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1. Introduction

ABSTRACT

Magnetite particles (<100 wm) obtained by coprecipitation of Fe?* and Fe?* and coated with polyaniline
(MAG-PANI) were used to immobilize Aspergillus oryzae 3-galactosidase via glutaraldehyde. The amount
of [B-galactosidase immobilized onto MAG-PANI was ca. 2.04 mg/g support. This magnetic enzymatic
derivative was capable to act on lactose and to produce tri and tetragalactosides (transgalactosylation)
and the catalytic properties were similar to the soluble enzyme. For lactose concentrations up to 100 g/L,
no differences were observed in the enzyme specific activity between free and immobilized forms (100%
of specific activity retention), but for higher lactose concentrations the initial specific reaction rate of
the immobilized form was affected by increasing lactose concentrations. The Activation Energy values
for both free and immobilized forms were similar, around 16 & 1.4 KJ/mol. The tri and tetra-galactosides
production by both soluble and immobilized enzyme was not affected by temperature in the range of
30-60°C. As the initial lactose concentration increased from 5% to 50%, the maximum GOS content in
the product increased from 11.2% (at 35% conversion) to 26.1% (at 56% conversion) for the free enzyme
and from 10.8% (at 33% conversion) to 26.0% (at 52% conversion) for the immobilized enzyme. The MAG-
PANIwas characterized by X-ray diffraction, Fourier transform infrared spectroscopy, elemental analyzer,
scanning electronic microscope, differential scanning calorimeter, thermogravimetric analyzer, vibrat-
ing sample magnetometer and thermomagnetization. These analysis showed rhombohedra particles
presenting good magnetic response, evidences for the PANI coating and protein immobilization and
magnetite as the predominant component. This magnetic 3-galactosidase derivative presents the fol-
lowing advantages: simple synthesis using low cost reagents, catalytic properties similar to the soluble
enzyme and easy removal from the reaction mixture by a magnetic field and reuse.

© 2011 Elsevier B.V. All rights reserved.

Oligosaccharides formation is controlled by the ratio of trans-
ferase and hydrolase activities of the enzyme and this depends on

B-Galactosidase (EC:3.2.1.23) has been a popular enzyme for
its hydrolytic action on lactose. The transferase activity has
also attracted the attention of researchers because the produced
oligosaccharides have a beneficial effect on the growth of desir-
able intestinal microflora. Moreover, the transferase reaction can
be used to attach galactose to other chemicals and consequently
have potential application in the production of food ingredients,
pharmaceuticals and other biological active compounds [1].
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the enzyme source, the concentration and nature of the substrate
and the reaction conditions (pH, temperature and time) [2-4]. High
lactose concentration, elevated temperature and lower water activ-
ity [2] favor the transgalactosylation in relation to hydrolysis. A
detailed description of the GOS synthesis process together with a
model characterizing the different reaction steps was described by
Neri et al. [5].

Although hydrolysis of synthesised oligosaccharides competes
with transgalactosylation, the latter can be favoured at high lactose
concentration, elevated temperature and lower water activity [2].

Magnetic supports have been utilized for different immobilized
enzymes [5-9]. The advantages of small magnetic particles for
enzyme immobilization in bioprocesses are: improvement of the
mass-transfer properties of immobilized enzymes suspended in a
viscous solution, in which the promotion of mass transfer by agita-
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tion is difficult [6]; reuse and easy separated from reaction medium
by applying a magnetic field [10] and reduction of the capital and
operation costs [11].

A magnetic 3-galactosidase composite has been prepared using
magnetite functionalized by treatment with polyethyleneimine
and crosslinked with glutaraldehyde [12]. The aminated mag-
netic poly(glycidyl methacrylate-co-methylmethacrylate) beads
were used for the covalent immobilization of (3-galactosidase
from Escherichia coli via glutaric dialdehyde activation [13].
[B-Galactosidase from Kluyveromyces lactis was covalently immobi-
lized onto a polysiloxane-polyvinyl alcohol magnetic (mPOS-PVA)
composite, using glutaraldehyde as activating agent [14].

