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Abstract Enzyme-catalyzed chemical processes are

selective, very productive, and generate little waste.

Nevertheless, they may be optimized using enzymes

bound to solid supports, which are particularly

important for protease-mediated reactions since pro-

teases undergo fast autolysis in solution. Magnetic

nanoparticles are suitable supports for this purpose

owing to their high specific surface area and to be

easily separated from reaction media. Here we

describe the immobilization of bovine a-chymotrypsin

(aCT) on silica-coated superparamagnetic nanoparti-

cles (Fe3O4@silica) and the characterization of the

enzyme-nanoparticle hybrid (Fe3O4@silica-aCT) in

terms of protein content, properties, recovery from

reaction media, application, and reuse in enzyme-

catalyzed peptide synthesis. The results revealed that

(i) full acid hydrolysis of the immobilized protease

followed by amino acid analysis of the hydrolyzate is a

reliable method to determine immobilization yield; (ii)

despite showing lower amidase activity and a lower

Kcat/Km value for a specific substrate than free aCT,

the immobilized enzyme is chemically and thermally

more stable, magnetically recoverable from reaction

media, and can be consecutively reused for ten cycles

to catalyze the amide bond hydrolysis and ester

hydrolysis of the protected dipeptide Z-Ala-Phe-

OMe. Altogether, these properties indicate the poten-

tial of Fe3O4@silica-aCT to act as an efficient,

suitably stable, and reusable catalyst in amino acid,

peptide, and protein chemistry as well as in proteomic

studies.

Keywords Biocatalysis � Nanotechnology � Enzyme

immobilization � Protease � Esterase � Composite

nanoparticles

Introduction

The ability of enzymes to catalyze chemical reactions

of biological importance or industrial interest with

unmatched efficiency and selectivity is well known.
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Consequently, these biocatalysts have been exten-

sively used in science and industry (Thomas et al.

2002). Being highly selective, productive, and envi-

ronmentally friendly, biocatalysis is in harmony with

the principles of Green Chemistry and, therefore, has

been recognized as clean technology (Aldridge 2013).

Enzymes are generally used for variable purposes

in their free form (dissolved in the reaction media) or

immobilized on solid supports (insoluble in the

reaction media). The practical application of free

enzymes is hindered by both high costs and difficulties

in enzyme separation and recycling, but immobiliza-

tion allows enzyme recovery and reuse in batch and

continuous flow systems (Chen and Su 2001; Homaei

et al. 2013). These technological advances are indis-

pensable for the industrial and analytical application

of enzyme-catalyzed reactions (Yamaguchi et al.

2010; Forsberg et al. 2011). Moreover, the immobi-

lization of such biomolecules may improve their

thermal and chemical stabilities (Kim et al. 2005;

Hong et al. 2006; Hegedus and Nagy 2009; Zhang

et al. 2013; Singh et al. 2013) and affect their catalytic

properties, such as substrate recognition and binding

(Singh et al. 2013).

Enzyme immobilization can be achieved by simple

adsorption, ionic affinity, covalent attachment to a solid

support, entrapment into a solid matrix or membrane-

restricted compartment, and cross-linking involving

enzyme molecules (Homaei et al. 2013; Zhang et al.

2013; Faber 1997; Datta et al. 2013). Various supports

have been used for this purpose, such as polymers (Li

et al. 2013), silica (Bernal et al. 2014), and carbon

(Lugo-Morales et al. 2013), which can be separated by

filtration and centrifugation. The immobilization of

enzymes on nanostructures can be advantageous

because it can increase the stability of those proteins,

which in the free form have short lifetimes in solution

(Kim et al. 2005; Hegedus and Nagy 2009; Flores-

Fernández and Griebenow 2012). This is particularly

important for proteases, which can undergo autolysis.

Owing to their large specific surface area (area/

volume), magnetic nanoparticles are even more suit-

able for enzyme immobilization (Rossi et al. 2004;

Sun et al. 2013). Superparamagnetic nanoparticles

(SPM NPs) have attracted attention as supports to be

used for such a purpose because they can be manip-

ulated by an applied magnetic field but do not

aggregate in its absence (Pankhurst et al. 2003; Netto

et al. 2013). Magnetic separation is a robust, highly-

efficient, and rapid method of enzyme recovery that

greatly simplifies its handling and allows for its

recycling.

Some authors of this study have examined protease-

catalyzed synthesis of dipeptides (Liria et al. 2008) of

high scientific and commercial importance (Christian

and Brent 2001) since this method is amino acid

racemization-free, cheaper than classical or solid-

phase chemical synthesis, and environmentally

friendly (therefore more suitable for industrial pro-

duction). Alanil-phenylalanine, Ala-Phe, was chosen

as one of our targets because it has bitter taste and,

therefore, potential application in the food industry as

substituent of caffeine. Its synthetic route, which has

been optimized and will be described elsewhere,

comprises the following steps: (1) synthesis of Z-Ala-

Phe-OMe using Z-Ala-OH, Phe-OMe.HCl, and free

thermolysin; (2) hydrolysis of the ester of Z-Ala-Phe-

OMe using aCT to form Z-Ala-Phe-OH; and (3)

catalytic hydrogenation of Z-Ala-Phe-OH and forma-

tion of desired peptide (Ala-Phe) using palladium

heterogeneous catalysis (to be published in detail

elsewhere). The cost of this and other dipeptide green

syntheses may be significantly reduced by enhancing

the stability of the purified biocatalysts used, making

easy their separation from reaction media and reuse.

