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bstract

d-Hydantoinase was covalently immobilized onto polystyrene anion exchange resin via glutaraldehyde. Immobilization conditions were opti-
ized: the carrier as D-92 type polystyrene anion exchange resin, temperature as 25 ◦C, immobilization time as 12 h, and initial concentration of

rotein as 6 mg/ml. Under the optimized reaction conditions the activity of the free and immobilized d-hydantoinase was determined. The free
nd immobilized d-hydantoinase samples were characterized with their kinetic parameters, thermal, and storage stability. The Km and Vmax values
ere 14.985 mM and 0.6 mM/min for the free, and 27.030 mM and 1.187 mM/min for the immobilized, respectively. Operational stability of the

mmobilized d-hydantoinase was also detected in a circulating packed-bed reactor. The half-time of the immobilized d-hydantoinase was 11 days.

early 90% of activity of the immobilized d-hydantoinase was reserved for 100 days stored at 4 ◦C. The free and immobilized d-hydantoinases
ere also characterized under microwave irradiation. Results shown that the reactions catalyzed by both free and immobilized d-hydantoinase
ere accelerated under microwave irradiation. The half-time of the immobilized d-hydantoinase reduced to 16 min under microwave irradiation.
2006 Elsevier B.V. All rights reserved.
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. Introduction

d-Amino acids are important medical, food, and pesticide
ntermediates, which can be widely used to produce some
emisynthetic antibiotics, sweeteners, bioactive peptides, and
hemical pesticides [1–3]. d-Phenylalanine, as an example, is
sed as a precursor for the synthesis of nateglinide, an antidia-
etic agent [4].

d-Hydantoinase (EC 3.5.2.2) is one of the most useful
nzymes in the d-amino acids production process. d-Amino
cids can be produced from d,l-5-substituted hydantoins asym-
etrically hydrolyzed by d-hydantoinase to N-carbamoyl-d-

mino acids and these compounds are further converted to
he corresponding d-amino acids by chemical method using
odium nitrite under acidic conditions or by a second enzy-
atic step using carbamoylase (EC 3.5.1.6) [5,6]. Because of
he industrial significance, many studies have been performed
or isolation and reconstruction of microorganisms containing d-
ydantoinase and characterization of substrate specificity [7–9].

∗ Corresponding author. Tel.: +86 25 83587330; fax: +86 25 83587330.
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-Hydantoinases producing from various microorganisms are
btained at present. However, free enzymes are too unstable
o fulfill economical requirements for an industrially feasible
iocatalyst. A few previous studies had reported immobilized
-hydantoinase or cells used to produce d-amino acids [10,11].

In view of high loading capacity, strong binding, low price,
nd especially transparent to microwave, polystyrene anion
xchange resins were employed as a carrier for the immobi-
ization of d-hydantoinase in the present work. We reported on
esults obtained during the optimization of the immobilization
arameters for the d-hydantoinase crosslinked onto polystyrene
nion exchange resins. The characterizations of immobilized
-hydantoinase under classical condition and microwave irradi-
tion were investigated. Details are reported herein.

. Materials and methods

.1. Materials
d,l-Benzylhydantoin and standard N-carbamoyl-d-
henylalanine with eligible elemental analysis results
ere prepared from the corresponding amino acids [12].
urkholderia cepecia JS-02 producing d-hydantoinase was

mailto:dopa@njut.edu.cn
dx.doi.org/10.1016/j.molcatb.2006.06.019
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ted by forming Schiff-base between free amino group in d-
hydantoinase and aldehyde group in glutaraldehyde linker. The
highest activity was obtained with D92-type prim-ammonium
resin from Table 1. The higher activity of the D92-type resin

Table 1
Effect of various carriers on the activity of immobilized d-hydantoinase

Type Amino group Exchange capacity (mmol/g) Residual activity (%)

