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Abstract The surface of magnetite nanoparticles was

coated with functional polysiloxane layers using reaction of

hydrolytic copolycondensation of tetraethoxysilane and

3-aminopropyltriethoxysilane (or N-[3-trimethoxysilylpro-

pyl]ethylendiamine), and also that of tetraethoxysilane,

3-aminopropyltriethoxysilane and methyltriethoxysilane (or

n-propyltriethoxysilane). It was shown that these function-

alized magnetically controllable particles (about 60–150 nm

in size as aggregates), as opposed to magnetite, adsorb urease

well from aqueous solutions (up to 1 g/g), and that the level

of residual activity of adsorbed layers is up to 84 % in the

case of a bifunctional sample. It was established that the

activity of immobilized urease is normally gradually reduced

during storage of the samples, but in the case of ethylene-

diamine functional group is not decreased for 45 days. The

synthesized samples are promising for use as magnetically

directed biocatalysts.
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1 Introduction

Due to the continuously increasing use of immobilized

enzymes in biocatalysis, biotechnology, and for production

of new drugs [1–5], this area is currently enjoying an

increased interest. Both the class of applied enzymes and

the carriers for their fixation are diversifying. Polysiloxane

matrices obtained by hydrolytic sol–gel method are very

promising for enzyme binding. Their primary advantage is

high adsorption capacity [6]. In addition, their functional

characteristics such as parameters of the porous structure,

composition of the surface layer, the degree of hydropho-

bicity, etc. can be adjusted in the synthesis of such carriers.

This allows to achieve an efficient immobilization of

enzymes [7, 8]. In other words, the immobilized enzymes

retain a high degree of activity, and their consumption is

minimized. However, the literature data concerning the

activity of enzymes adsorbed on silica matrix are rather

contradictory. It is assumed that the silanol groups on the

surface of silica adsorbents are involved in binding of the

enzymes and, dependent on the pH, such binding can occur

either via proton transfer mechanism, or through formation

of the hydrogen bonds [9]. It has also been shown that the

adsorption of enzymes on carriers with both hydrophobic

and hydrophilic surface may be irreversible, dependent on

the process conditions and the nature of the surface layer of

the carrier [10, 11]. In general, the trends in protein

adsorption are determined mainly by the porous structure

of the matrix and the nature of the surface layer.
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Special interest recently has been revealed to magnetically

directed sorbents, primarily the magnetite derived ones. It

turned out that, using hydrolytic polycondensation reactions

with alkoxysilane precursors it is possible to deposit on the

surface of magnetic nanoparticles a polysiloxane layer

incorporating the functional groups required for fixation of

enzymes. In addition, introduction into this layer of organic

functional groups can create for an enzyme an environment

resembling the intracellular medium [8, 10–13]. Moreover,

the creation of the polysiloxane layer on the surface of

magnetite particles and the enzyme immobilization can be

carried out simultaneously using the above-mentioned reac-

tion. This approach opens opportunities to approach a new

generation of composite biocatalysts, combining the advan-

tages of silica supported enzymes with the easy directability

and facile handling typical of magnetite [8, 12–15].

Therefore, the aim of the present work was to evaluate the

simplest approach to obtaining magnetically controlled bio-

catalysts based on urease, namely the adsorption of the

enzyme on the surface of functionalized nanoparticles of

magnetite. In this case, the reaction of the hydrolytic poly-

condensation in two- and three-component (for alkoxysilanes)

systems, respectively, was used to create a functional layer

containing amine, ethylenediamine and amine/alkyl groups.