Thus, in the present study, bovine a-Chymotrypsin

(aCT) was immobilized on silica-coated magnetite

(Fe3O4@silica), and the resulting Fe3O4@silica-aCT

was characterized in its protein content, amidase

activity, chemical and thermal stabilities, possibility

of recovery from the reaction media, reuse potential,

and ability to catalyze step 2 of the synthetic route

cited above.

Experimental

General remarks

The bovine aCT used was purchased from Biobrás

Diagnósticos (Brazil). aCT-specific substrates, Na-

benzoyl-DL-tyrosine 4-nitroanilide (Bz-DL-Tyr-

pNA), and N-succinyl-alanine-alanine-proline-pheny-

lalanine 4-nitroanilide (Suc-AAPF-pNA) were pur-

chased from Bachem (USA) and Sigma Chemical

Company (USA), respectively. The acetonitrile

(ACN; Vetec Fine Chemicals Ltd., Brazil) and triflu-

oroacetic acid (TFA, Merck KGaA, Germany), used
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for the preparation of RP-HPLC solvents A and B,

were of spectroscopic grade. Tris (hydroxymethyl)-

aminomethane (Tris–HCl), calcium acetate, and tri-

ethylamine (TEA) were of analytical grade and

purchased from Merck KGaA (Germany). Finally,

esters of N-a-acyl amino acids (acyl donors) and

amino acids (acyl acceptors) were obtained from

Bachem (USA).

Synthesis of Z-Ala-Phe-OMe catalyzed by free

thermolysin

Thermolysin-catalyzed Z-Ala-Phe-OMe synthesis

was based on our previous studies (Miranda and

Tominaga 1991; Machini 1985; Miranda et al. 1986)

and will be described in detail elsewhere.

Synthesis and functionalization of magnetic

support

The synthesis of the magnetic support was performed

according to the methodology described by Rossi and

coworkers (Jacinto et al. 2008). A volume of 10.0 mL

of an aqueous solution of FeCl3 1.0 mol L-1 was

added to 2.5 mL of an aqueous solution of FeCl2
2.0 mol L-1 in HCl 2.0 mol L-1, and the resulting

mixture was immediately added to 250 mL of a

solution of NH4OH 0.7 mol L-1 under an N2 atmo-

sphere. The mixture was allowed to react while stirred

in an Ultra Turrax (Ika, model T18, Staufen, Germany)

for 30 min under an N2 atmosphere. The particles of

Fe3O4 formed were magnetically recovered and

washed with water five times.

The hydrophobicity of Fe3O4 nanoparticles was

enhanced by coating the particles’ surface with oleic

acid. For this purpose, a solution of 2.2 g of oleic acid

in 5.0 mL of acetone was added to the suspension of

particles in water (oleic acid: Fe3O4 1.4:1), and the

reaction was allowed to occur for 30 min at room

temperature under stirring. The particles were then

precipitated with acetone, magnetically separated, and

washed with acetone three times. They were dispersed

in cyclohexane (50 mL) and centrifuged at 2,000 rpm

for 30 min. The concentration of oleic acid-coated

Fe3O4 nanoparticles in the final suspension was ca.

25 g L-1, as determined by gravimetry.

Finally, the magnetic nanoparticles were coated

with silica using a reverse microemulsion. Briefly, the

mixture containing 89.2 g of poly(oxyethylene)

nonylphenyl ether (IGEPAL CO-520) and 1.4 L of

cyclohexane was homogenized by sonication for

5 min. Next, 400 mg of Fe3O4 nanoparticles coated

with oleic acid (32 mL of nanoparticle suspension in

cyclohexane), 19.0 mL of ammonium hydroxide, and

15.4 mL of tetraethoxysilane (TEOS) were added; the

reaction occurred for 16 h at room temperature. Then,

to promote the separation of silica-coated magnetite

NPs from reaction media, 300 mL of methanol was

added. The suspension phase containing the magnetic

support was separated and centrifuged at 7,000 rpm

for 20 min and washed with methanol (1 9 150 mL)

and ethanol (2 9 150 mL). The solid was dried in an

oven at 100 �C for 24 h to obtain a dry powder (2.5 g).

The sample was named Fe3O4@silica.

The functionalization of the silica surface was

accomplished by the dispersion of 200 mg of the

magnetic support in 30.0 mL of toluene, followed by

the addition of 300 lL of 3-aminopropyl-triethoxysi-

lane (APTES). After 2 h of stirring, the particles were

washed with toluene (3 9 75 mL) and magnetically

separated. The obtained solid was dried under vacuum

and subsequently in an oven for 20 h at 100 �C. The

sample was named Fe3O4@silica-NH2.

