
A

s
u
fl
e
©

K

1

t
t
b
t
o
m
p
w

c
t
f
b
t

j
b

1
d

Available online at www.sciencedirect.com

Journal of Chromatography B, 858 (2007) 227–233

Continuous extraction of �- and �-amylases from
Zea mays malt in a PEG4000/CaCl2 ATPS

J.P.M. Biazus a, J.C.C. Santana b,∗, R.R. Souza c, E. Jordão d, E.B. Tambourgi d

a DEQ, CCET, Federal University of Sergipe, São Cristóvão, SE, Brazil
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bstract

In the present work, �- and �-amylase enzymes from Zea mays malt were recovered by continuous extraction in a PEG/CaCl2 aqueous two-phase

ystem (ATPS). The influences of the flux rate (RQ), free area of vane (Afree) and vane rotation (RV) on enzyme recovery were studied by optimization
sing response surface methodology (RSM). The protein content and enzyme activity were measured from time to time in the extract and refined
uxes. RSM curves showed a squared dependence of recovery index with the RQ, Afree and RV. The best system for recovering the maize malt
nzymes was with low vane rotation and flux rate and high free area of vane. �- and �-amylases were purified 130-fold in the salt-rich phase.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Aqueous liquid–liquid two-phase systems are formed when
wo polymers are dissolved together above certain concentra-
ions. The most characteristic feature of these systems is that
oth phases are aqueous (water content 85–99%), allowing par-
ition of biomacromolecules and cellular particles of diverse
rigin under non-denaturing conditions. Several pairs of poly-
ers can be used to form aqueous two-phase systems. Many

olymers form two-phase liquid–liquid systems when combined
ith suitable salts (e.g. phosphates or sulphates) [1,2].
The use of aqueous two-phase systems in biotechnology basi-

ally exploits this varying distribution of biomaterials between
he phases. These systems can be buffered and are suitable

or carrying out bioconversions. The phase polymers have also
een shown to have a stabilizing influence on biocatalysts;
he latter are, in a way, temporarily immobilized within liquid
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roplets. The different areas in which two-phase systems have
hown potential include extractive fermentations, purification of
iomolecules, cells, membranes and organelles, and biological
inding assays. However, most of the systems reported so far,
howed an increase in purified components in the scale-up of
he processes. Nevertheless, there has been a serious attempt to
mploy low-cost phase components, for example, in purification
f proteins on a large scale [2,3].

During recent years, the well-documented phenomenon of
eparation of an aqueous solution of two different water-soluble
olymers into individual phases has shown widespread potential
n biotechnology. A number of polymers and salts have been
mployed for the preparation of these bi-phase systems. The
ost commonly used systems have been those of poly(ethylene

lycol) (PEG)/NaCl, PEG/phosphate and PEG/dextran. The
olecular weight of the polymers used plays an important role

n determining the characteristics of the phase system [3].
The partition coefficients of hydrolytic enzymes, �- and
-amylases and glucoamylase, of high purity, have been deter-
ined in PEG/dextran [4,5], PEG/MgSO4 [6] and PEG/CaCl2

7] batch aqueous two-phase systems (ATPS). The influence
f polymer, salt and initial enzyme concentration on partition
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composition used was of 25.26% (w/w) of PEG4000 and
1.82% (w/w) of CaCl2 and the phases compositions were
28 J.P.M. Biazus et al. / J. Chr

as investigated in these studies. The experimental and corre-
ated partition coefficient by method Flory–Huggins equation
nto PEG/dextran and PEG/MgSO4 were measured between
.04 and 0.97. Santana [7] had obtained a partition coeffi-
ient of fivefold for �- and �-amylases from maize malt into
EG/CaCl2 ATPS, and Gu and Glantz [8] had obtained a par-

ition coefficient of threefold for corn protein into PEG/NaCl
TPS. Both sets of authors were working with the logarith-
ic equation of the partition coefficient reported by Albertsson.
ontinuous extraction had been used in chromatographic purifi-
ation of proteins as this process increases the partition of
roteins into the target compared with the batch ATPS process
9,10].

Methods of conventional extraction such as spray columns
11,12] and no-conventional as pulsed plates column
11,12–15], agitated plates columns [16] and pulsed flower
olumns [17–21] can be conveniently applied to aqueous two-
hase systems. The liquid–liquid continuous extraction using a
icro-column had been applied to purify the biotechnological

roducts for shows advantages: both phases are aqueous, low
uperficial tension and allowing partition of biomacromolecules
nd cellular particles of diverse origin under non-denaturing
onditions and their reagents show low price [1,2].