A tremendous amount of research has been carried out in the
field of conducting polymers since 1977 as has been recognized
by the 2000 Nobel Prize in Chemistry awarded to Alan ]. Heeger,
Alan G. MacDiarmid and Hideki Shirakawa. Polyaniline (PANI) is
also unique among conducting polymers as it has a very sim-
ple acid/base doping/dedoping chemistry [15]. The organic metal
PANI is one of the most widely used conducting polymers and
can be used neat or as blends and in compounds with commod-
ity polymers, such as polyethylene, polypropylene, polystyrene,
soft PVC, poly-(methylmetacrylate), phenol-formaldehyde resins,
melamineformaldehyde resins, epoxies, thermoplastic elastomers
and polysiloxane. PANI has been used as a coating of different mate-
rials for immobilization of biomolecules [16-19].

The advantages of using a polymer bed onto which the enzyme
was immobilized, relative to using a standard support with amine
groups, lies in the fact that polymeric molecules attached onto the
support surface acts like a soft bed in a non-distorting fashion, pre-
venting the enzyme molecules from opening too much. This clearly
results in a higher activity of the immobilized enzyme [20,21].

In the present work magnetite (MAG) was coated with
PANI, activated with glutaraldehyde and Aspergillus oryzae
[B-galactosidase was covalently immobilized for galactooligosac-
charides production. The catalytic properties of the enzymatic
derivative were investigated. Furthermore, MAG-PANI was char-
acterized by Fourier transform infrared spectroscopy (FTIR),
elemental analysis, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), vibrating
sample magnetometer (VSD), scanning electron microscopy (SEM)
and thermomagnetization.

2. Experimental
2.1. Magnetite synthesis and polyaniline coating

MAG support was prepared by the coprecipitation method, by
adding NH4OH into a mixed solution containing 0.6 M FeCl, and
1.1M FeCl3 (1:1) until obtaining pH 11.0, for 30 min at 100°C.
MAG particles were thoroughly washed with deionized water until
pH 7.0, dried at 105°C overnight and finally sieved (<100 pm).
The MAG particles were treated with 0.1 M KMnO,4 solution at
50°C overnight, washed with distilled water and immersed into
0.5 M aniline solution prepared in 1.0 M HNOs. Polymerization was
allowed to occur for 2 h and after that the MAG-PANI were succes-
sively washed with distilled water, 0.1 M citric acid and distilled
water.

2.2. B-Galactosidase immobilization

MAG-PANI particles (100 mg) were treated with 2.5% w/v glu-
taraldehyde (1 mL) and 20 mM citrate-phosphate buffer, pH 4.5
(9mL) for 2 h under stirring at 25°C. Activated MAG-PANI were
washed with distilled water 10 times and incubated overnight
with 10 mL of (3-galactosidase (4mg solid/mL) from A. oryzae

(SIGMA, Japan). The enzyme derivative was boiled in the pres-
ence of B-mercaptoethanol and SDS, followed by electrophoresis
of the supernatant. No subunits could be found, implying that full
structural stabilization had been achieved. Also, as verified exper-
imentally, the fact that the immobilized enzyme retained its full
activity following immobilization is per se evidence that functional
stabilization had also been achieved.

2.3. B-Galactosidase activity, protein and activation energy
determinations

One [-galactosidase unit (U) was defined as the amount of
enzyme which liberated 1 pmol of glucose per min at 40°C and
pH 4.5. The initial -galactosidase activity was measured for all the
initial lactose concentrations assayed (from 50g/L to 500g/L) by
quantifying the variation of glucose concentration with time during
the first 10 min of reaction. The product released in the assay, glu-
cose, was determined by high performance liquid chromatography
HPLC analysis using a RI detector. The protein concentration was
determined according to the method described by Smith et al. [22]
using bovine serum albumin as standard. The amount of immobi-
lized protein was calculated by the difference between the amount
of protein offered to the support for immobilization and that found
in the supernatant and the washing buffers.