The quantification of amine groups at the nanopar-

ticles’ surface was accomplished by reaction with

ninhydrin. For such purpose a calibration curve was

first obtained by incubating 1 mL of ninhydrin solu-

tion, 5 mL of phosphate buffer (0.1 mol L-1, pH 6.5),

and 10 lL of APTES for 1 h in a boiling water bath.

After diluting the reaction medium, the absorbance of

the resulting solutions was recorded in a spectropho-

tometer (UV-1601PC, Shimadzu, Kyoto, Japan) at

570 nm. The method was applied to amino- and

glutaraldehyde-functionalized nanoparticles. The

amount of 50 mg of each sample was suspended in

5 mL of buffer and 1 mL of ninhydrin. After 1 h in a

boiling water bath, the solid was magnetically sepa-

rated and washed with boiling water until the purple

color of the supernatant disappeared. The initial

supernatant and the washing solutions were trans-

ferred to a 100 mL volumetric flask; the volume was

then adjusted with water and absorbance at 570 nm

was obtained.

Immobilization of aCT

The amino-functionalized magnetic support Fe3O4@

silica-NH2 (50 mg) was suspended in phosphate
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buffer (40 mL, 50 mmol L-1), pH 7.4, containing 10

wt % glutaraldehyde. The resultant suspension was

magnetically stirred for 1 h. Then, the solid was

separated using magnetic decantation, washed, and

resuspended in a phosphate buffer solution containing

aCT (0.5 mg L-1). This suspension was stirred

(37 �C; 300 rpm) for 2, 4, 8, or 16 h. The aCT

immobilized on the magnetic support (named Fe3-

O4@silica-aCT) was separated by magnetic decanta-

tion, washed with water, resuspended in phosphate

buffer, and divided into two parts. One part was stored

at room temperature (wet Fe3O4@silica-aCT), and the

other part was lyophilized and stored at 4 �C (dry

Fe3O4@silica-aCT).

Determination of protein content of Fe3O4@silica-

aCT by the Bradford method

An aliquot of the supernatant of the immobilization

reaction at 0 or 2 h was separated and diluted ten

times. A volume of 160 lL of each diluted sample was

transferred to the wells of an Enzyme-Linked Immu-

nosorbent Assay (ELISA) 96-well microplate. To each

well was added 40 lL of the solution Coomassie�

Brilliant Blue G-250, and after 5 min, the absorbance

at 595 nm was measured (SpectraMax� Paradigm�

Multi-Mode Detection Platform, Wals, Austria). This

procedure was repeated 3 times. Protein quantification

was achieved using a calibration curve established

with bovine serum albumin (Sigma, St. Louis, USA).

Determination of protein content of Fe3O4@silica-

aCT by its full acidic hydrolysis followed

by amino acid analysis of the hydrolyzate

Samples of Fe3O4@silica-NH2 (negative control), free

aCT, and Fe3O4@silica-aCT were submitted to total

acid hydrolysis at 130 �C in a Pico-Tag workstation

(Waters, USA) in the presence of a 50 % HCl/

propionic acid (V/V) and N2 atmosphere for 24 h.

The hydrolyzates were dried (for acid removal),

dissolved in water, and filtered. The filtrates were

analyzed on a Dionex amino acid analyzer (Sunny-

vale, USA) composed of an automatic sampler

(AS40), a quaternary pump (GS50), a column oven

(LC25), an ion exchange column (2 9 250 mm,

AminoPac PA10), an electrochemical detector

(ED50), and a ‘‘Chromeleon’’ platform for control

and data acquisition. The amount of each amino acid

was calculated from the analysis of a standard mixture

containing 19 amino acids in known concentrations.

For the quantification of immobilized and free aCT,

the amino acids, Gln, Glu, Asp, and Asn were used as

references.

Enzyme activity assay using Bz-DL-Tyr-pNA

as substrate

The aCT activity was determined using 4-nitroanilide

N-benzoyl a-DL-tyrosine (Bz-DL-Tyr-pNA) as sub-

strate, following Bundy’s method (Bundy 1863).

For the free aCT, 0.2 mL of fresh enzyme solution

(5.0 g L-1 in phosphate buffer pH 7.4) and 2.8 mL of

substrate solution (0.4 g L-1 in DMSO, acetaldehyde

and phosphate buffer 0.07 mol L-1 pH 7.4) were

incubated under shaking at room temperature. The

reaction was monitored in a Shimadzu spectropho-

tometer (model UV-160 1PC, Kyoto, Japan) coupled

to a computer to record the absorbance variation at

405 nm (DA405/min).

For wet Fe3O4@silica-aCT, 0.2 mL of Fe3O4@sil-

ica-aCT suspension stored at room temperature or at

4 �C (5.0 g L-1) and 2.8 mL of substrate solution

(0.4 g L-1) were incubated under shaking at room

temperature. After 3 min, the solid was magnetically

separated, and the absorbance of the supernatant was

obtained at 405 nm. The solution was placed back into

the reaction flask, and the process was repeated for

6 min.