The cytochrome b5 from Escherichia coli [15,20] and
ylanase from Penicillium janthinellum [19], tripsin enzyme
18] and other protein [11,12,17,18]. The effect of dispersed
hase velocity, system composition, discs rotation speed, ionic
trong and disc pulse quantity on the protein mass transfer coef-
cients or column hydrodynamics had been studied [11,13–19]
nd had been modeling [9,10].

The enzymes �-amylase (EC 3.2.1.1, �-1,4-glucan-4-
lucanohydrolase) and �-amylase (EC 3.2.1.2 1,4-�-d-glucan
altohydrolase), are exoenzymes that degrade starch to pro-

uce glucose, maltose and boundary dextrins, mostly utilized
n food industries, at pH values of 4.8 and 5.4 and at tempera-
ures of 75 and 55 ◦C, respectively; with molecular mass about
0 kDa [7,21–23]. According to Sigma [24], the price of amy-
ase enzymes is currently about US$ 1500/g of purified material.
hus, the recovery of these enzymes from maize malt will aggre-
ate price the maize culture. The recovery of �- and �-amylase
nzymes from maize (Zea mays) malt by an aqueous two-phase
EG/CaCl2 system at pH 5 has been studied in the present work,
ith malt/CaCl2 and PEG solutions operating in continuous flux

n the liquid–liquid extraction micro-column, at 22 ± 2 ◦C and
atm. Vane agitation, solvent/concentrate flux rate and vane

ree area were used in factorial planning for studying the influ-
nce on the purification factor by response surface methodology
RSM).

. Materials and methods

.1. Materials
.1.1. Chemical reagents
Chemicals: polyethylene glycol (molecular weight 4000 Da)

as provided by Sigma (Switzerland). Ultrapure CaCl2 was
rom Vetec (Brazil). Hydrolytic enzymes �- and �-amylases

o
t
C
[

ig. 1. Scheme of liquid–liquid extraction micro-column used in amylase par-
ition from maize malt by continuous PEG4000/CaCl2 ATPS.

rom maize malt were supplied by Embrapa (Brazil). Milli-Q-
uality distilled water was used.

.1.2. Equipment
UV–vis spectrophotometer (Model B582, Micronal, Brazil)

nd liquid–liquid extraction micro-column (manufactured by
EQ-UFS, Brazil; see Fig. 1), it was made of glass with 31.9 cm
f height and 39.8 mm of inner diameter, and the vanes had
0 mm × 20 mm × 5 mm of size.

.1.3. Preparation of concentrate flux
The hydrolytic enzymes �- and �-amylase were obtained by

ermination of maize seed (maize malt) according to Santana
7] and Biazus et al. [23] provided by Embrapa from Sergipe,
razil. Maize malt (2%) was added to 2% CaCl2 solution at pH
(in 0.015 M phosphate buffer solution) and used in concentrate
ux (or salt-rich flux).

.1.4. Preparation of solvent flux
A solution of PEG4000 of 50% (w/w) of concentration at

H 5 (in 0.015 M phosphate buffer solution) was prepared
nd used in solvent flux (or PEG-rich). The tie-line length
f 45.75% (w/w) of PEG4000 and 0.04 (w/w) of CaCl2 in
op phase and 3.58% (w/w) of PEG4000 and 4.62 (w/w) of
aCl2 in bottom phase compositions, according to Santana

7].
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[1–3,10–16,21,28].

The figures are organized by a similar vane free area.
In assays 1, 3, 5, 6, 7 and 8 the systems are operating in
J.P.M. Biazus et al. / J. Chr

.2. Methods

.2.1. Amylase partition
The solution contained 2% malt and 2% CaCl2 was loaded

o the top of the micro-column as concentrate flux and the 50%
EG solution was loaded to the bottom of the micro-column
s solvent flux. The system was mixed with an agitator and the
nitial operation time was noted. The extract was loaded out in
olumn top and the refined was loaded out in column bottom.
he solvent and concentrate fluxes were varied between 3 and
1 mL/min and the fluxes of extract and refined were similar to
he fluxes of solvent and concentrate, respectively. The vane agi-
ation was varied among 64.65 and 135.4 rpm and the free area
f vanes were varied among 0 and 18% (area/area). Total protein
oncentration (C) was determined from time to time in samples
f PEG-rich (or extract) and salt-rich (or refined) fluxes by the
radford method [25]. Extraction curves were plotted using the

ate between the total protein concentration changing with time
C) and the initial total protein concentration (C0); these curves
ere made to show the mass transfer between the phases dur-

ng the extraction process and to determine the time for that the
rocess will be in standing state [11–16]. All assays of amylases
xtraction were made at 22 ± 2 ◦C and 1 atm. The enzyme activ-
ty was measured by the Woulghnuch modified method (SKB),
ccording to Reguly [21] and electrophoresis was carried out
ccording to Toledo et al. [26]. The purification factor (FP) was
btained by