2 Experimental

The applied reagents involved tetraethoxysilane, Si(OC2

H5)4 (TEOS, Aldrich, 98 %); 3-aminopropyltriethoxysilane,

(C2H5O)3Si(CH2)3NH2 (APTES, Aldrich, 99 %); methyltr-

iethoxysilane, (C2H5O)3SiCH3 (MTES, 99 %, Aldrich); n-pro

pyltriethoxysilane, (C2H5O)3Si(CH2)2CH3 (PTES, 97 %,

Fluka); N-[3-trimethoxysilylpropyl]ethylendiamine, (CH3O)3

Si(CH2)3NH(CH2)2NH2 (TMPED, 97 %, Aldrich); ethanol

(96 %); acetone (‘‘Macrochem’’, Ukraine); NH4F (98 %,

‘‘Reachem’’, Ukraine); 0.1 M HCl, 0.1 M NaOH, and 0.1 M

EDTA were prepared using fixanal concentrates (Cherkasy

State Chemical Plant, Ukraine); for 0.06 M phosphate buffer

(pH 7.0) were used Na2HPO4�2H2O and KH2PO4 (‘‘Macro-

chem’’, Ukraine); 2 M urea solution (‘‘Macrochem’’, Ukraine,

analytical grade). Urease used in work belonged to the class of

hydrolases, and was derived from soybeans ‘‘Jack beans’’ (EC

3.5.1.5, activity 26.7 U/mg (pH 7), Fluka).

Magnetite was prepared by co-precipitation from salts of

iron (II) and (III) with ammonia in argon atmosphere [16].

The obtained magnetic particles are spherical. Their aver-

age diameter is close to 14 nm and the specific surface area

is *90 m2/g.

Deposition of a functional layer on the surface of mag-

netite particles has been described in detail by us in [17, 18].

Here we present a brief procedure. Sample batch of Fe3O4

was treated by ultrasound for 10 min in 45 cm3 of distilled

water. APTES (or TMPED), dissolved in 4 cm3 of ethanol,

and 1.25 cm3 of 1 % NH4F solution in water were added to

the resulting suspension that was stirred then for 5 min.

Then slowly, drop by drop, TEOS was added to achieve the

ratio of reactants Fe3O4/TEOS/APTES (TMPED) = 0.0022/

0.034/0.0059. For preparation of bifunctional coatings each

trifunctional silane was dissolved separately in ethanol, a

catalyst was added to the solution and it was then poured

into a suspension of magnetite in water one after another to

achieve the required ratio of the components Fe3O4/TEOS/

APTES/MTES (PTES) = 0.0022/0.034/0.0028/0.0028. Stir-

ring was continued for 6 h at room temperature. Dark brown

precipitate was separated by a magnet, washed with water

(3 9 50 cm3), ethanol (2 9 50 cm3), and acetone (2 9

50 cm3) and dried in air.

The resulting samples were labeled as follows: Fe3O4/SiO2/

APTES—1, Fe3O4/SiO2/APTES/MTES—2, Fe3O4/SiO2/

APTES/PTES—3, Fe3O4/SiO2/TMPED—4.

The DRIFT spectra were recorded on the Thermo Nicolet

Nexus FT-IR at 8 cm-1 resolution using the Spectra Tech

collector diffuse reflectance accessory at room temperature.

The samples were mixed with KBr (1:30) and were used to

fill the DRIFT sample cup before measurements.

The nitrogen adsorption isotherms for all the samples

were measured on a ‘‘Kelvin-1042’’ adsorption analyzer

(Costech Microanalytical). Before the measurements, the

samples were out gassed at 383 K in the helium atmo-

sphere. The BET specific surface area [19] was calculated

in the relative pressure range between 0.05 and 0.35.

Morphology of the obtained samples was studied by

JSM-6060LA Analytical Scanning Electron Microscope

(Jeol, Tokyo, Japan) using secondary electrons at accel-

erating voltage of 30 kV. For SEM studies, the samples

were fixed on the surface of object table. To prevent the

accumulation of the surface charges and improve the

contrast, the surface of the samples was covered with

thin continuos layer of gold or platinum by cathodic

sputtering in vacuum. For textural investigations, the

samples were deposited on a copper-grid-supported

transparent carbon foil and examined by a conventional

transmission electron microscopy TEM/HRTEM (JEOL

JEM 2010-Fx) operating at 200 kV and TEM JEOL JEM

1230. Elemental analysis of the prepared samples using

an Energy-dispersive X-ray spectroscopy (EDS) was also

performed in combination with transmission electron

microscopy.

The content of amino groups was determined by acid–

base titration. Batches of the samples (0.1 g) were treated

with a 0.1 M HCl solution (20 cm3) for 24 h. The precip-

itates were removed by a magnet and the filtrate was

titrated with 0.1 M NaOH in the presence of the indicator

(methyl orange). Concentration of the amino groups was
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determined from the difference between the content of

protons in solution before and after sorption.