For dry Fe3O4@silica-aCT stored at 4 �C, 1.0 mg

of Fe3O4@silica-aCT was resuspended in 0.2 mL of

phosphate buffer (pH 7.4) and incubated with 2.8 mL

of substrate (0.4 g L-1) under shaking at room

temperature. After 3 min, the solid phase was mag-

netically separated; the solution was decanted, and its

absorbance was obtained at 405 nm. The solution was

placed back into the reaction flask and was incubated

under shaking at room temperature was repeated for

6 min. The assays were performed in triplicate.

Chemical stability of aCT and Fe3O4@silica-aCT

using Bz-DL-Tyr-pNA as substrate

The amidase activity of aCT stored in solution at room

temperature, of dry Fe3O4@silica-aCT stored at 4 �C,

and of Fe3O4@silica stored in suspension at room

temperature or at 4 �C were measured using Bz-DL-

Tyr-pNA as a substrate, as described above.
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Reuse of Fe3O4@silica-aCT using Bz-DL-Tyr-

pNA as substrate

After use, Fe3O4@silica-aCT was magnetically sep-

arated from the reaction medium; the solution was

removed, and the solid was washed with phosphate

buffer (50 mmol L-1, pH 7.4). A fresh substrate

solution was added to it to measure enzyme activity, as

described above.

Transmission electron microscopy (TEM)

The sample was prepared in a carbon-coated copper

grid by adding a drop of an ethanol suspension

containing the material. TEM was performed using a

Philips CM 200 microscope (Philips, Amsterdam,

Netherlands) operating at 200 kV.

Enzyme activity assay using Suc-AAPF-pNA

as substrate

Due to practical advantages, Suc-AAPF-pNA was

used as a substrate in the determination of aCT

thermal stability and kinetics parameters.

For the free aCT, 2 lL of fresh enzyme solution

(0.05 mg mL-1 in Tris–HCl 100 mmol L-1 buffer

pH 8), 8lL of Tris–HCl buffer pH 8, and 200 lL of

substrate solution (0.3 mg mL-1 Suc-AAPF-p-NA in

DMSO and Tris–HCl buffer pH 8) were incubated at

37 �C under shaking in an ELISA microplate. The

reaction was monitored in a BioTek ELx800 Absor-

bance Microplate Reader (Winooski, USA) coupled to

a computer to record the absorbance variation at

415 nm. The reaction was ended by the addition of

30 % HAc solution (Sigma Chemical Co., USA) in

5-min intervals for 30 min. Each reaction had a set of

three blanks: one with substrate solution, another with

aCT, and another with HAc; Tris–HCl buffer was

added to reach final volumes of 250 lL.

For wet Fe3O4@silica-aCT, 2 lL of Fe3O4@

silica-aCT suspension stored at room temperature

(5 mg mL-1), 8 lL of Tris–HCl buffer, and 200 lL

of substrate solution (0.3 mg mL-1 Suc-AAPF-p-NA

in DMSO and Tris–HCl buffer pH 8) were incubated

at 37 �C under shaking in an ELISA microplate. The

reaction was ended by the addition of a 30 % HAc

solution (Sigma Chemical Co., USA) in 5-min

intervals for 30 min. After 30 min, Fe3O4@silica-

aCT was magnetically separated and the absorbance

of the supernatant of each well was obtained at 415 nm.

A set of three blanks, as described above, was used.

The assays were performed in triplicate. Absor-

bances were obtained in a SpectraMax� Paradigm�

multi-mode detection platform (Lagerhausstrasse,

Austria). Quantification of the product (pNA) was

done using a calibration curve obtained for pNA with

concentrations varying from 5 to 500 lmol L-1.

Determination of thermal stability of aCT

and of Fe3O4@silica-aCT using Suc-AAPF-pNA

as substrate

Fresh free aCT (0.5 mg mL-1) and Fe3O4@silica-

aCT (suspension stored at room temperature,

5.0 mg mL-1) were previously incubated in a shaker

at 60 �C for 12 h. Aliquots were removed every

10 min for the first hour of reaction and every hour for

the next 11 h. Each aliquot had its amidase activity

upon Suc-AAPF-pNA determined following the pro-

cedure described above.

Determination of enzyme kinetics parameters

for aCT and Fe3O4@silica-aCT using Suc-AAPF-

pNA as substrate

Suc-AAPF-pNA solutions with concentrations varying

from 20 to 800 lmol L-1 were incubated with the

enzyme for aCT (0.5 mg mL-1) or Fe3O4@silica-aCT

stored at room temperature (5.0 mg mL-1) following the

experimental conditions described above. The initial

rates of hydrolysis of these substrate samples were fitted

into the Michaelis–Menten equation using the Enzfitter

software, resulting in the Km and Kcat parameters.