P = SAphase

SAcrude
(1.1)

here SAphase is the specific activity (SKB/mg of protein) in the
valuated phase and SAcrude is the specific activity in Z. mays
alt (SKB/mg of protein).

.2.2. Experimental design
An orthogonal experimental design was used in the opti-

ization of partitioning of hydrolytic enzymes in continuous
xtraction by modified star methods. Factorial planning 23–1

as used with three factors: vane rotation, RV (x1), flux rate,
Q (x2) and free area of vane, Afree (x3), and one response (y),

he purification factor, FP. The assays are shown in Table 1; the
evel changed as follows: −1, 0, +1, and α = ±1.414, with three
epetitions in the center point [27]:

1 = RVj − 100

25
(2.1)

2 = RQj − (3/4)

1/4
(2.2)

nd

3 = Afreek − 9

9
(2.3)

here RQ is the rate between solvent and concentrate fluxes.

The evaluation of the empiric models was performed by vari-

nce analysis (ANOVA) and optimization by response surface
ethodology (RSM) in the program Statistics for Windows 5.0

27]. The planning matrix used to obtain the optimal condition
F
u

ig. 2. Extraction curves for the amylase partition from maize malt by contin-
ous PEG4000/CaCl2 ATPS, at O% of free area of vanes.

or recovery of amylases from maize malt by PEG/CaCl2 ATPS
n the continuous extraction process is shown in Table 1.

. Results and discussion

Figs. 2–7 show the continuous extraction curves for �- and
-amylase enzymes from maize (Z. mays) malt by PEG/CaCl2
TPS into a micro-column with agitation of vanes, these figures
how the protein transfers between the bottom and top phases
nd time for the process is in standing state. It is possible to note
hat the protein is concentrated into the PEG-rich phase (top
hase) and shows that PEG has good affinity for biomolecules
n maize malt. Due to the high molecular weight or the high
urface area of the protein and, the hydrophobic properties of
EG phase systems and of proteins are the dominant factors
ig. 3. Extraction curves for the amylase partition from maize malt by contin-
ous PEG4000/CaCl2 ATPS, at 18% of free area of vanes.



230 J.P.M. Biazus et al. / J. Chromatogr. B 858 (2007) 227–233

Table 1
Planning matrix used to optimize, via response surface methodology (RSM), the amylases partition from maize malt by continuous PEG4000/CaCl2 ATPS

Assay x1 x2 x3 RV (rpm) RQ Afree (%) FPTop FPBottom

1 −1 −1 1 75 1:2 18 4.5770 132.659
2 1 −1 −1 125 1:2 0 1.1193 1.3872
3 −1 1 −1 75 1:1 0 3.7862 58.174
4 1 1 1 125 1:1 18 1.4424 1.2298
5 0 0 0 100 3:4 9 5.6208 4.1499
6 0 0 0 100 3:4 9 1.5587 21.3632
7 0 0 0 100 3:4 9 8.9299 16.3516
8 −1.414 0 0 64.65 3:4 9 20.2427 45.0082
9 1.414 0 0 135.4 3:4 9 7.2011 10.0066

10 0 −1.414 0 100 3.2:8 9 2.8718 51.1253
11 0 1.414 0 100 11:10 9 2.1953 3.7853

Where x1, x2 and x3 are the coded variables for the vane rotation (RV), the flow rate (RQ) and the free area of vanes (Afree), and FPTop and FPBottom are the purification
factor in top and bottom phases, respectively.
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p
back-mixing, which promotes a high mass transfer rate. Standing
state occurs between 15 and 30 min.

Table 1 shows the results and planning matrix used for
ig. 4. Extraction curves for the amylase partition from maize malt by contin-
ous PEG4000/CaCl2 ATPS, at 9% of free area of vanes.

lug flow regime, while mass transfer rates are not constant.
etween 20 and 40 min of system operation, the extrac-

ion curves tend to a constant value, determining the time
or completing of the continuous extraction process of the
nzymes from the maize malt, as the mass transfer rate is

onstant. After this time, storage of the products is pos-
ible as the protein concentration is constant, and maize
nzyme manufacturing in industrial scale operations is possible
9,11,12,16].

ig. 5. Extraction curves for the amylase partition from maize malt by contin-
ous PEG4000/CaCl2 ATPS, at 9% of free area of vanes.

o

F
u

ig. 6. Extraction curves for the amylase partition from maize malt by contin-
ous PEG4000/CaCl2 ATPS, at 9% of free area of vanes.