D45 prim- (a) ≥ 5.6 14
D80 prim- (a) ≥ 6.5 16
D92 prim- (a) ≥ 4.8 43.2
D82 sec- (a) ≥ 3.5 20.1
DI5 tert- (a) ≥ 6.5 11.5
D11 tert- (a) ≥ 4.8 12
D01 quarter- (a) ≥ 3.5 11
D01G quarter- (a) ≥ 4.0 15.3

Immobilization conditions: 1 g of support pretreated by glutaraldehyde and 10 ml
of crude d-hydantoinase solution shaken at room temperature for 24 h. Then
the resins were filtered and washed with the same NH3

•H2O–NH4Cl buffer
H.-H. Jia et al. / Journal of Molecula

creened from soil locally. All other reagents used were the
nalytical grade. MARS microwave reactor equipped with
emperature-controlling optical fiber sensor was manufactured
y CEM corporation, USA.

.2. Culture of B. cepecia JS-02

The culture medium included (g/l): glucose 20, peptone 25,
aCl 3, KH2PO4 2, MgSO4 0.25, CoCl2 0.5, inducer 1.5, and
H was adjusted to 7.5 with 1 M NaOH. B. cepecia JS-02 was
ultured in a 5 l mechanically stirred fermentor with 3 l culture
edium at 32.5 ◦C, 550 rpm, and 0.8 vvm of air flow rate for

6 h. After cultivation, the culture was centrifuged at 6000 rpm
t 4 ◦C for 15 min and precipitate cells were washed twice with
H 8.0, 50 mM Tris–HCl buffer.

.3. Analytical methods

Protein concentration was measured by the method of
radford. The assay of l- and d,l-benzylhydantoin, and
-carbamoyl-d-phenylalanine was performed on a Beckman
ACE5000 HPCE instrument equipped with a UV detector.
eparations were carried out at 25 ◦C on a 57 cm × 0.75 �m
used-silica column with 10 mM phosphate buffer, pH 8.5, and
5 kV. Wavelength detection at 200 nm was used to monitor the
eparations. Samples were injected under pressure for 5 s.

.4. Preparation of crude d-hydantoinase solution

A 50 g of B. cepecia JS-02 cells suspended with 500 ml
f pH 8.0, 50 mM Tris–HCl buffer (100 g l−1) was lysed via
ltrasonication under ice bath, and cell free lysate containing d-
ydantoinase was prepared by centrifugation at 12,000 rpm for
0 min at 4 ◦C. Then the lysate was brought to 40% saturation
ith powdered ammonium sulfate, and allowed to stand for 2 h at
◦C and centrifuged for 20 min at 12,000 rpm. The supernatant
as collected. The procedure was repeated for ammonium sul-

ate saturation of 70%, and the precipitate was colleted. The
raction, which contained a large amount of d-hydantoinase
as used for further purification by HIC (Pharmacia Phenyl
epharose Fast Flow column). The column was equilibrated with
0 mM Tris–HCl buffer (pH 7.5) amended with 1 M (NH4)2SO4.
he column was eluted with 50 mM Tris–HCl (pH 7.5) at a

ate of 2 ml min−1, followed by 60%, 85%, and 100% step-wise
NH4)2SO4 gradient in buffer. The fractions from the Phenyl
epharose Fast Flow elution, containing the d-hydantoinase,
ere combined and dialyzed for 24 h at 4 ◦C. After that, the

rude d-hydantoinase solution was refrigerated at 4 ◦C for fur-
her immobilization.

.5. Immobilization of d-hydantoinase

Prior to immobilization, polystyrene anion exchange resins

ere treated with standard method [13]. Following the resins
ere treated with freshly 25% glutaraldehyde for 2 h at room

emperature, then the remaining glutaraldehyde were removed
horoughly. Immobilization of d-hydantoinase was conducted at
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ifferent temperature with constant shaking for hours. Unbound
-hydantoinase was decanted and loaded support was washed
ith distilled water prior to use and its storage at 4 ◦C.