Hydrolysis of the methyl ester of Z-Ala-Phe-OMe

catalyzed by Fe3O4@silica-aCT

The Fe3O4@silica-aCT suspension stored at room

temperature (0.2 mL) was placed in a flask; the solid

was retained magnetically, and the buffer was

removed. Then, 3.0 mL of 30 % ACN/NaH2PO4

buffer (pH 8) and Z-Ala-Phe-OMe (0.04 mol L-1)

were added to the reaction flask. The mixture was

stirred (300 rpm) at 37 �C. Diluted aliquots were

analyzed by reversed-phase high-performance liquid

chromatography (RP-HPLC) and by RP-HPLC cou-

pled to mass spectrometry with electrospray ionization

(LC/ESI–MS) at 0, 15, 30, 60, and 120 min.
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The RP-HPLC analyses were completed using a C18

Vydac column (0.46 cm 9 25.00 cm, 5 lmol L-1,

300 Å, USA) that employed a system composed of

Constametric 3500 and 3200 pumps from Thermo

Separation Products (TSP, USA), an automatic sampler

Spectrasystem AS3000 from TSP, a Spectromonitor

3100 detector from LDC Analytical or a Tunable

Absorbance Detector 486 from Waters (USA), and a

Data Jet integrator from TSP (USA). The separation of

compounds (reactants and products) occurred in linear

gradients (5–95 % B) using 0.1 % TFA in water (solvent

A) and 60 % ACN/0.09 % TFA in water (solvent B).

The flow used was 1 mL min-1 and the wavelength (k)

was 210 nm. The LC–MS analyses used the same

column but the following equipment: (1) a Shimadzu

liquid chromatographer composed of two Shimadzu LC-

10AD pumps and a Shimadzu SDP-10AV detector; and

(2) a Micromass Quatro II triple quadrupole mass

spectrometer (Altricham, UK). The software Mass-

LinxTM for Windows NT� was used in the analysis of

the mass spectra obtained.

Results and discussion

Choice and preparation of the magnetic support

The first step of this study was to choose a magnetic

carrier for the immobilization of aCT. The appro-

priate choice of magnetic carriers and immobiliza-

tion strategy can dramatically increase the efficiency

of the separation process. The selection criteria

should rely on materials’ quality (morphology, size,

and dispersion) and magnetic properties. SPM NPs

are strongly attracted to an applied magnetic field

due to the contribution of large magnetic moments

within the individual particles, but removal of the

applied magnetic field instantaneously reduces the

overall magnetic moment back to zero. Additionally,

SPM NPs may not be stable under reaction condi-

tions employed in organic synthesis, and their

coating with a layer of different materials (carbon,

metal, oxides, etc.) provides an effective barrier

against oxidation and acid corrosion (Rossi et al.

2014).

We chose to use well-defined and size-controlled

silica-coated SPM NPs. Coating the magnetite NP

surface with a layer of silica is a strategy for protecting

the magnetic content, avoiding unwanted interactions

and magnetite oxidation. Furthermore, silica facili-

tates the immobilization of enzymes through a cova-

lent approach. The method used here for the coating of

magnetite with silica and reported previously by some

of us (Jacinto et al. 2008) is based in a reverse micellar

microemulsion, which is very efficient, reproducible,

and easy to scale up, while providing a well-defined

core–shell morphology in a nanometric scale—not

easily obtained using other sol–gel or polymerization

methods (Rossi et al. 2014). The magnetite cores

(Fe3O4 *10 nm, Fig. 1a) were easily synthesized by a

co-precipitation method, which provided a superpara-

magnetic material with a saturation magnetization

(Ms) of 62 emu/g (Rossi et al. 2007). This material was

spherically coated with silica (spheres of *50 nm in

diameter, Fig. 1b) and maintained their magnetic

properties (Ms = 9 emu/g (total mass of material) at

300 K, which corresponds to 69 emu/g of Fe3O4

(Jacinto et al. 2009)). The material displays excellent

magnetic properties, such as very low coercivity field

and high saturation magnetization, allowing its recov-

ery from the reaction media by applying a magnetic

field and easily redispersion after the removal of the

magnetic field. Repeated cycles of separation and

dispersion are possible because of the absence of

magnetic memory. An overview of our previous

studies on the design and modification of superpara-

magnetic nanomaterials for application in the field of

magnetic separation and catalysis can be found else-

where (Rossi et al. 2012).

Functionalization of magnetic support

and the covalent immobilization of its aCT

As shown in Scheme 1, the synthetic process com-

prised the functionalization of silica-coated magnetite

NPs with amino groups (1st step) and enzyme

immobilization using the cross-linking reagent glutar-

aldehyde (2nd and 3rd steps).

In the first step, reaction with 3-aminopropyl-

triethoxysilane (APTES) provided the amino groups

on the silica surface, the quantification of which was

carried out by the ninhydrin method (Kaiser et al.