In assays 2, 4, 9, 10 and 11, the protein concentrations in both
hases are similar due to high agitation applied to the system by
ptimization of recovery of amylases from maize malt by

ig. 7. Extraction curves for the amylase partition from maize malt by contin-
ous PEG4000/CaCl2 ATPS, at 9% of free area of vanes.
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Table 2
Variance analysis (ANOVA) of the best empiric model used to optimize, via response surface methodology (RSM), the amylases partition from maize malt by
continuous PEG4000/CaCl2 ATPS

Source Square sum Freedom degree Mean square Fcal Ftab

Regression 15645.518 7 2235.074
Residual 164.980 3 54.993 40.643 8.89
Fitting fault 8.215 1 8.215
Error 156.765 2 78.383 0.105 18.51
Total 15645.518 10

Explaining variance (%) 100.000
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Multiple correlation (R2)

here Fcal and Ftab is the calculated and tabled Fisher tests, respectively.

EG/CaCl2 ATPS in the continuous extraction process. Contin-
ous extraction of �- and �-amylase from maize malt produced
wo products with good amylase activity, one in the PEG-rich
ux and the other in the salt-rich flux. It is perceived that �- and
-amylase enzymes are present in both phases.

In the salt-rich phase (refined), the FP value was higher than
he FP value in the PEG-rich phase (extract), so in the refined
hase, there is higher affinity for �- and �-amylase enzymes
rom maize malt. This occurs because of the presence of Ca2+

n the salt-rich phase, which has the power to increase the activ-
ty of �-amylase enzymes [8,22–24]. The electrical potential
ffect between the phases is very important for amylase sep-
ration, it increased the purification factor (FP) in 130-fold in
he salt-rich flux [1–3,19,21,29]. This FP value is higher than
he FP value obtained by Furuya et al. [4,5], Blasquez et al.
6] Gu and Glatz [8] and Santana [7], showing that continuous
EG/CaCl2 ATPS is the best system for amylase recovery. � And
-amylases PF values were more than founds by Nirmala and
uralikrishna [22] using CPC, CCC and fractional precipitation

ethods, by Demirkan et al. [30] using gel chromatography and
CC methods and by Aguilar et al. [29] and Nguyen et al. [31]
el chromatography and fractional precipitation methods. The

ig. 8. Response surface for evaluation of the effects of pallets rotation and flux
ate, on the amylases partition from maize malt by continuous PEG4000/CaCl2
TPS. Where RQ is the flow rate, RP the vane rotation and FP is the purification

actor.

p
i
F
o

F
f
P
a

98.998
1.0000

esolution of this continuous extraction is compared to affinity
hromatography [23,32].

Fitting the data indicates that the best model for showing the
nfluence of vane rotation (x1), flux rate (x2) and free area of vane
x3) on purification was the squared model Eq. (3.1). Table 2
hows the ANOVA results for evaluating the model fitting. The
ultiple correlation (R2) was about 1.0, and the variances were

bout 100%, and this shows that there is good fitting of the
odel [27]. Fcal1/Ftab1 and Ftab2/Fcalc2 were increased more than

our times and show that the model is statistically significant,
redictive and has a good fit [20,27]:

PBottom = 13.9549 − 12.7003x1 − 17.7003x2 + 18.5819x3

+· · · + 6.7783x2
1 + 6.7522x2

2 + 20.8771x2
3

−34.6772x2x3 (3.1)

igs. 8–10 show the RSM curves for the continuous extraction
ptimization. The influences of vane rotation and flux rate on

urification factor (FP) are analyzed in Fig. 8, which shows an
ncrease in FP with decreases in vane rotation and flux rate.
ig. 9 shows the influence of free area of vane and vane rotation
n FP value. This shows that FP increases with the decrease in

ig. 9. Response surface for evaluation of the effects of pallets rotation and
ree area of pallets, on the amylases partition from maize malt by continuous
EG4000/CaCl2 ATPS. Where Afree is the free area of vanes, RP the vane rotation
nd FP is the purification factor.
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Fig. 10. Response surface for evaluation of the effects of free area of pal-
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ets and flux rate, on the amylases partition from maize malt by continuous
EG4000/CaCl2 ATPS. Where Afree is the free area of vanes, RQ the flow rate
nd FP is the purification factor.

