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Abstract

Superparamagnetic Fe;O, nanoparticles with diameter about 18 nm were prepared by a solvothermal method. A
simple and green method was used to prepare amino-rich magnetic nanoparticles. The magnetic nanoparticles were
modified by polyethylenimine (PEI) which is a polycationic polymer when pH<10. The resulted magnetic
nanoparticles were activated by glutaraldehyde to obtain nanoscale support for Candida rugosa Lipase (CRL)
immobilization. The CRL was immobilized on the magnetic nanoparticles covalently, as well as via ionic exchange.
The structure and magnetic behavior of the magnetic nanoparticles were confirmed by transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), and vibrating sample magnetometer (VSM).
Then the properties of the immobilized CRL were investigated, and the results showed that the obtained
immobilized lipase displayed good reusability and applicability. The immobilized Candida rugosa Lipase (ICRL)
presented wider pH tolerance (residual activity > 80% in a pH range from 5.5 to 8.0) than free Candida rugosa
Lipase (residual activity decreased rapidly when the pH values were away from 7.0). ICRL showed excellent
thermal stability (the relative of ICRL > 90 %) after keeping in the water bath at 50 °C for 150 min while free
Candida rugosa Lipase (FCRL) was absolutely deactivated. After being reused 10 times, ICRL maintained 60%
relative activity.

1. Introduction

As one of the most basic and important magnetic materials, Fe;0, has attracted much attention in recent years
because of its wide-ranging applications for electronic devices, catalysis, biomedical utilizations, drug delivery,
enzyme immobilization and so on'”. With further studies, Fe;0, nanoparticles display different properties during
its applications with different modified polymers such as polyethylenimine, poly (methyl methacrylate), poly

(maleic monoester) and polyaniline®'*. PEI is a water-soluble and biocompatible polyamine with amino-rich
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macromolecular chains. PEI has primary, secondary and tertiary amino groups, with the possibility of reaction with
different compounds'*. Gene vector, gas adsorption and heavy metal ions adsorption are some applied fields of
PEI'">". Otherwise, the amino groups of PEI are protonated and have positive charges when the pH<10. Chen et
al.? prepared a new resin by alkylation of branched PEI beads which can selectively extract trace amounts of
C10* from a makeup groundwater in the presence of competing ions. Zhang et al.”' utilized PEI functions as a
co-catalyst for CO, reduction to formate in aqueous media without metal catalyst, which significantly reduced
catalytic overpotential and increased current density and efficiency. Lei et al.?? reported that PEI was
self-assembled on the surface of Fe;0, nanoparticles to immobilize Quantum dots.

In contrast with chemical catalyst, enzyme expressed excellent catalytic properties: high effectivenes, high
specificity, and mild reaction conditions®. Among the lipases from various sources, Candida rugosa Lipase has
drawn much attention because of its high activity and broad specificity**. However, the industrial applications of
enzyme exhibits numerous problems such as high operation cost, low stability, difficult recyclability and
reusability”>. Immobilized enzyme, especially immobilized on magnetic supports which have many advantages
including large specific surface area, easily dispersion, catalytic stability, operational stability, easy recycling and
reusing, vast reduction of costs etc., provides good solutions to those problems> >*?%, Recently, nanomaterials

29-31

have emerged as promising supports for enzymes immobilization Also, superparamagnetic Fe;O4

nanoparticles as an interesting supports for lipase immobilization have drawn the attention of numerous workers in
recent years32'3 6,

Besides immobilization materials, the immobilization methods also play an important role in the activity of
immobilized enzyme®’. Covalent binding *®, entrapment®® and adsorption*’ are common strategies to immobilize
enzyme. Adsorption doesn’t chemically modify the lipase and is relatively simple method of immobilization*', but
it is not strong enough to prevent the enzyme leakage and it may lead to low specificity of the reaction*’. Covalent
binding is a stronger method to immobilize enzyme which can prevent the enzyme leaching from the support
efficiently*'. Enzyme immobilization may provide an improved enzyme performance. According to the reports,
enzyme stability may be obviously improved if an intense multipoint covalent attachment via a short spacer arm
between an enzyme molecule and a rigid support is achieved or if a favorable nano-environment is achieved®.
Moreover, immobilized enzymes usually possess enhanced specificity, selectivity storage and operational stability
towards multifarious denaturing agents and possibly restraint inhibition*>. But some drawbacks of covalent binding

still exist, such as possible decrease of enzymatic activity, possibility sterical modifications of the enzyme,