.6. Activity assay for free and immobilized d-hydantoinase

.6.1. Free d-hydantoinase
Activity of free d-hydantoinase was determined by taken

ml of crude d-hydantoinase solution (protein concentration
mg/ml), 1.0 ml of substrate stock (2.0 g/l d,l-benzylhydantoin
f 50 mM NH3·H2O–NH4Cl buffer, pH 8.5). The mixture was
ncubated with constant shaking at 38 ◦C for 10 min. Then the
eaction was stopped by addition 0.25 ml of 10% trichloroacetic
cid solution. The N-carbamoyl-d-phenylalanine was assayed
escribed in Section 2.3.

.6.2. Immobilized d-hydantoinase
Activity of immobilized d-hydantoinase was determined by

aken 1 g of immobilized d-hydantoinase, 4.0 ml of substrate
tock. The mixture was incubated with constant shaking at 38 ◦C
or 10 min. Then the reaction solution was removed from the
ixture. The resins were washed with 2 ml of assay buffer

nd the washings were also mixed with the reaction solution.
he N-carbamoyl-d-phenylalanine was also assayed described

n Section 2.3.

. Results and discussion

.1. The screening of immobilized supports

Weakly basic anion exchange resins were investigated in
mmobilization of d-hydantoinase. In all cases, the immobi-
ization procedure was the same. Immobilization was commit-
s described above. The activity of immobilized d-hydantoinase was deter-
ined according to the method in Section 2.6.2. Residual activity was defined as

IDH/(UFDH − USDH), here UIDH represented the gross activity of immobilized
-hydantoinase, UFDH represented the gross activity of free d-hydantoinase, and

SDH represented the gross activity of supernatant d-hydantoinase.
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Fig. 1. Effect of temperature on immobilization of d-hydantoinase. One gram
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Fig. 2. Effect of period on immobilization of d-hydantoinase. One gram of
support pretreated by glutaraldehyde and 5 ml of crude d-hydantoinase solution
s
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might be explained in terms of saturation of the enzyme molecule
binding sites on the support.
f support pretreated by glutaraldehyde and 5 ml of crude d-hydantoinase solu-
ion shaken at different temperature for 24 h, then removed the free enzyme
ompletely to measure the activity.

eads may be due to the difference in basicity compared with
ther resins. Alternatively, some conformational changes dur-
ng the binding might also be responsible for the low activity
14]. Owing to a lack of sufficient structural information about
he d-hydantoinase bound onto various supports, it is difficult to
ccount for the low activity of the other supports.

Since the D92-type resin was the most promising of the sup-
orts tested, it was used for all further studies. It might be noted
hat the unloaded D92-type resin beads were not found to cat-
lyze this test reaction.

.2. Optimization of immobilization conditions

.2.1. Effect of temperature on d-hydantoinase
mmobilization

As described in Section 2.5, d-hydantoinase was immobilized
nto polystyrene resin bridged by glutaraldehyde to forming
chiff base. Temperature could be the most important factor

o affect a chemical reaction rate to some extent. The immo-
ilized effect was direct proportion to temperature at definite
ange. As shown in Fig. 1, the relative activity of immobilized
-hydantoinase was dramatically enhanced when the tempera-

ure increased from 5 to 25 ◦C. The immobilization temperature
as maintained at 25 ◦C.

.2.2. Effect of period on d-hydantoinase immobilization
The amount of enzyme adsorbed onto the support increased

roportionally with time, leading to higher activity of prepa-
ations immobilized for longer durations. It was also found
hat the d-hydantoinase was immobilized during from 6 to 12 h
howed certain residual activity, seen from Fig. 2. However, at
nd beyond 12 h, no significant increase in the activity of d-

ydantoinase for the immobilized beads was found, indicating
otal adsorption of d-hydantoinase within 12 h. For all further
xperiments, therefore, the immobilization was carried out for
2 h.

F
O
h
1

haken at 25 ◦C for h then removed the free enzyme completely to measure the
ctivity.