The activation energies (E,;) for both soluble and immobilized
enzyme derivative were calculated according to the Arrhenius law
by measuring the activities at different temperatures. The value of
E; was obtained via nonlinear regression of the linearized Arrhenius
equation to the experimental data.

2.4. GOS production

GOSs formation kinetics with immobilized enzyme on MAG-
PANI was studied and compared with free enzyme. The lactose
solution was prepared by dissolving lactose in citrate-phosphate
buffer solution pH 4.5. Samples were taken at appropriate time
intervals and analyzed for sugar content by HPLC. The reaction
kinetics was studied at six different initial lactose concentrations
(50, 100, 200, 300, 400 and 500¢g/L) and four different tempera-
tures (30, 40, 50, and 60°C). GOS yield was determination was
based on the actual amount of consumed lactose (corresponding
to the difference between initial lactose concentration and the lac-
tose concentration at the corresponding reaction time). GOS yield
value was obtaining by dividing the total amount (g) of produced
GOS by the amount of consumed lactose and multiplying by 100.

All the experiments were done during 24 h in 15 mL centrifuge
tubes containing 10 mL of citrate-phosphate buffer pH 4.5 solution
with the selected lactose concentration (between 50 and 500 g/L)
and 100 mg of support corresponding to an enzyme amount of
20.4 mg.

2.5. Reuse of the immobilized enzyme

The effect of enzymatic magnetic preparation reuse on its activ-
ity was evaluated by doing 10 cycles. Each cycle comprised 20 min
of reaction for the activity determination according to Section 2.3,
40 min of washing 10 times the enzymatic magnetic preparation
with 20 mM citrate-phosphate buffer, pH 4.5, totalizing 1 h of dura-
tion.

2.6. HPLC analysis

Determination of the concentration of all sugars present in the
assay solution (GOSs, lactose, glucose, and galactose) was done by
HPLC. An HPLC (Jasco AS-2057 Plus), employing a MetaCarb 87H at
60°C, arefractive index detector (Jasco RI-2031 Plus) and a mobile
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phase 0.001N H,S0y at a flow rate of 0.5 mLmin~! (Jasco PU-2080
Plus) was used. The concentration (w/v) of these sugars (e.g., lac-
tose, glucose, galactose, and oligosaccharides including tri-, and
tetra-saccharides) is proportional to their peak areas. Thus, nor-
malized sugar concentrations as weight percentages of total sugars
orinitial lactose were determined from peak areas and are reported
in this work. It should be noted that the accuracy of this approxi-
mation was verified by checking the sugars mass balance.

2.7. Support characterization

The X-ray diffraction patterns of the samples were col-
lected on a Philips-PW1710 diffractometer with CuKa radiation
(A=1.54056A). Elemental analysis of dried samples was deter-
mined by a LECO Elemental Analyser CHNS 932 and Unicam 929
AA spectrophotometer (USA) at 1000 °C and sulphamethazine with
standard. For SEM, the samples were mounted on stubs, coated
with gold, examined in a Leica Cambridge S360 scanning electronic
microscope and SEM micrographs were taken. Infrared spectra
were recorded on an ABB FTLA2000 spectrometer in the range of
500-4000 cm~! using KBr pellets. Thermal analyses TGA and DSC of
MAG and MAG-PANI were done using a TGA-50 and a DSC-50 both
from Shimadzu (Izasa, S.A., Portugal). Acquisition of the results was
done by TA-50WS software (version 1.14). Samples were weighed
(10 mg; the exact mass was recorded) into aluminium pans (Izasa,
S.A., Portugal) and heated over the temperature range of 25-500 °C,
at a scanning rate of 5 °C/min, under 20 mL/min nitrogen flow. The
magnetic properties of the sample MAG-PANI were investigated by
measuring its hysteresis loop at room temperature using an Oxford
instrument Vibrating Sample Magnetometer and the thermomag-
netization from room temperature to 1000 °K using a Cahn 2000
Curie-Faraday balance.