Chemical modifications of the support are necessary and usually irreversible attachment, preventing support
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reuse®”. In fact, it has been proved that immobilization with multifarious methods would greatly increase the
loading amounts of enzyme and improve the stability of enzyme**. So the supports with both cationic groups and
chemically reactive groups (for instance, aldehyde group, epoxy group) would be a sort of promising supports.

In some reports, PEI was used to modify magnetic supports and immobilize enzyme with adsorption*>*. In this
paper, we prepared a kind of superparamagnetic Fe;O, nanoparticles modified by PEI with a simple, green and
economic method. The nanoparticles were activated by glutaraldehyde to form nanoscale supports for lipase
immobilization with covalent connection and ionic exchange respectively. The stability and properties of
immobilized Candida rugosa Lipase were researched. And the results showed that the supports we prepared were
good enough to immobilize lipase.

2. Materials and methods

2.1 Materials

Iron (III) chloride hexahydrate (FeCly-6H,0), diethylene glycol are analytical grade and purchased from Tianjing
Guangfu Fine Chemical Industry Research Institute (China). Sodium citrate and sodium acetate are chemical grade
and purchased from Tianjing Guangfu Fine Chemical Industry Research Institute (China). PEI (My=10000) was
obtained from Aladdin Industrial Co. (Shanghai, China). CRL (Type VII, 1,180 U mg-1 solid) and bovine serum
albumin (BSA) were purchased from Sigma Chemical Co. Other chemicals and solvents were all of analytical
grade and obtained from Tianjing Chemical Reagent Company (China).

2.2 Preparation and functionalization of Superparamagnetic Fe;O,@PEI nanospheres. 2.2.1 Preparation of
Fe;0, nanoparticles. Fe;0, nanoparticles were prepared by a solvothermal method*’. In a typical synthesis, 0.648 g
of Iron(Ill) chloride hexahydrate (FeCl;-6H,0) , 0.4704 g of Sodium citrate (Na;Cit) and 0.984 g of sodium
acetate (NaOAc) were dissolved in 40 ml diethylene glycol. The mixture was vibrated with ultrasound until the
solids completely dissolved in the liquids to obtain a homogeneous system. Then the mixture was transferred to a
100 ml Teflon-lined autoclave. Subsequently, the autoclave was sealed and maintained at 200 °C for 6 h, and then
it was cooled to room temperature. The products were separated by a magnet and washed repeatedly with distilled
water and ethanol until the solution became neutral. Finally, the resulting magnetic spheres were obtained after
drying in a vacuum oven at room temperature for 12 h.

2.2.2 Preparation and functionalization of Superparamagnetic Fe;04@PEI nanospheres. The procedure to prepare
superparamagnetic Fe;O, nanoparticles is described as following: 2.5 g of PEI was dissolved in 60 ml distilled
water, and then 0.5 g of Fe;O4 was added. The mixture was put in a flask and stirred vigorously at room

temperature for 24 h. The products were isolated by a magnet and washed with distilled water for three or four
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times. After drying in a vacuum oven at room temperature for 12 h, the resulting products were obtained and
marked as Fe;0,4@PEI. Because the surface of the magnetic Fe;O4@PEI nanoparticles has a number of amino
groups, the magnetic Fe;0,@PEI nanoparticles were activated with glutaraldehyde*® on the basis of the reaction
between amino groups and aldehyde groups. A certain amount of magnetic Fe;0,@PEI nanoparticles were added
into the phosphate buffer (0.1 M, pH 7.0), then some moderate volume of glutaraldehyde solution (7%, m/V) was
added into the mixture. After being stirred magnetically at room temperature for 4 h, the products were separated
from the mixture by a permanent magnet and dried in a vacuum oven at room temperature for 12 h.