Urease enzyme activity was determined by the rate of

formation of ammonia in the urea hydrolysis reaction at

25 �C [20]. In all cases, the activity was assumed as the

average of three parallel experiments, the biggest differ-

ence between them did not exceed 10 %. The average error

in urease activity determined taking into account the Stu-

dent’s coefficient for reliable probability 0.95 did not

exceed 10 %.

To study the kinetics of urease adsorption 0.05 g func-

tionalized magnetite samples were shaken in a test tube

with 2 cm3 urease buffer with the concentration of 2.5 g/L.

The solution above the precipitate was analyzed for

enzyme after 5, 10, 20, 30 and 60 min. In all cases, the

amount of bound enzyme was estimated from the differ-

ence between the urease taken for immobilization and

found in the solution. The content of urease in solution

after adsorption and in the rinse waters was determined

from its activity in relation to the specific activity of the

enzyme. It was assumed that the specific activity of the

immobilized enzyme was the same as for the native one.

Immobilization of urease on functionalized magnetite

was performed by static adsorption method in a buffer

solution with urease concentration 1.25–7.5 g/L. The

adsorption experiments were carried out at room temperature

for 4 h, with occasional stirring. A sample of functionalized

magnetite (0.05 g) was covered with a solution of urease

(5.0 mg) in 2 cm3 of phosphate buffer and EDTA (volume

ratio 9:1). The precipitate was separated from the solution by

a magnet and washed with phosphate buffer 5 times using

5 cm3 aliquotes. Maximal adsorption of urease was calcu-

lated in this case as the difference between the urease taken

for immobilization and the one found in solution.

Langmuir constants were calculated from the adsorption

isotherms using the formula (Fig. 4):

Nc

Nf
¼ Nc

Nfmax
þ 1

Nf max � b
;

where Nc—concentration of the solute remaining in solution

in the state of equilibrium (mmol L-1); Nf—the amount of

solute adsorbed in the same condition (mmol g-1); Nf max—

the maximum adsorption capacity in the monolayer and

b—the equilibrium constant of the adsorption process [21].

Fig. 1 SEM micrographs of functionalized magnetite: 1 Fe3O4/SiO2/–(CH2)3NH2, 2 Fe3O4/SiO2/–(CH2)3NH2/–CH3, 3 Fe3O4/SiO2/–

(CH2)3NH2/–C3H7, 4 Fe3O4/SiO2/–(CH2)3NH(CH2)2NH2
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3 Results and discussion

Hydrolytic polycondensation reaction using two- or three-

component alkoxysilane systems was used for creation of the

functional layer on the surface of magnetite. In this case, the

product of hydrolysis and polycondensation of TEOS was

acting as structuring agent and the trifunctional silane as the

functionalizing one. Figure 1 shows the SEM micrographs

of the samples. It demonstrates that all the obtained samples

are composed of particles having spherical shape, but their

sizes are significantly increased. Thus, for sample 1 the

average diameter of the particles is about 100 nm, for sample

2—*60 nm, for sample 3—*150 nm, for sample 4—100

to 120 nm. It should be noted that in the case of sample 3, the

particles are most probably aggregates of smaller particles.

The TEM studies demonstrate that the particles displayed in

the SEM images (Fig. 1) are not individual but are composed

of aggregates of smaller ones (see Fig. 2). The cores of these

particles are constituted of magnetite nanoparticles

10-20 nm in size (Fig. 2a, b). It has to be noted that these core

particles are in turn often composed of several individual

particles of magnetite (Fig. 2b). The polysiloxane shell of a

‘‘primary’’ particle incorporates thus several Fe3O4 particles

simultaneously. Figure 2c,d,f shows that the produced

samples are built up of such ‘‘primary’’ particles. In case of

sample 3 containing 3-aminopropyl and n-propyl groups in

the surface layer, these ‘‘primary’’ particles are less aggre-

gated (see Fig. 2e). The same is characteristic also of the

sample 4 (Fig. 2g). It is important to note that formation of

the polysiloxane layer on the surface of the magnetite par-

ticles does not deteriorates their magnetic characteristics as it

has been demonstrated earlier by us in the case of samples 1

and 4 [17]. The spectra obtained by EDS for sample 1

(Fig. 2g) have peaks for the C, N, O, Fe, Si atoms indicating

the presence of 3-aminopropyl groups and polysiloxane

layer on the surface of magnetite.