3. Results and discussion

3.1. Effects of lactose concentration on reaction kinetics by free
and immobilized enzyme

Magnetic particles were obtained by co-precipitation of Fe2*
and Fe3* and afterwards coated with PANI. The enzyme was then
covalently linked to the PANI via glutaraldehyde.

The amount of B-galactosidase immobilized onto MAG-PANI
was estimated as 2.04 mg/g support. Although this value is smaller
than the 9.87 mg/g support reported by Bayramoglu et al. [13] for
magnetic poly(GMA-MMA) beads, it is higher than most of the val-
ues reported in the literature: 0.35 mg/g support [23] and 0.40 mg/g
support [24].

The 3-galactosidase activity values for both free and immobi-
lized enzyme are presented in Table 1. The obtained results showed
that for the lactose concentrations up to 100 g/L, no differences
were observed in the enzyme specific activity between free and
immobilized forms (100% of specific activity retention). However,
for higher lactose concentrations, the initial specific reaction rate of

Table 1
{3-Galactosidase activity values for both free and immobilized enzyme on MAG-PANI
acting on different lactose concentrations.

Lactose (g/L) Specific activity (U/mg of protein)

Free Immobilized
50 36.2 35.8
100 50.9 48.5
200 68.5 62
300 79.2 724
400 84 74.6
500 94.8 74.2
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Fig. 1. Effect of temperature on the GOS production during the hydrolysis of 40%
(w/v)lactose catalyzed by the free (open symbols) and immobilized (closed symbols)
A. oryzae [3-galactosidase on MAG-PANI. (A) Time course of GOS production, and (B)
GOSs production versus lactose consumption. The temperatures were 30°C (H);
40°C (@); 50°C(A); 60°C (#).

the immobilized form was affected by increasing lactose concentra-
tions, probably, caused by mass transfer limitations associated with
the increase in both density and viscosity of the substrate solution.

The temperature effect was evaluated in the temperature range
of 30-60°C and the results are displayed in Fig. 1. The GOS pro-
duction by either the free or the immobilized enzyme increased
up to a maximum value followed by a decrease caused by their
hydrolysis (Fig. 1A). This GOS reduction is more accentuated as
higher the temperature achieves. However, this same result plot-
ted as GOS production versus lactose conversion demonstrated that
the GOS production was almost unchanged for both the free and
immobilized enzyme preparations at the investigated temperature
range (Fig. 1B). Similar results for (3-galactosidase from A. oryzae
immobilized on Cotton Cloth were reported by Albayrak and Yang
[24].

In what concerns the dependence of the reactions kinetics on
the temperature, no effect of the immobilization procedure was
observed as the Activation Energy for both free and immobilized
forms was similar, for the immobilized form the obtained value
was 16.7 + 1.4 K]J/mol and for the free form 16.4 + 1.4 KJ/mol.

3.2. Effects of lactose concentration on GOS production yield by
free and immobilized enzyme

Fig. 2A shows that the time course of GOS (tri- and tetra-
saccharides) production by both the free and immobilized enzyme
at 50% of initial lactose concentration increases up to a maximum
value and decrease afterwards (GOS hydrolysis). The immobilized
form presented slightly higher GOS production rate compared
to the free one. This higher activity is also reflected at the GOS
hydrolysis stage (the decline of the curve). However, the maximum
GOS productions are the same for both forms. Thus, the trisac-
charide production in the reaction is higher (about 21% of total
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Fig. 2. (A) Time course of tri- () and tetra-saccharides (O) formation by free (open)
and immobilized on MAG-PANI (closed) A. oryzae (3-galactosidase acting on 50%
initial lactose concentration (w/v) at pH 4.5 and 40° C; and (B) related to lactose
conversion and (C) total GOS production for different initial lactose concentration.