2.3 Characterization of Magnetic Support. The morphologies of Fe;04 Fe;0,@PEI were examined by

transmission electron microscopy (TEM, FEI Tecnai G20). The crystal structure of Fe;O4 and Fe;O,@PEI was

observed by X-ray diffraction (XRD, Rigaku D/MAX-2400 X-ray diffractometer with Ni-filtered Cu Ka radiation).

The structures of samples were obtained in transmission mode on a Fourier-transform infrared spectrophotometer
(FT-IR, American Nicolet Corp. Model 170-SX) using the KBr pellet technique. The magnetization curves of
Fe;0, and Fe;04@PEI were confirmed by transmission electron microscopy (TEM, LAKESHORE-7304, USA) at
room temperature. At a heating rate of 10.0 K/min, Thermogravimetric (TG) analysis of Fe;0, and Fe;O0,@PEI
was observed by a TGDSC apparatus (NETZSCH STA 449C) by heating the samples from room temperature to
800 °C under a N, atmosphere.

2.4 Immobilization of CRL. The activated supports with both cationic groups and chemically reactive groups, so
lipase could be immobilized on this support by ionic exchange and covalent bonding concurrently. On the basis of
the reaction between aldehyde group and amino group of lipase™, the lipase immobilization was taken place by
reaction between lipase solution and magnetic supports directly. Necessary qualities of supports were added into
CRL solution (m/v, 1%), then the lipase immobilization was carried out under the conditions of magnetic stirring at
room temperature for 5 h. After the reaction completed, ICRL was obtained by magnetic separation and washed
with phosphate buffer (0.1 M, pH 7.0) several times to remove the noncovalently coupled lipase. The resulted
ICRL was kept at 4 °C for further utilization. In addition, the reaction solution and washing solution were collected
to assay the amount of residual lipase. Finally, the influences of pH value, temperature and the amount of lipase
added on the activity of ICRL were investigated.

2.5 Determination of Immobilization Efficiency and lipase activity. The immobilization efficiency was
expressed by the amounts of enzyme bounded on supports of unite mass, and the amount of enzyme was
determined by the Bradford method*’, using BSA as the standard. The enzymatic activities of free and immobilized

lipase were measured by the titration of the fatty acid which comes from the hydrolysis of olive oil*' and reverse
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titration. One unit of lipase activity (U) is defined as the amount of enzyme needed to hydrolyze olive oil liberating
1.0 pmol of fatty acid per min in the assay condition. Herein, the efficiency of immobilization was evaluated in
terms of activity yields and immobilization yield as follows:

Activity yield (%) = (C/A) x 100%

Immobilization yield (%) = [(A-B)/A] x 100%

Where A is the activity of lipase added in the initial immobilization solution, B is the total activity of the residual
lipase in the immobilization and washing solution after the immobilization procedure, and C is the activity of the
immobilized lipase, respectively. The relative activity (%) is the ratio between the activity of every sample and the
maximum activity of the sample.

All data used in these formulas are the average of triplicate of experiments.

2.6 Properties of ICRL.

2.6.1 Effect of pH Value and Temperature on the Enzymatic Activity of FCRL and ICRL. The effects of pH value
on the enzymatic activity of FCRL and the ICRL were investigated by hydrolysis of olive oil in a water bath at
37 °C for 30 min under a variety of pH value (pH 5.0-9.0), and the relative activity was compared (the relative
activity of the ICRL with the highest activity was defined as 100%). The temperature endurance of FCRL and the
ICRL were researched with the relative activity obtained in phosphate buffer solutions (0.1 M, pH=7.0) among the
temperature range of 20-80 °C.

2.6.2 Thermal stability of ICRL. Necessary qualities of FCRL and ICRL were added into 50 ml phosphate buffer
solutions (0.1 M, pH 7.0); then the substrate was added. The mixture was kept in water bath at 50 °C for 210 min.
Every 30 minutes, enzymatic activities of FCRL and ICRL were measured and the residual activities were
determined.