1970; Taylor and Howard 1993) using a calibration

curve obtained with a solution of a variable concen-

tration of free APTES. The result was 55 nmol NH2/

100 mgsupport.
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In the second step, amino groups of the support

were further reacted with glutaraldehyde to provide

free aldehyde groups to react with amino groups of the

enzyme (3rd step), promoting a covalent linkage

between it and the nanoparticle (Rossi et al. 2004). In

fact, it is well known that glutaraldehyde can easily

react with amino groups of lysines, amino acids

present in the structure of proteins and enzymes

(Migneault et al. 2004). After the reaction with

glutaraldehyde, the ninhydrin method indicated

44 nmol NH2/100 mgsupport or a yield of 20 % (or

1.1 9 10-5 molglutaraldehyde/100 mgsupport).

The last step, responsible for binding the protease

aCT to the glutaraldehyde-activated support, resulted

in a suspension of 3.4 mg solid mL-1 of phosphate

buffer. The supported Fe3O4@silica-aCT was easily

recovered from the reaction media using a magnet, and

it was then tested against the substrate Bz-DL-Tyr-

pNA or Suc-AAPF-pNA. The amidase activity indi-

cated that immobilization was successful.

Determination of protein content in the magnetic

carrier: establishment of a new method for such

purpose

Protein contents of immobilized enzymes can be

determined by several methods, such as those of

Lowry (Leão et al. 1991), Bradford (Palocci et al.

2007; Netto et al. 2009), bicinchoninic acid (BCA)

(Chen and Su 2001; Hong et al. 2007a, b), and UV

Fig. 1 TEM images of a oleic acid-coated Fe3O4, b Fe3O4@silica, c fresh Fe3O4@silica-aCT and d Fe3O4@silica-aCT after 103 days

of storage
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absorption spectroscopy (Rossi et al. 2004). The

fluorogenic reagent 4-methylumbelliferyl p-(N,N,N-

trimethylammonium cinnamate) (MUTMAC) can

also be used for this purpose (Clark and Bailey

2002). The general procedure is to measure the free

enzyme content of the immobilization solution at the

beginning of the reaction and after draining/washing

the solid support.

In this study, the amount of immobilized enzyme

was initially measured using the Bradford method. As

shown in Table 1, the results suggested an immobili-

zation yield close to 90 %. Such high yield was not

expected and encouraged further studies with the

enzyme-nanoparticle hybrid material because aCT is

an autolytic enzyme. In fact, the theoretical proteolysis

of free aCT originated up to 19 peptide fragments, with

MW\3,400 that likely do not react with the Bradford

reagent as efficiently as the intact enzyme does.

The total acid hydrolysis followed by amino acid

analysis of the hydrolyzate showed to be a more robust

and consistent method as the results obtained for the

magnetic support before enzyme immobilization

(negative control), for the free aCT at 0 h of immo-

bilization, and for the aCT-nanoparticle hybrid

material obtained after 2 h of immobilization were

quite reproducible (Table 2). Therefore, we propose

this method as a reliable alternative for quantifying the

amount of protein bound to magnetite NPs.

Comparative chemical stability of free aCT

and Fe3O4@silica-aCT

Chemical stability is a key property to be examined in

enzyme immobilization studies, as an increased

chemical stability favors storage and reuse of the

immobilized enzyme (Kim et al. 2005; Rossi et al.

2004; Netto et al. 2009; Hong et al. 2007a, b; Lee et al.

2009). Figure 2 shows the results of amidase activity

Scheme 1 Preparation of

aCT covalently bound to

superparamagnetic

nanoparticle

Table 1 Quantification of free aCT present in the immobili-

zation reaction medium at 0 and 2 h using standard Bradford

protein assay

0 h (mg enzyme/

mg support)

2 h (mg enzyme/

mg support)

Difference

(mg/mg support)

0.133 ± 0.027 0.013 ± 0.006 0.120

These results were obtained using a calibration curve

established with bovine serum albumin (y = 0.039x - 0.015)
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using Bz-DL-Tyr-pNA as substrate along the storage

time. Despite being significantly more active (2.6

times) than the immobilized enzyme, fresh free aCT

was less stable in solution due to autolysis (activity

reduction in 24 h: 90 %). Conversely, Fe3O4@silica-

aCT activity did not change considerably in 90 days

independently whether stored in dry form or in

suspension at room temperature or at 4 �C, revealing

a drastic diminution of aCT autolysis. When stored in

suspension at room temperature, Fe3O4@silica-aCT

presented a smaller reduction (20 % in 178 days) of its

initial amidase activity, which is probably related to

protein denaturation. However, when kept dry, the

immobilized enzyme had its amidase activity signif-

icantly decreased (about 60 % of its initial value), a

result that is probably associated with protein dehy-

dration and irreversible denaturation. In summary,

even less active than free aCT, Fe3O4@silica-aCT

remains as such for about 6 months when stored in

suspension at room temperature; so this is the best

condition for its storage.

These results are in agreement with previous

reports of immobilized aCT activity maintenance for

6–36 days of storage under shaking at room temper-

ature (Kim et al. 2005; Lee et al. 2009; Hong et al.