sugars for 50%, w/v, of lactose) than the tetrasacharide (about 6%
of total sugars for 50%, w/v, lactose). The proportions of tri- and
tetra-oligosaccharides (at 52% lactose conversion), during lactose
hydrolysis with 50% initial lactose concentration at 40°C, were
approximately 76% and 24% of total GOS formed, respectively.
Albayrak and Yang, working with [-galactosidase from A. oryzae
immobilized on cotton cloth in the same condition, obtained sim-
ilar results [25]. Plotting the data of Fig. 2A in terms of tri- and
tetra-saccharides produced by percent of lactose conversion one
can observe that there is no difference between the free and the
immobilized enzyme performance (Fig. 2B).

Identical experiments were performed for the other lactose
concentrations (5-40%, w/v) and the total mass of produced GOS
(expressed as percent of total sugars) plotted against the percent of
hydrolyzed lactose (Fig. 2C). This result shows that GOS production
increased with increasing lactose concentration. However, for each
lactose concentration the GOS production decreased after a certain
degree of lactose conversion. This can be attributed to a preferential
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Fig. 3. GOS yield versus percent of lactose conversion by free (open symbols) and
immobilized on MAG-PANI (closed symbols) A. oryzae (3-galactosidase. The insert
presents the same relationship expressed in terms of total GOS (g/L) and maximum
GOS yield. The initial concentrations of lactose were 5% (—); 10% (#); 20% (a); 30%
(m); 40% (@) and 50% (M) (W/v).

hydrolysis reaction (formation of glucose and galactose) instead of
GOS synthesis. As the initial lactose concentration increased from
5% to 50%, the maximum GOS content in the product increased
from 11.2% (at 35% conversion) to 26.1% (at 56% conversion) for the
free enzyme and from 10.8% (at 33% conversion) to 26.0% (at 52%
conversion) for the immobilized enzyme. The maximum amount
of tri-, tetra-saccharides and total GOS obtained for the immo-
bilized enzyme were 103.2gL-1, 31.9gL-! and 130.2gL"! for a
lactose conversion of about 52%, 59%, and 52%, respectively, in
500gL-! of lactose. For the free enzyme, 104.5gL"1,33.2¢gL 1 and
130.3gL-! were obtained for about 48%, 61% and 56% lactose con-
version, respectively in 500gL-! of lactose. These results suggest
that enzyme immobilization on MAG-PANI does not impose any
limitation on the extent of the reaction of GOS formation from lac-
tose. Similar results were obtained with 3-galactosidase from A.
oryzae immobilized on cotton cloth [25]. Thus, the GOS formation
ability of the enzyme was not affected by the immobilization of the
enzyme onto MAG-PANI. The good performance of the immobilized
enzyme derivative may have also likely been due to the glycosi-
lated nature of the enzyme associated to the fact that a polymeric
coated support was utilized, and this consortium seems to have
prevented any reaction extent related problems. This is in clear
agreement with results by Betancor et al. [26]. These authors also
reported immobilized enzyme inactivation by bubbles. However,
they mecanically stirred the reactor at 1200 rpm whereas the speed
of 20 rpm was used in this work.

GOS yields, based on the actual amount of lactose reacted, dur-
ing lactose hydrolysis catalyzed by the free and the immobilized
[B-galactosidase on MAG-PANI are showed in Fig. 3. The maxi-
mum GOS yield increased with the initial lactose concentration
by the catalysis of both enzyme preparations. This maximal val-
ues ranged from 39.5% (5%, w/v, lactose) to 64.1% (higher lactose
concentrations) for the free enzyme and from 32.2% (5%, w/v, lac-
tose) to 63.5% (higher lactose concentrations) for the immobilized
one. It was generally observed that the hydrolysis and transgalac-
tosylation reactions occurred simultaneously. What dominates the
product profile of the reaction is largely dependent on lactose
concentration. The hydrolysis reaction dominates at low lactose
concentration while GOS formation dominates at high lactose con-
centrations. 3-Galactosyl groups should have a higher probability
of attaching to lactose than water at increasing lactose concen-
trations [27]. The insert of Fig. 3 presents these same data under
other perspective, namely, increases in lactose concentration led to
increases in GOS production. However, in terms of GOS yield, it was
observed an increase until 30% of lactose and for higher the yield
was almost constant at 23.3-26% for both free and immobilized
enzyme. Park et al. observed the same behaviour for high lactose
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concentration with a thermostable (3-galactosidase from Sulfolobus
solfataricus [28].