2.6.3 Reusability of ICRL. The ICRL was separated from the reaction system by magnetic method after once
catalysis run (37 °C, 30 min), and it was washed with phosphate buffer (0.1 M, pH 7.0).Then the washed ICRL
was added into a fresh olive oil solution for catalysis once again. Finally, the activities of the subsequent enzymatic
reaction were compared with that of the first run of the ICRL (relative activity defined as 100%).

3. Results and Discussion

3.1 Preparation and Characterization of Magnetic Nanospheres.

3.1.1 Preparation and Activation of Magnetic Supports. The procedure to obtain Fe;O,@PEI for CRL
immobilization is shown in scheme 1. First, magnetic nanoparticles were prepared with a solvothermal method.

The nanopartices were decorated with PEI to obtain amino-rich nanoparticles. Then the supports were activated by
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glutaraldehyde to form nanoscale support for lipase immobilization. Glutaraldehyde is the most effective
crosslinking agent for enzyme immobilization. It reacts rapidly with amine groups at around neutral pH. The
reaction mechanism of glutaraldehyde with proteins is not onefold because the reactive species of glutaraldehyde
are found in equilibrium between their monomeric and polymeric conformations. Glutaraldehyde can react with
many functional groups of proteins, including amine, phenol, thiol and imidazole. For example, aldehyde groups
of glutaraldehyde can react with proteins by forming Schiff bases. However, due to the distortion of enzyme
structure by extensive crosslinking, the activity of immobilized enzyme is inversely proportional to the

concentration of glutaraldehyde™*” 3

(so the concentration of glutaraldehyde we chose was 7% (m/V)). The most
powerful method to improve enzyme stability might be suggested to Multipoint covalent attachment via short
spacer arms on pre-existing rigid solids. Enzyme immobilized on the surface of modified magnetic Fe;0, will be
able to reach the substrate and it’s very easily to separate catalysis from the reaction system only by a permanent
magnet. Also, the use of non-porous supports provides a good solution to the diffusion problems caused by using
porous supports. PEI as a polymeric bed for enzyme immobilization can produce a new “saline-like” environment
and prevent enzyme dissociation. Glyoxyl supports used at neutral pH values proved to be useful to stabilize some
trimeric and tetrameric enzymes. However, some drawbacks of using pre-existing inorganic supports still exist,
such as it become more complex that covalent immobilization of enzymes on pre-existing supports; the supports
will not be reused after chemical modification; agglomeration of the support particles; abrasion will break the
coating of supports and so on®’. The nano-supports Fe;O,@PEI has primary amino groups, so it is likely to
modify the support with glutaraldehyde, and finally obtain enzyme-support covalent. It was a simple and
economical process to synthesize Fe;O4@PEIL In our study, CRL was covalently connected to the supports
between aldehyde groups and amino groups, as well as ionic exchange**.

3.1.2 Characterization of Magnetic Nanospheres. Figure 1 is the XRD spectrogram of Fe;04 and Fe;O,@PEL All
the diffraction peaks of Fe;O, solid nanospheres were indexed to typical XRD patterns of Fe;04 (19.629#), it
indicated that the single-phase spinel structure of Fe;0, was prepared successfully with a solvothermal method.
The average diameter of Fe;O4 was calculated by using the Scherrer formula:

D=kA / (Bcos0)

Where k=0.89, A=0.1541 nm, B is the half peak width, 0 is the diffraction half angle. The diameter of the Fe;0,
was about 15 nm (despite of the factors that make it wider) according to the numeration by the Scherrer formula,
the data used in this formula was the average of six interplanar crystal spacing (figure 1). Also, spectrogram (b)

shows that the diffraction peaks of Fe;O4@PEI are nearly the same as the diffraction peaks of Fe;Oy4 solid. It
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demonstrated that Fe;O,@PEI we prepared contained Fe;O, actually and the crystal structure of Fe;O4 was
maintained during its modification by PEL

The TEM images of Fe;O4 nanoparticles and Fe;O4@PEI are shown in figure 2. It can be seen in figure 2a that the
Fe;0, particles are spherical and the dimension of the particles is of nanometer grade. The average diameter of
Fe;0,4 nanoparticles are about 18 nm according to figure 2. Besides, the primary Fe;O, nanoparticles displayed
unsatisfactory dispersity because of the interface effects of nanoparticles and the plentiful hydroxyl on the surface
of nanoparticles. The morphologies of Fe;O4@PEI are shown in figure 2b. After being decorated by PEI, the
diameter of nanoparticle is almost the same, while the dispersity of nanoparticle shows great improvement
obviously.