.2.3. Effect of protein concentration on d-hydantoinase
mmobilization

The activity displayed by the immobilized samples would
e related to the amount of enzyme loaded onto it, and also
ts adsorption capacity. The effect of d-hydantoinase loading
n the activity for the immobilized samples was shown from
ig. 3. The concentration of d-hydantoinase with up to 6 mg/ml,

here was an enhancement in activity with the increase in
mount of enzyme. Beyond this, an increase in the amount of
-hydantoinase produced no significant change in the activity
isplayed. The leveling-off of activity at higher enzyme loadings
ad also been found by Negishi et al. [15]. This phenomenon
ig. 3. Effect of concentration of protein on immobilization of d-hydantoinase.
ne gram of support pretreated by glutaraldehyde and 5 ml of crude d-
ydantoinase solution with different protein concentration shaken at 25 ◦C for
2 h, then removed the free enzyme completely to measure the activity.
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.3. Characterization of free and immobilized
-hydantoinase

.3.1. Effect of pH on activity
One of the most important parameters that affect the activity

f enzyme is pH. This is more evident when the enzyme is immo-
ilized since the support itself may change the pH value around
he catalytic site. This effect is known as the partitioning effect,
irectly related to the chemical nature of the supporting material
hat induces electrostatic or hydrophobic interaction between
he matrix and the molecular species dissolved in the solu-
ions. These interactions alter the microenvironment in which
he enzyme actually operates [16].

Effect of pH on the activities of free and immobilized d-
ydantoinase were investigated and results were given in Fig. 4.
t appeared that the optimum pH of free d-hydantoinase was
.5, while it was shifted to 9.0 for the immobilized. We were
xpecting a considerable shift in optimal pH of immobilized
-hydantoinase to more basic region due to enabling solubility

ncrease and racemization accelerating of l-enantiomer in sub-
trate. However, the deviation in the optimal pH was less than
hat we expected. It might be explained that the immobilized
-hydantoinase was not chemically modified but remained as

ts native form loaded onto the resins. Similar results were also
eported by Rai et al. [17] and Fan et al. [18].

.3.2. Effect of temperature on activity
As we all know, high temperature is beneficial to chemical

eaction, also to enzymatic reaction. It was very important to
he reaction catalyzed by d-hydantoinase for increasing solubil-
ty and accelerating racemization of l-enantiomer in substrate
hen the reaction temperature was enhanced. As shown from

ig. 5, the optimum temperatures of free and immobilized d-
ydantoinase were 38 and 45 ◦C, respectively. Difference in
he optimum temperatures of immobilized d-hydantoinase was
lso reported by others [19]. It was obvious that optimal reac-

ig. 4. Effect of pH on the activity of the free and immobilized d-hydantoinase.
ctivity of free and immobilized d-hydantoinase was determined at the same

onditions at pH 7.0, 7.5. 8.0, 8.5, 9.0, 9.5 and 10. (�) Free d-hydantoinase and
�) immobilized d-hydantoinase.
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ydantoinase. The effect of temperature on the activity of free and immobilized
-hydantoinase was investigated for the temperature range of 30–60 ◦C at then
ptimal pH. (�) Free d-hydantoinase and (�) immobilized d-hydantoinase.

ion temperature of d-hydantoinase was enhanced by immobi-
ization. Even now, beyond 45 ◦C, the free and immobilized
-hydantoinase got inactivated dramatically, which might be
xplained that high temperature had changed the conformation
f d-hydantoinase.