3.3. Reuse of the immobilized enzyme

Having confirmed the dependence of the reaction kinetics on
the temperature, the reuse of the immobilized preparation was
evaluated for 10 reuse cycles, at 25°C and initial lactose concen-
tration of 20% (w/v). At the end of the 10th cycle, the enzymatic
derivative retained approximately 85% of its initial activity (data
not shown). This performance of the MAG-PANI 3-galactosidase
derivative would be an additional advantage besides that from its
easy of separation from the reaction medium by a magnetic field.

3.4. Support characterization

Fig. 4 shows the results of X-ray diffraction analysis for the MAG-
PANI support. Patterns of iron oxides of the Joint Committee on
Powder Diffraction Standards - International Centre for Diffrac-
tion Data (JCPDS-ICDD) database were included for comparison.
Both magnetite and maghemite have a spinel structure. Their lines
are close and it is difficult to distinguish them from one another
by X-ray diffraction pattern. The X-ray diffraction data expressed
in A compared with those for magnetite according to the JCPDS
database (bracketes) at the crystalline planes (h/k)220;311;400;
422;511and 440 are, respectively, 2.962 (2.967); 2.516 (2.532);
2.090(2.099); 1.705 (1.715); 1.609 (1.616) and 1.478 (1.485). From
this result one can deduce that magnetite constituted the dominant
phase in the MAG-PAN], although trace amounts of maghemite may
probably have been formed as contaminants during the synthesis
process.

Fig. 5 shows the scanning electron microscopy (SEM) analysis
of MAG and MAG-PANI particles. MAG particles were obtained of
the co-precipitated with Fe2* and Fe3* and MAG-PANI particles
were obtained with PANI coating on MAG. The SEM images indicate
rhombohedra particles, the coating with PANI does not alter the
MAG structure and MAG-PANI presents a similar format to MAG.

Elemental analysis was done to determine the composition of
each fraction: (1) MAG; (2) MAG-PANI and (3) MAG-PANI activated
with glutaraldehyde plus protein immobilized (Table 2). This result
shows that MAG alone did not have any analyzed element (N, C,
H and S), whereas they are as expected present in the MAG-PANI
composite, except sulfur which appears in the composite activated
with glutaraldehyde plus immobilized protein.

Infrared spectra of MAG and MAG-PANI are shown in Fig. 6
depicting considerable different vibrations. The characteristic

Maghemite (y-Fe,0;)

T T TT mm | T .TT

Magnetite (Fe;04)
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=
E]
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|3
= o
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20 (degrees)

Fig. 4. X-ray diffraction patterns of MAG-PANI, magnetite oxide and maghemite
oxide (both magnetite and maghemite oxides patterns were obtained from the
JCPDS-ICDD database).

peaks of MAG-PANI occur at 1588, 1504, 1384, 1306, 1145 and
828 cm™!. Jiang et al. obtained similar results to PANI/magnetic
ferrite nanocomposites [29]. This result seems to be a consistent
evidence of PANI coating on MAG.

Fig. 5. Ultrastructural image of MAG (A) and MAG-PANI (B), obtained by scanning electron microscopy.
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Table 2

Elemental analysis to determine the composition of each fraction of magnetic parti-
cles (MAG free, MAG with PANI and MAG with PANI activated with glutaraldehyde
plus B-galactosidase immobilized).