ellet agitation and increase in pellet free area. The influence of
ux rate and free area of vane on FP are analyzed in Fig. 10,
hich shows an increase in FP with the decrease in flux rate and

ncrease in free area of vane.
According to Hansson [33] and Rod [34], with the increase in

ystem agitation there is an increase in the mass transfer between
hases, however, high agitation increases the surface area of

roplets, it provokes a body-rigid behaviour and reduces the
ass transfer rate. It is known that the extract phase is rich in
EG4000 and from Table 1, it can be seen that this phase has
lower affinity for �- and �-amylase enzymes, so increasing

ig. 11. Molecular weight determination by SDS-PAGE. MWS is molecu-
ar weight standard, it is compound of following proteins: phosphorylase b
94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), carbonic anhy-
rase (30 kDa), trypsin inhibitor (20.1 kDa) and �-lactoalbumin (14.4 kDa), MM
s proteins of maize malt in concentrate sample and ATPS is amylase enzymes
rom maize malt obtained of continuous PEG4000/CaCl2 ATPS.
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he flux rate increases the PEG concentration and reduces the
P value [9,16]. Thus, it has been confirmed that with lower
ane rotation and flux rate and higher free area of the vane, the
urification factor (FP) of the salt-rich flux is maximized.

After the continuous ATPS process, the bottom phase sam-
le of assay 1 (75 rpm, 1:1 of flow rate and 18% free area of
ane) was analyzed by SDS-PAGE for determination of enzyme
olecular weights and degree of purification (Fig. 11). The

nalysis of this figure shows that the eluted material is pure
two proteins were captured from maize malt sample (MM))
nd their molecular weights were 67.4 and 47.5 kDa, respec-
ively, due to �- and �-amylase, because, according to Forgaty
nd Kelly [10] and Reguly [21], �-amylase molecular weight
s between 50 and 120 kDa and �-amylase molecular weight is
etween 20 and 50 kDa. Some authors have reported the molec-
lar weights of �-amylase from different sources: from A. suum
83 kDa), H. dromedarii (106 kDa) [35], from B. stearother-
ophilus (59 kDa) [36] and L. manihotivoras (135 kDa) [30]

nd from A. niger (116 kDa) [5].

. Conclusion

Extraction curves show that the micro-column operated by
lug-flow or back-mixing. In the PEG-rich and salt-rich fluxes,
here were good enzymatic activities. Process optimization
howed that the purification factor was maximized with low
ane rotation and flux rate and high free area of vane. The
urification factor was about 130 times, more than has been
eported in the current literatures and shows that the continuous
EG4000/CaCl2 ATPS is the best system for �- and �-amylase
ecovery. Thus it is possible to increase the value of the maize
ulture by enzyme production and partition the enzymes by
ontinuous PEG4000/CaCl2 ATPS in a liquid–liquid extraction
icro-column.

omenclature

free vane free area
total protein concentration (mg/L)

0 initial total protein concentration (mg/L)
Calc calculated F-test
Tab tabled F-test
P purification factor
P vane rotation (rpm)
Q flux rate
2 multiple correlation
Ecrude malt specific activity (SKB/mg)
Ephase specific activity of analyzed phase (SKB/mg)
1, x2, x3 coded factors
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[1] P.-Å. Albertsson, Partition of Cell Particles and Macromolecules, 3a ed.,
John Willey, New York, 1986.

[2] M.E. Silva, T.T. Franco, Braz. J. Chem. Eng. 17 (1) (2000) (São Paulo,
Brazil).



omato

[

[

[

[

[

[

[

[

[

[
[

[

[
[

[

[
[

[

[

[

[

[

[

J.P.M. Biazus et al. / J. Chr

[3] B. Mattiasson, R. Kaul, Use of Aqueous Two-phase Systems for Recovery
and Purification in Biotechnology. Separation, Recovery and Purification
in Biotechnology, American Chemical Society, 1986, p. 78.

[4] T. Furuya, Y. Iwai, Y. Tanaka, H. Uchida, S. Yamada, Y. Arai, Fluid Phase
Equilib. 110 (1995) 115.

[5] T. Furuya, S. Yamada, J. Zhu, Y. Yamaguchi, Y. Iwai, Y. Arai, Fluid Phase
Equilib. 125 (1996) 89.
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