.3.3. Effect of immobilization on kinetic constants
The effect of substrate concentration on the activities of

he free and immobilized d-hydantoinase was investigated.
xperiments were conducted at predetermined optimal condi-

ions. Various benzylhydantoin concentration substrates were
sed to detect the primary velocity of free and immobi-
ized d-hydantoinase at pH 8.5, 45 ◦C. The kinetic parame-
ers of free and immobilized d-hydantoinase were calculated
hrough Lineweaver–Burk plot. The Km and Vmax values were
4.985 mM and 0.6 mM/min for the free, and 27.030 mM and
.187 mM/min for the immobilized, respectively. The both Km
nd Vmax values of the immobilized d-hydantoinase were almost
wo times higher than those of the free. The higher Km values for
he solid phase enzymes may be result of a number of effects.
he migration of substrate from the solution to the microenvi-

onment of an immobilized enzyme may be a major factor that
auses an increase in Km value [20]. In general, the main reasons
ere diffusion limitations and steric hindrances in the immobi-

ized forms. It was apparent that it was not remarkable in our
tudy.

.3.4. Thermal stability of free and immobilized
-hydantoinase

The thermal stability of the enzymes was concerned deeply
y the application in industry. To investigate the thermal stability
f free and immobilized d-hydantoinase samples, experiments

ere carried out at eight different temperatures. It was observed

hat relative activity of the two forms was similar at temperature
rom 30 to 50 ◦C, shown in Fig. 6. At 60 ◦C, the immobi-
ized d-hydantoinase remained 90 percent at least, but the free
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Fig. 6. Thermal stability of the free and immobilized d-hydantoinase. The
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Table 2
The comparison of reaction catalyzed by free d-hydantoinase under microwave
irradiation and classical condition

Temperature
(◦C)

Microwave Classic rm/rc

rm (mM/min) Yield (%) rc (mM/min) Yield (%)

30 5.77 56.7 0.65 60.3 8.9
33 5.5 58.7 0.7 76.3 7.9
37 6.26 40.5 0.75 76 8.3
42 – 50 – 77 –

Five millilitres of 4 g/1 d,l-benzylhydantoin solution and 2 ml of free d-
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that the conformation of d-hydantoinase crosslinking onto resin
was more stable under microwave irradiation than that of free
d-hydantoinase.

Table 3
The comparison of reaction catalyzed by immobilized d-hydantoinase under
microwave irradiation and classical condition

Temperature
(◦C)

Microwave Classic rm/rc

rm (mM/min) Yield (%) rc (mM/min) Yield (%)

30 2.21 48 0.09 39.9 24.6
33 4.6 52 0.13 45 35.4
reparations were first exposed to different temperatures for 30 min, then imme-
iately cooled to 4 ◦C. The residual activity was detected at 38 ◦C (�) free
-hydantoinase and (�) immobilized d-hydantoinase.

orm decreased sharply to 65% of the activity. So immobiliza-
ion affected the thermostability of d-hydantoinase, yet not very
otably.

.3.5. Storage stability of free and immobilized
-hydantoinase

The storage stability of free and immobilized d-hydantoinase
as detected. In our group, free d-hydantoinase remained the

ctivity at least two weeks, reported by Li et al. [21]. In this
tudy, the activity of immobilized d-hydantoinase was hardly
ecreased within 30 days, and nearly 90% of activity was
eserved for 100 days. It was evident that immobilized d-
ydantoinase was stable storage at 4 ◦C.

.3.6. Operational stability of immobilized d-hydantoinase
Based on the results shown above, operational stability

xperiments of immobilized d-hydantoinase were carried out
n a circulating packed-bed reactor. Concentration of d,l-
enzylhydantoin solution was 4.0 g/l (50 mM NH3·H2O–NH4Cl
uffer, pH 8.5). The reaction was carried out continuously.
esults shown that the half-time of the immobilized d-
ydantoinase was 11 days.

.4. Characterization of free and immobilized
-hydantoinase study under microwave irradiation

In organic synthesis, microwave irradiation can result in
igher reaction rates and higher product yield compared with
hat of conventional heating. The study of microwave action on
iological systems is an area of intense interest. Several studies

ad observed effects of microwave irradiation on enzymes in
queous media that they had concluded to be nonthermal effect
n origin [22–24]. Several papers had already shown that the
inetics of the enzyme-catalyzed reactions could be enhanced
nder microwave irradiation [25,26].