2008). However, the supports and immobilization

procedures used by the authors of those studies are

different or only slightly similar (Kim et al. 2005) to

those employed in this study.

Fe3O4@silica-aCT reuse

Figure 3 shows that Fe3O4@silica-aCT stored in

suspension at room temperature displayed no signif-

icant modification in enzymatic activity after 10 cycles

of reutilization, indicating an advantage of this type of

immobilization. These results are very promising

since previous studies on the immobilization of aCT

in other types of nanoparticles and other attempts to

reuse the protease-NPs for successive cycles show

significant activity loss (around 30 % of the initial

activity) as a function of the number of cycles (Ju et al.

2012). Moreover, these results are in agreement with

observations made by other authors about preservation

of aCT amidase activity after immobilization on solid

supports different from ours in 5 cycles of use (Li et al.

2013; Hong et al. 2007a, b) and 30 cycles of use (Kim

et al. 2005; Lee et al. 2009; El-Ghaffar and Hashem

2013).

Morphology of Fe3O4@silica-aCT

Magnetic recovery of the immobilized enzyme from

the reaction media was easy and quantitative, sug-

gesting the maintenance of material integrity and

magnetic properties. To identify possible morpholog-

ical changes of the nanoparticles after the storage of

Fe3O4@silica-aCT, Transmission Electron Micros-

copy (TEM) images were obtained for the fresh and

after 103 days of storage (Fig. 1c, d). No morpholog-

ical changes of the nanoparticles were detected, when

compared to the Fe3O4@silica (Fig. 1b), revealing

that either aCT immobilization or storage did not

Table 2 Kinetics of aCT immobilization on Fe3O4@silica

Reaction

time (h)

Immobilized aCTa (nmol

enzyme/mg nanoparticle)

Immobilization

yield (%)

0 0.0 0

2 1.6 21

4 1.5 20

8 1.7 22

16 1.7 22

a The amount of aCT added per mg of Fe3O4@silica was

7.6 nmol. Enzyme contents were obtained by the full

hydrolysis of Fe3O4@silica-aCT followed by HPLC amino

acid analysis of the hydrolyzate
Fig. 2 Stabilities of fresh free aCT and Fe3O4@silica-aCT

stored at different conditions. The figure shows aCT stored at

room temperature (filled square; Fe3O4@silica-aCT stored in

suspension at room temperature (open square); Fe3O4@silica-

aCT stored in suspension at 4 �C (filled circle); and Fe3O4@-

silica-aCT stored dry at 4 �C (open circle). The relative activity

(%) represents the ratio of residual activity/initial activity of

aCT
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caused any apparent physical damage to the core–shell

nanostructure.

Comparative thermal stability of free aCT

and Fe3O4@silica-aCT using Suc-AAPF-pNA

as substrate

Suspecting that enzyme immobilization would affect

proteins’ irreversible denaturation, autolysis, or both,

Fe3O4@silica-aCT was stored in suspension at room

temperature; fresh free aCT had their amidase activity

measured after pre-incubation at 60 �C for 12 h.

Figure 4 reveals that the immobilized enzyme dis-

played higher thermal stability since, after 1 h under

heating, the free enzyme was completely inactivated,

while the magnetically separable enzyme retained ca.

30 % of its initial activity.

These results not only confirm that immobilization

reduces protein denaturation and/or autolysis rates but

also suggest that structural protection resulting from

covalent binding between aCT and NPs (which

involve the amino group of lysine side chain) hinders

enzyme–enzyme interactions. Indeed, immobilization

on solid support limits enzyme diffusion in solution

and makes it less accessible to larger substrates due to

structural sterical hindrance (Arica et al. 2004).

Moreover, the results described above corroborate

previous observations of enhancement of aCT stabil-

ity when this protease was immobilized in nanometer-

scale composites and magnetite nanoparticles differ-

ent from ours (Kim et al. 2005). Additionally, Yao and

coworkers (Hong et al. 2006) along with other authors

(Arica et al. 2004; Mateo et al. 2000) observed

increment on aCT thermal stability due to immobili-

zation, which further supports our data.

Determination of kinetics parameters for aCT

and Fe3O4@silica-aCT as catalyst of amide bond

hydrolysis

The effect of substrate concentration on the amidase

activity of fresh free aCT and its immobilized form

were also evaluated in the present study, providing the

kinetic constants Kcat (catalytic rate constant), Km

(Michaelis–Menten constant), and Kcat�Km
-1 (Table 3).