Figure 3 gives the FT-IR spectra of (a) Fe;0,4 and (b) Fe;04@PEIL. Both in figure 3a and 3b, there were adsorption
peaks presented at 584 cm™' belong to the characteristic absorption of Fe-O bonds in Fe;O,. In addition, the
intensity of Fe;0, vibration peaks of (584 cm™) in figure 3b became weaker than that in figure 3a, because Fe;0,
was modified by PEI. The symmetric and asymmetric stretching vibrations of carboxylate could be found at 1616
em™ and 1396 cm'. In contrast with figure 3a, new adsorption peaks appeared at 1263 cm™ and 1662 cm™ in
figure 3b were the stretching vibration absorption of —NH,. From the data above, it could be indicated that the
surface of Fe;04 was modified by a number of amino groups, i.e. Fe;0, was modified by PEI successfully™*.

The magnetic properties of the magnetic nanoparticles were confirmed by VSM at room temperature. As shown in
figure 4, the saturation magnetizations of pure Fe;0, and Fe;O4@FEI were 78.5 and 58.2 emu/g, respectively. It
can be estimated that the percentage of PEI in the resulted Fe;04@PEI was 25.9 %. Because of the large saturation
magnetization, these supports can be easily and rapidly separated from the reaction system. Moreover, there was
no hysteresis in the magnetization with both remanence and coercivity®®, which can prove that these magnetic
supports are superparamagnetic. Therefor, these magnetic supports could respond to an applied magnetic field
without any permanent magnetization and be redispersed rapidly when the magnetic field disappeared.

Figure 5 shows the TG analysis of nanospheres Fe;04 and Fe;O4@PEI At a heating rate of 10.0 K/min, TG
analysis of Fe;0y (a) and Fe;O,@PEI (b) was observed by heating the samples from room temperature to 800 °C
under a N, atmosphere. As given in figure 5a, a weight loss of 8.12 % was found when temperature rose to 800 °C.
The weight loss was probably due to removal of citrate on the surface of nanospheres. Compared with figure 5a, an
additional weight loss about 11.9 % was observed in figure 5b. This also proved Fe;O, nanoparticles to be
decorated with PEI successfully.

3.2 Optimum lipase amounts added of CRL Immobilization. The influence of lipase amounts added on the
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activities of ICRL was studied (figure s-1). Immobilization reaction was tested in phosphate solution (0.1 M, pH =
7.0) at 30 °C for 5 h. The relative activities of ICRL increased obviously with the increasing amount of lipase until
the relative activity of ICRL reached a maximum value, at which the amount of protein given was 250 mg/g
support. After this, the relative activities of ICRL gradually decreased. The same phenomenon has been reported in
our previous work™. The reasons for this phenomenon might be considered as (1) the competition between CRL
and other proteins of the extract by the surface of the support. For the lipase solution contained not only CRL but
also other protein, when CRL immobilized on supports, other protein connected to the supports as well. Hence, the
amounts of immobilized CRL were restricted; (2) an intermolecular steric hindrance was formed with higher
enzyme loading, which caused decrease of enzymatic activity.

3.3 Properties of ICRL.

3.3.1 Optimal conditions of enzymatic activity: As we researched, the optimal enzymatic temperature of FCRL
was 35 °C, while it was 40 °C for ICRL (figure s-2). Also, ICRL displayed good enzymatic activity in the
temperature range of 35 °C to 55 °C. This excellent performance of ICR might because of the covalent connection
between enzyme and supports, which could improve the stability of enzyme and prevented enzyme from
conformation transition in harsh operational conditions®’. It can be observed that the optimal pH value of the
activity of both ICRL and FCRL was 7.0, but ICRL acted out better pH tolerance than FCRL (figure s-3). In a
wider pH range (5.5-8.0), ICRL expressed excellent enzymatic activity (relative activity > 80 %), while the activity
of FCRL decreased rapidly when the pH values were away from 7.0. It might because a micro-environment
provided by the nanoscale supports make ICRL a better tolerance of pH changes™ . Also, a rigidification of the
enzyme by multipoint covalent attachment is a possible reason for the good result’®®.