3
4

F
d
d
r

ydantoinase was mixed starting reaction under classical condition and
icrowave irradiation. Reaction time: 1 min, microwave and 10 min, classical.
eaction rate: rm microwave and rc classical.

.4.1. Effect of classical condition and microwave
rradiation on the reaction rate and yield of free
-hydantoinase

The study of free d-hydantoinase under microwave irradia-
ion was committed in a MARS microwave reactor. The results
f the investigation were given from Table 2. The catalytic effect
f free d-hyantoinase was higher under microwave irradiation
han that of under classical condition at the same temperatures.

positive effect of microwave irradiation on the reaction cat-
lyzed by d-hydantoinase was obtained. Although the yields of
he products of the reaction for 1 min were in some short lower
han that of under classical condition for 10 min, the former reac-
ion rates were approximately eight times higher than that of the
atter.

.4.2. Effect of classical condition and microwave
rradiation on the reaction rate and yield of immobilized
-hydantoinase

Resembling with free d-hydantoinase, immobilized d-
ydantoinase was also tested, and the results were shown from
able 3. The yields of the products of the reaction for 1 min
ere a few higher than that of under classical condition for
0 min at 30 and 33 ◦C, and less than that of at 37 and 42 ◦C.
ut the reaction rate under microwave irradiation was about 30

imes than that of under classical condition, obviously higher
han that of free d-hydantoinase. The reason might be explained
7 5.12 45.9 0.15 51 34.1
2 5.65 39 0.22 48 25.7

ive millilitres of 4 g/1 d,l-benzylhydantoin solution and 1 g of immobilized
-hydantoinase was mixed starting reaction under classical and microwave irra-
iation. Reaction time: 1 min, microwave and 10 min, classical. Reaction rate:

m, microwave, and rc, classical.
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Fig. 7. Reusing experiments for immobilized d-hydantoinase under microwave
irradiation. Batch experiments were conducted using 5 ml of 4 g/1 d,l-
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enzylhydantoin solution and 1 g of immobilized d-hydantoinase under
icrowave irradiation for 2 min. Then the reaction solution was removed thor-

ughly and the activity was detected.

According to this study, a conclusion could be drawn
hat reaction catalyzed by whether free or immobilized d-
ydantoinase, microwave irradiation was a simple, effective
ethod to promote reaction rate. The results were pretty consis-

ent with that of reported by Lin, et al. [27] and Zarevúcka, et
l. [28]. The reaction accelerated under microwave irradiation
ight be due to the sharp increase of probability of molecular

ollision.

.4.3. Reusability of immobilized d-hydantoinase under
icrowave irradiation
The reusability of immobilized d-hydantoinase was tested

nder microwave irradiation, results shown in Fig. 7.
nder microwave irradiation, the activity of immobilized d-
ydantoinase would reduce to 50% in 16 min. Compared with 11
ays of half-time under classical condition, the operation stabil-
ty of immobilized d-hydantoinase under microwave irradiation
as much less. Meanwhile, results showed that the immobi-

ized d-hydantoinase lost the 30% of activity in initial 3 min.
nder microwave irradiation, Lorentz forces produced from

lternating electric field could destroy the activity center or
hree-dimensional structure of the enzyme. Therefore, the inacti-
ation of the immobilized d-hydantoinase would be accelerated
ramatically.

. Conclusions

The parameters for the d-hydantoinase immobilized using
olystyrene anion exchange resins were optimized. Biochemi-
al characterization of the immobilized d-hydantoinase resulted

n optimal pH and temperature. Compared with the optimal con-
itions of free d-hydantoinase, the immobilized shifted from
.5 to 9.0 for the optimum pH, and from 38 to 45 ◦C for the
ptimum temperature. The reactions catalyzed by both free and

[

[
[
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mmobilized d-hydantoinase were accelerated under microwave
rradiation. Details about the mechanism should be probed by
urther experiments.