The specific surface area of the samples is in agreement

with the abovementioned particle size. Thus, for samples 1

and 4 having similar particle diameters, the value of the

specific surface area is 100 and 150 m2/g, respectively. For

sample 2, formed by smaller particles, Ssp = 180 m2/g,

while for the sample 3, it is 70 m2/g.

The presence of a polysiloxane layer and the functional

groups on the surface of magnetite was confirmed by IR

spectroscopy (Fig. 3). In the spectra of all the samples in the

1,000–1,200 cm-1 region was observed an intense and broad

absorption band corresponding to mas(SiOSi) vibrations of

the polysiloxane skeleton [22]. The band of medium

intensity at 1,545–1,555 cm-1 in the IR spectra of the sam-

ples (in case of the sample 4, it has the form of a shoulder)

refers to deformation vibration d(NH2) of the aminogroup

[23]. The sharp absorption band at 1,280 cm-1 visible in the

IR spectrum of sample 2 obtained using MTES, can be

attributed to the ds(CH3) of a methyl group attached to a

silicon atom [23]. The IR spectra of all samples (Fig. 3)

display also absorption bands at 550–650, 1,635–1,645 and

2,850–2,950 cm-1 which can be attributed to the m(FeO),

d(H2O) and ms,as(CH) vibrations, respectively.

Thus, the synthesized samples consist of nearly spherical

particles having a surface layer of polysiloxane bearing

available amine groups. This is confirmed by acid–base

titration, showing the content of amino groups in the sample

1 to be 1.8 mmol/g, 2—1.3 mmol/g, 3—1.7 mmol/g, 4—

3.1 mmol/g (values close to those reported in [17]).

The kinetics of the urease adsorption was studied ini-

tially to assess the protein-binding properties of the sam-

ples (see Fig. 4). This figure shows that the adsorption

equilibrium is achieved within 5 min for sample 3, 10 min

for samples 1 and 2, and within 20 min for sample 4. No

further growth of the sorption capacity was observed on

Fig. 3 DRIFT spectra of the functionalized magnetite samples

Fig. 2 TEM micrographs of functionalized magnetite: a, b, c Fe3O4/

SiO2/–(CH2)3NH2; d Fe3O4/SiO2/–(CH2)3NH2/–CH3; e Fe3O4/SiO2/

–(CH2)3NH2/–C3H7; f, g Fe3O4/SiO2/–(CH2)3NH(CH2)2NH2; h EDS

of sample 1

b
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increase of the interaction times. Somewhat longer time to

achieve the enzyme adsorption equilibrium may be asso-

ciated for the sample 4 with difficulties in diffusion caused

by the large geometric dimensions of the functional group.

In addition, one can not exclude that the ethylenediamine

group is capable to form more hydrogen bonds in the

surface layer of the matrix and the adsorption of urease

requires then more time for its reorientation.

Figure 4 shows also highest degree of urease binding

(98 %) for the samples of magnetite with alkyl groups in

surface layer compared to the maximum degree of urease

binding of only 65 % for the sample 4 (bearing ethylene-

diamine functional groups).

Excess adsorption isotherms of urease from buffer solu-

tion for functionalized magnetite samples are shown in

Fig. 5. With the exception of the isotherm for the sample 4,

they are similar in shape and display a sharp rise at low levels

of urease in the initial solution, which may be indicative of a

strong interaction between adsorbate and adsorbent. Further

increase in the urease concentration in solution makes the

curves to reach a plateau (Fig. 5). It is believed that such

shape of isotherms is observed when the adsorption is not

subject to strong competition with the solvent molecules, or

when strong intermolecular interactions occur between the

adsorbed molecules [4]. Perhaps both these factors play a

role in the present case. The adsorbed urease is an enzyme

with high molecular weight, which exists in aqueous solu-

tions in the form of large particles aggregates due to strong

interactions between the functional groups. We should

therefore expect a multicenter adsorption, where the com-

petition of water molecules is negligible.

