydrolyzate (CR)
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carbon—nitrogen ratio was about 30, the reducing sugars
reached the lowest level, 1.67 g/L (Fig. 5).

Effect of carbon—nitrogen ratio on lactic acid production

Increasing YH2 concentration could improve the carbon—
nitrogen ratio. As shown in Fig. 6, LA production was
improved by lowing carbon-nitrogen ratio. The limiting
step in the overall kinetics of SSF was always LA forma-
tion. The carbon-nitrogen ratio decreased from 116.94 to
19.49 with increasing YH2 from 5 to 30 g/L. When 30 g/L
YH2 was used, LA reached its highest concentration of
79.50 g/L. Figure 1 shows that LAB used will take more
than 100 h to realize the completely sugar consumption in
fermentation of 10 % CR. The residual glucose from CR
inhibited enzymatic hydrolysis of cellulose. An initial high
glucose concentration (from CR) in SSF influences the
hydrolysis of cellulose efficiency negatively. Therefore, it
is difficult to observe the active effect of YH on enzymatic
hydrolysis during SSF.

The potential strategy for lactic acid production
from mixtures of CR and FR

Use of novel and cheap nitrogen sources along with CR
and FR could lead to design low-cost fermentation media
for economic production of LA. YH is an alternative to
nature materials. Considering the large amounts of ethanol
production, it comes that YH is a kind of competitive
nutrition sources. Heat treatment (121 °C) seems to be a
novel method because treated YH could also improve
enzyme hydrolysis, reduce enzyme loading and shorten
residence time. For the purpose of utilization of yeast cells,

—aA— With 30 g/l YH2 carbon-nitrogen ratio 19.49

1007 With 20 g/l YH2 carbon-nitrogen ratio 29.23
Q@ —o— With 10 g/l YH2 carbon-nitrogen ratio 58.47
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Fig. 6 Effect of different carbon—nitrogen ratios of medium on lactic
acid production in SSF of furfural residue (FR) and corn sacchari-
fication liquid (CR). L(+)-Lactic acid, solid line; reducing sugars,
dashed line
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a 121 °C temperature and 30 min appear to be the best
scenario.

Batch mode is the classical form of SSF [23]. SSF of
lignocelluloses is always difficult to obtain high final LA
concentration because of lignin. Using CR in SSF could
improve the final LA concentration and optimize the use of
CR. However, a high CR concentration at the beginning of
SSF should be avoided to prevent end-product inhibition
and osmotic stress to LAB. An initial high FR concentra-
tion in SSF should also be avoided to improve mass
transfer and reduce inhibition of the fermentation. Though
the active effect of YH on enzyme hydrolysis would not be
enhanced as the concentration of YH is beyond 10 g/L, an
appropriate carbon—nitrogen ratio must be considered to
obtain a high productivity of LA. In practice, SSF using
batch mode is difficult to achieve good LA yields above
WIS contents of 10 % (FR plus CR).

Pre-hydrolysis could decrease the initial viscosity at the
start of fermentation based on lignocelluloses. A disad-
vantage of pre-hydrolysis may be a less efficient fermen-
tation and enzyme hydrolysis due to the higher glucose
concentration in the medium [23]. When SSF is carried out
by using mixtures of CR and FR, pre-hydrolysis is obvi-
ously unnecessary. Therefore, fed-batch mode seems to be
the best form of SSF using mixtures of starch materials and
cellulosic materials. By not adding all CR at once, the
levels of glucose can be kept lower, giving less osmotic
stress to LAB. The gradual hydrolysis of added cellulosic
materials can avoid mass and heat transfer problems. A
suitable feed rate of YH could also reduce the amount of
enzyme loading and shorten the residence time for SSF. In
addition, the combination of enzyme and substrate feeding
is necessary to maintain a high yield from fed-batch SSF
[24].

Conclusion

The use of yeast hydrolyzed by heat treatment as cheap
nutrients and mixtures of cellulosic materials and starchy
materials as carbon source for L(+)-LA production was
evaluated. Heat treatment (121 °C, sterilization tempera-
ture) was an effective method to improve the performances
of yeast as nutrients in starchy LA. Longer treatment time
results more serious nutrient destruction but lower surface
tension. SSF of lignocellulosic materials was also
improved by hydrolyzed yeast due to a combination of
increased hydrolysis rate and improved LA fermentation.
Carbon-nitrogen ratio, substrates composition, substrates
feeding rate and enzyme-feeding strategy will affect the

productivity of LA production from mixed substrates. The
LAB used in this study are S. thermophilus and L. bul-
garicus that are very common in yogurt production. But
also there are other commercial lactic bacteria as Oenocous
oenos that could be more adapted to media where almost
the unique nutrients are dead cell yeast. Developing cheap
nutrients source with the same effects as YH is still
essential.
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