Fraction of magnetic particles Element (%)
Nitrogen Carbon Hydrogen Sulfur
MAG 0 0 0 0
MAG +PANI 0.951 5.657 0.378 0
MAG +PANI + 3-galactosidase 0.834 5.397 0.415 0.316
g MAS
g \!
3 AN
F MAS
H
£
=
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 6. Infrared absorption spectra of the MAG and MAG-PANIL

The MAG-PANI presented a good magnetic response, being eas-
ily attracted by a magnetic separator as is shown in Fig. 7. In order to
study the MAG-PANI magnetic behaviour magnetization measure-
ments were performed by analyzing its hysteresis loop at room
temperature. As can be observed in Fig. 8 the magnetization of the
MAG-PANI exhibited a clear hysteretic behaviour. The saturation
magnetization was measured to be approximately 60 emu/g (see
Fig. 8), this value being in fair well agreement with the value found
for magnetite [30].

Another important parameter analyzed was the curve of the
magnetic moment against temperature (Fig. 9) that shows the
MAG-PANI sample has two phases possibly magnetite (dominant)
and maghemite. The transformation of magnetite to maghemite
can occur in the range of 650-750°K depending of the specific
environment conditions and size of the particles (see Fig. 9A)
[31]. In addition, an irreversible transformation to hematite due

Fig. 7. Induced MAG-PANI separation from the reaction medium by the application
of a magnetic field. MAG-PANI support is displaced towards the tube walls.
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Fig. 8. Experimental values for the hysteresis loop of the MAG-PANI at room tem-
perature, confirming the existence of a saturation magnetization value.

to oxidation occurs above 830 °K near the transition temperature
Tc=850°K as can be seen in Fig. 9B [31-33].

Fig. 10 shows the results from the thermal analysis relative to
MAG and MAG-PANI The TGA curves exhibit three steps of mass
loss; these are more pronounced for MAG-PANI (Fig. 10B). The two
endothermic peaks (Fig. 10A) up to 170°C correspond to the ini-
tial removal of moisture (Fig. 10B) and can possibly correspond to
free and bound water. Above this temperature, exothermic peaks
may be associated to the thermal degradation of PANI [34,35]. This
is most visible within the range of 200-400°C for the DSC curve
and within 150-330°C for the TGA curve (Fig. 10A and B; MAG-
PANI). In this work a nitrogen flux was used during the calorimetric
assays. The conversion of magnetite to hematite (Fig. 10A; MAG),
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Fig. 9. Experimental vales for the curve of the magnetic moment (M) against tem-
perature (T) of MAG-PANI from room temperature to 1000°K, for heating and
cooling. Data on A corresponds to the first heating/cooling cycle and on B to the
second heating/cooling cycle.
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Fig. 10. Thermal analysis data for MAG and MAG-PANI obtained by DSC heat flow
(A) and thermogravimetry curves (B).

detectable at 225°C [36], can therefore be excluded as oxygen is
required to complete the reaction.

4. Conclusion

According to the results above presented a catalytically active
magnetic derivative of A. orizae (3-galactosidase was synthesized.
Firstly, magnetic particles were obtained by coprecipitation of Fe2*
and Fe3* and coated with PANI afterwards. This magnetic prepara-
tion was capable to convert lactose into galactose and glucose and
to produce tri and tetra-galactosides (transgalactosylation) as well.
This performance did not differ from that for the free and immobi-
lized enzyme. The tri and tetra-saccharides production by both free
and immobilized enzyme was not affected by temperature from
30°C to 60°C. The analysis of this 3-galactosidase-magnetic com-
posite revealed: (1) rhombohedra particles showing good magnetic
response; (2) the elemental analysis and infrared spectra provided
evidences for the PANI coating and the protein immobilization;
and (3) X-ray diffraction, magnetization measurements at 25°C,
curve of the magnetic moment against temperature and thermal
analysis were in agreement with magnetite composition predomi-
nantly. Furthermore, this magnetic enzymatic derivative presented
the following advantages: simple synthesis using low cost reagents,
similar catalytic properties of the soluble enzyme and easy removal
from the reaction mixture by a magnetic field and reuse.
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