The obtained urease adsorption isotherms (Fig. 5) are

Langmuir type ones [24]. This indicates high affinity of

urease molecules to the surface functional groups of the

support, which enhances the adsorption of the enzyme.

Figure 5 shows also that urease adsorption is significantly

higher in the case of magnetite samples containing alkyl

groups along with the aminogroups in the surface layer

(samples 2 and 3) compared to sample 1 containing only

3-aminopropyl groups. Probably, the alkyl groups are

shielding the 3-aminopropyl groups that are less likely then

to form hydrogen bonds with silanol groups in this case.

Consequently, these groups can be ‘‘easily’’ connected (in

some way) to the surface groups of urease and this affects

both the maximum adsorption of urease [25], and the

kinetics of the process (Fig. 4). It has to be noted that

3-aminopropyl groups are present as alkylammonium cat-

ions in aqueous solutions. The electrostatic attraction for-

ces have significant influence on the adsorption interactions

of charged macromolecules of proteins with the surface of

an electrically charged adsorbent [2, 26]. This interaction

has been observed even earlier by our group [25, 27].

So-called hydrophobic interactions between the hydro-

phobic parts of the enzyme molecules and the alkyl groups

located on the surface of functionalized magnetite have

even some additional influence on the adsorption of urease.

Moreover, increasing the length of the alkyl group permits

to significantly enhance the adsorption of urease (compare

samples 2 and 3 in Fig. 5). Note that this is in agreement

with the calculated Langmuir constants: 8.6 for 1; 16.0 for

2; 13.1 for 3; and 0.2 for 4.

We have previously shown [28] that the adsorption of

urease is less effective on non-functionalized magnetite

samples (see Table 1). The adsorption of the enzyme

increases substantially when magnetite is functionalized

with amino groups. It is further increased with the intro-

duction of hydrophobic alkyl groups into the functional

layer, along with 3-aminopropyl groups (Table 1). The

introduction of alkyl radicals has also a positive effect on

the retention of adsorbed urease activity. As shown in
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Table 1, the retention of the enzyme activity is in this case

is increased almost 2 times compared to non-functionalized

magnetite.

Finally, we studied the changes in the activity of urease

adsorbed on functionalized magnetite during storage of the

samples. As we have shown previously [27], the polysi-

loxane matrices usually promote increased activity of

immobilized urease on storage time. It was assumed that

this was due to creation of the environment around the

enzyme resembling the intracellular one. As it can be seen

from Fig. 6, the residual urease activity for sample 1,

containing only aminogroups in the surface layer, increases

slightly during the first period of storage, and then

decreases gradually. This can be explained by the stabil-

ization of the structure of the enzyme on the early stages of

the storage. The activity of immobilized enzyme decreases

steadily during storage for samples 2 and 3 (Fig. 6). A

different situation is observed in the case of a sample of

4—after the initial increase in the residual urease activity it

is not reduced within 45 days (Fig. 6). Obvious factors that

contribute to this effect are the increased length of the

spacer and the presence of two active centers of adsorption.

4 Conclusions

Hydrolytic polycondensation reaction of trifunctional

silanes (as functionalizing agents) and tetraethoxysilane (as

structuring agent) allows the creation of mono- and bifunc-

tional layers on the surface of Fe3O4 nanoparticles. The

presence in such layers at the same time of amino and alkyl

groups (methyl or n-propyl) increases the sorption capacity

of the samples towards urease. Thus, increase in the length of

alkyl radical causes a significant increase in adsorption. At

the same time, introduction of the ethylenediamine group

instead of amino group causes deterioration of the kinetic

characteristics of the sample, and the sorption isotherm

reaches a plateau at much higher concentrations of urease in

the initial solution. However, in this sample, the adsorbed

urease retains high activity for 45 days, while for the other

samples it has been a subject of gradual decline. Finally, it

should be noted that the obtained powder materials retain

their magnetic properties, which allows them to be easily

removed from the reaction mixture.
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