3.3.2 The stability of ICRL. 3.3.2.1 Effect of denaturant on the activity of LCRL. Carbamide was chosen as
denaturant to research effect of denaturant on the activity on ICRL. The relationship between the activity of lipase
and the amounts added of denaturant is shown in figure 6. The relative activities of both FCRL and ICRL
decreased directly with the increasing amount of urea. FCRL retrained about 30 % of relative activity when the
concentration of urea was 3.0 mol /L; ICRL still retained 70 % of relative activity. FCRL was deactivated
absolutely when the concentration of urea was increased to 6.0 mol /L; ICRL remained 55 % of relative activity.
The reason for the tolerance enhancement of denaturant of ICRL might because the reactive probabilities between
lipase and denaturant was decreased when lipase was immobilized on supports.

3.3.2.2 The thermal stability of ICRL. The stability of ICRL and FCRL were measured by the method mentioned

in our experiment section and the results were shown in figure 7. In the picture, FCRL was absolutely deactivated
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after keeping in the water bath for 150 min, while ICRL presented excellent stability (the relative of ICRL > 90 %).
The excellent performance of ICRL was maintained even if it was kept in water at 50 °C after 210 minutes. It can
be concluded from the figure that ICRL displayed better thermal tolerance than FCRL.

3.3.2.3 Reusability of ICRL. Reusability of ICRL is very important. It could save resource and reduce the
industrial cost effectively. In fact, the reusability of ICRL is a very significant index to evaluate the pros and cons
of properties of supports. The activity of ICRL was slowly decreased after several cycles. After being reused 10
times, the relative activity of ICRL still maintained 60% (figure s-4 (a)). The reduction of enzymatic activity
perhaps contains (1) not all of the particles were captured and (2) some lipase ran off from the supports during
reusing of ICRL. In addition, CRL which was immobilized on the supports with only ionic exchange showed poor
reusability after being reused 5 times (the relative activity < 10%, figure s-4 (b)). This might because the physical
bond is not strong enough to prevent most lipases leaching from the supports during reusing®’. It could be
summarized a conclusion from the experimental data that ICRL with chemical and physical method exhibited
better operability and stability than that ICRL with only ionic exchange.

4. Conclusions

In conclusion, superparamagnetic nanoparticles were prepared with a solvothermal method, and modified by PEI
to obtain nanoscale magnetic supports for CRL immobilization. CRL was immobilized on the supports with
high-efficiency for the immobilization strategies included both chemical action and physical process. The optimal
conditions for lipase immobilization were further studied. Overall, though the activity of ICRL is lower than FCRL
in the same catalytic conditions, the ICRL we prepared had higher operational stability and exhibited excellent
properties, for example, pH endurance (ICRL displayed good activity in a wider pH range from 5.5 to 8.0 than
FCRL), temperature endurance (high activity of ICRL was observed when the temperature elevated from 35 °C to
55 °C), and excellent reusability (ICRL was reused for 10 times without any significant decrease of catalytic
activities). In a word, the process we introduced in this paper is recommendable for lipase immobilization.
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Scheme 1. The procedure to prepare Fe;O4@PEI for CRL immobilization.
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Figure 1. XRD spectrogram of (a) Fe;Oy4, (b) Fe;O4@PEI
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Figure 2. TEM micrographs of (a) Fe;0, and (b) Fe;O4@PEL
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Figure 3. FT-IR spectra of (a) Fe;04 and (b) Fe;O4@PEI
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Figure 4. Hysteresis loop of Fe;0,4 and Fe;O4@PEI
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Figure 5. TG curves of (a) Fe;04 and (b) Fe;O,@PEI
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Figure 6. Effect of denaturant on the activity of ICRL
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Figure 7. The thermal stability of ICRL