No significant change was observed in the Km,

whereas the Kcat for the immobilized aCT dropped

(25-fold). These data suggest the following: (i) only

part of the immobilized aCT binds the substrate and

catalyzes the hydrolysis because the immobilization

on the NPs through lysine residues did not affect all

enzyme molecules equally (according to the protein

data bank (PDB), bovine aCT has 14 lysine residues
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Fig. 3 Relative amidase activity measured after use of Fe3

O4@silica-aCT stored in suspension at room temperature for ten

cycles. The analysis of variance (ANOVA) gave a very high

p value (p = 0.2481)

Fig. 4 Thermal stability of free aCT (filled circle) and

Fe3O4@silica-aCT (filled square). Remaining amidase activity

was determined after enzyme pre-incubation at 60 �C. The

remaining activity (%) represents the ratio of residual activity

after pre-incubation/initial activity

Table 3 Kinetics

parameters for free aCT and

for Fe3O4@silica-aCT

Km (mol L-1) Kcat (min-1) Kcat�Km
-1 (min-1 L mol-1)

Free aCT 4.0 9 10-4 ± (0.5) 2.21 9 103 ± (0.09) 5.5 9 106 ± (0.9)

Fe3O4@silica-aCT 5.3 9 10-4 ± (0.7) 0.089 9 103 ± (0.005) 0.17 9 106 ± (0.03)
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that could be involved in the reaction with glutaral-

dehyde-activated NPs (Tsukada and Blow 1985)); and

(ii) the binding to the NPs caused changes in the

enzyme structure that did not affect enzyme affinity

for the substrate, but somehow modified its efficiency

to catalyze amide bond hydrolysis.

Modification of the kinetic constants Km and Kcat

for proteases due to their immobilization has also been

previously described and was associated with enzyme

structural changes and the diminution of enzyme

diffusion (Hong et al. 2007a, b).

Fe3O4@silica-aCT as a reusable catalyst

in peptide ester hydrolysis

Because bioactive peptides and analogs have been

routinely synthesized in our laboratory using the

chemical methods (peptide synthesis in solution and

solid-phase peptide synthesis (Chandrudu et al. 2013)),

we know that, despite their categorical efficiency, these

technologies are not as environmentally friendly as

desired. We therefore performed a few steps of the

synthetic process with the help of enzymes, a cleaner

technology. Indeed, proteases with esterase activity

such as aCT have been successfully used to catalyze

the formation and hydrolysis of amide bonds and ester

bonds, reactions mostly required in enzymatic peptide

synthesis (Miranda and Tominaga 1991; Liria et al.

2008; Narai-Kanayama et al. 2012). Yet enzymes have

short lifetimes, high costs, and are difficult to recycle,

hampering the general use of this clean technology.

Knowing that aCT is a well-known enzyme that

specifically catalyzes hydrolysis of peptide bonds and

peptide esters involving the carboxyl group of aro-

matic amino acids and having observed in the present

study that Fe3O4@silica-aCT exhibited significant

amidase activity and reduced autolysis as well as

reasonable enhancement of protein thermal stability,

we became interested in verifying whether it, so easily

recoverable from reaction media by magnetism, had

the potential to act as a powerful catalyst of ester

hydrolysis, one of the steps of enzymatic peptide

synthesis. Thus, the protected dipeptide Z-Ala-Phe-

OMe (1) was incubated with Fe3O4@silica-aCT

stored in suspension at room temperature. As can be

seen in Fig. 5, peak 1 decreased and peak 2 appeared/

Fig. 5 Monitoring of Z-Ala-Phe-OMe ester hydrolysis cata-

lyzed by Fe3O4@silica-aCT. RP-HPLC conditions are as

follows: column Vydac C18, solvent A: 0.1 % TFA/H2O, B:

80 % ACN/0.09 % TFA/H2O, flow: 1 mL min-1, gradient:

5–95 % of B in 30 min, k: 210 nm. ESI–MS conditions are as

follows: capillary voltage: 2 kV, cone voltage: 15 kV, ioniza-

tion mode: ES?. Section (1) shows Z-Ala-Phe-OMe, m/z

[M?H?] (calculated/obtained): 384.9/385.2; section (2) shows

Z-Ala-Phe, m/z [M?H?] (calculated/obtained): 370.0/371.2
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increased with reaction time, suggesting efficient ester

hydrolysis. This was confirmed using an LC/ESI–MS

analysis of a sample collected after 30 min of reaction.

Compounds 1 and 2 are identified as Z-Ala-Phe-OMe

and Z-Ala-Phe, respectively.

The immobilized enzyme was quantitatively

removed from the reaction medium and was reused

for the same purpose for at least four cycles.

Conclusion

The novelties of the present study are the following:

(i) we used methods, procedures, and the superpara-

magnetic nanoparticles Fe3O4@silica previously

described to demonstrate that a protease/esterase, such

as bovine aCT, can be easily immobilized to offer

another active, suitably stable, easy to recover from

the reaction media, and reusable biocatalyst; (ii) we

showed that full acid hydrolysis followed by amino

acid analysis of the hydrolyzate is a consistent method

to quantify the protein content of magnetite NPs-

proteases; and (iii) we demonstrated that the improve-

ments achieved by immobilized aCT are promising

for the development of greener chemical procedures.

The observed suitability Fe3O4@silica-aCT as cata-

lyst of amide bond hydrolysis or ester bond hydrolysis

using amino acids or peptide derivatives as reagents

evidences its practical potential in peptide synthesis,

protein chemistry, proteomics, and organic synthesis.
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