cknowledgements

The authors would like to thank National Natural Science
oundation of China (No. 20336010) for the financial support.
he authors also gratefully acknowledge the financial support

rom the State Key Basic Research and Development Plan of
hina (No. 2003CB716004). Helpful advice by associate pro-

essor Zhong Yao, and Chunyan Tu in our group, are also
ppreciated sincerely.

eferences

[1] D.V. Gokhale, K. Bastawde, S.G. Patil, U.K. Kalkote, R. Joshi, R.A. Joshi,
T. Raviadratan, B.G. Galkwad, V.V. Jodand, S. Nene, Enzyme Microb.
Technol. 18 (1996) 353–357.

[2] M.J. Garcia, R. Azerad, Tetrahedron: Asymmetry 8 (1997) 85–92.
[3] H. Ui, T. Miyake, H. Iinuma, M. Imoto, H. Naganawa, S. Hattori, M.

Hamada, T. Takeuchi, S. Umezawa, K. Umezawa, J. Org. Chem. 62 (1997)
103–108.

[4] P. Norman, X. Rabasseda, Drugs Today 37 (2001) 411–426.
[5] S. Takahashi, Y. Kii, H. Kumagai, H. Yamada, J. Ferment. Technol. 56

(1979) 492–498.
[6] R. Olivieri, E. Fascentti, L. Angelini, L. Degen, Biotechnol. Bioeng. 23

(1981) 2173–2183.
[7] K. Yokozeki, S. Nakamori, C. Eguchi, K. Yamada, K. Mitsugi, Agric. Biol.

Chem. 51 (1987) 355–362.
[8] S. Runser, E. Ohleyer, Biotechnol. Lett. 12 (1990) 259–264.
[9] G. Lapointe, S. Viau, D. Leblanc, N. Robert, A. Morin, Appl. Environ.

Microbiol. 60 (1994) 888–895.
10] Y.C. Chen, B.D. Yin, S.C. Lin, W.H. Hsu, Process Biochem. 35 (1999)

285–290.
11] M.B. Arcuri, S.J. Sabino, O.A.C. Antunes, E.G. Oestreicher, Catal. Lett.

79 (2002) 17–19.
12] J.F. Nyc, H.K. Mitchell, J. Am. Chem. Soc. 69 (1947) 1382–1384.
13] P.K. Ouyang, Y.H. Hu (Eds.), Principle of Bioseparation, Chemical Industry

Press, Beijing, 2004, p. 212.
14] N.N. Gandhi, V. Vijayalakshmi, S.B. Sawant, J.B. Joshi, Chem. Eng. J. 61

(1996) 149–156.
15] S. Negishi, S. Sato, S. Mukataka, J. Takahashi, J. Ferment. Bioeng. 67

(1989) 350–355.
16] M.Y. Arica, V. Hasirci, J. Chem. Technol. Biotechnol. 58 (1993) 287–292.
17] R. Rai, V. Taneja, Appl. Microbiol. Biotechnol. 50 (1998) 658–662.
18] C.H. Fan, C.K. Lee, Biochem. Eng. J. 8 (2001) 157–164.
19] C.K. Lee, K.C. Lin, Enzyme Microb. Technol. 19 (1996) 623–627.
20] S.S. Tukel, O. Alptekin, Process Biochem. 39 (2004) 2149–2155.
21] J.H. Li, S.P. Li, M. Yan, P.K. Ouyang, J. Chem. Eng. Chin. U. 19 (2005)

349–355.
22] A.R. Orlando, G. Mossa, G. Dinzeo, Bioelectromagnetics 15 (1994)

303–313.
23] C.T. Ponne, M.M.T. Meijer, P.V. Bartels, J. Agric. Food Chem. 42 (1994)

2583–2588.
24] W.B. Stavinoha, Scanning 15 (1993) 115–117.
25] J.R. Carrillo-Munoz, D. Bouvet, E. Guibé-Jampel, A. Loupy, A. Petit, J.
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