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Abstract Alkaline protease from alkaliphilic Bacillus

sp. NPST-AK15 was immobilized onto functionalized and

non-functionalized rattle-type magnetic core@meso-

porous shell silica (RT-MCMSS) nanoparticles by phys-

ical adsorption and covalent attachment. However, the

covalent attachment approach was superior for NPST-

AK15 protease immobilization onto the activated RT-

MCMSS-NH2 nanoparticles and was used for further

studies. In comparison to free protease, the immobilized

enzyme exhibited a shift in the optimal temperature and

pH from 60 to 65 �C and pH 10.5–11.0, respectively.

While free protease was completely inactivated after

treatment for 1 h at 60 �C, the immobilized enzyme

maintained 66.5 % of its initial activity at similar condi-

tions. The immobilized protease showed higher kcat and

Km, than the soluble enzyme by about 1.3-, and 1.2-fold,

respectively. In addition, the results revealed significant

improvement of NPST-AK15 protease stability in variety

of organic solvents, surfactants, and commercial laundry

detergents, upon immobilization onto activated RT-

MCMSS-NH2 nanoparticles. Importantly, the immobi-

lized protease maintained significant catalytic efficiency

for ten consecutive reaction cycles, and was separated

easily from the reaction mixture using an external mag-

netic field. To the best of our knowledge this is the first

report about protease immobilization onto rattle-type

magnetic core@mesoporous shell silica nanoparticles that

also defied activity-stability tradeoff. The results clearly

suggest that the developed immobilized enzyme system is

a promising nanobiocatalyst for various bioprocess

applications requiring a protease.
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Abbreviations

APMS 3-Aminopropyltrimethoxysilane

BET Brunauer–Emmett–Teller

BJH Barrett–Joyner–Halenda

BTME 1,2-Bis(trimethoxysilyl)ethane

CTAB Cetyl-trimethylammonium bromide

FT-IR Fourier transform-infrared

kcat/Km Catalytic efficiency

kcat Enzyme turnover number

Km Michaelis–Menten constant

MPS Mesoporous silica

RT-MCMSS-C2H5 Ethan-type magnetic

core@mesoporous shell silica

RT-MCMSS-NH2 Amino-functionalized rattle-type

magnetic core@mesoporous shell

silica
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RT-MCMSS-non Non-functionalized rattle-type

magnetic core@mesoporous shell

silica

SDS Sodium dodecyl sulfate

TCA Trichloroacetic acid

TEM Transmission electron microscopy

TEOS Tetraethyl orthosilicate

Vmax Maximum enzyme reaction rate

Introduction

Currently there is an increasing application of microbial

enzymes replacing chemical catalysts in various bio-

chemical processes, manufacturing chemicals and phar-

maceuticals [1]. Proteases constitute one of the most

important groups of industrial enzymes, accounting up to

60 % of the total enzyme market with two-thirds of the

proteases produced commercially from microbial origin

[2–5]. Proteases are a large group of hydrolytic enzymes

that catalyze the degradation of the proteins molecules by

cleavage of the peptide bonds between the amino acid

residues. Alkaline proteases, with high activity and stabil-

ity in alkaline range, are interesting for several biotech-

nological applications, particularly for detergent industry

[6]. Detergent formulations showed biggest worldwide

enzyme consumption, accounting for approximately 30 %

of the total world enzyme production [7].

Generally, the activity, stability and reusability of sol-

uble enzymes are of major concerns which limit their

industrial applications owing to its impact on the biopro-

cess cost [1, 8]. Immobilization of soluble enzymes on a

variety of water-insoluble supports is one of the most

useful approaches to overcome such difficulties. Applica-

tion of immobilized enzymes in bioprocesses can offer

several advantages over the free enzyme such as reusability

of the enzyme, enhancement of the biocatalyst stability,

better bioprocess control, and simplifying product purifi-

cation [9, 10]. Recent advance in nanotechnology has

provided diverse nanoscaffolds that could potentially sup-

port enzymes immobilization technology [11–13].

Nanoscale materials can offer many unique and advan-

tageous physicochemical capabilities for enzyme immobi-

lization, due in part to high surface area/volume ratios that

enhance catalysis; effective mass transfer, and high enzyme

loading [12, 13]. However, selection of suitable supporting

matrix and the immobilization protocols is of significant

importance for successful enzyme immobilization process.

Among those nanostructured materials, mesoporous silica

(MPS) nanoparticles are of special interest for enzyme

immobilization technology. MPS provide tunable and

uniform pore system, functionalizable surfaces, large

surface areas, and restricted nanospaces for enzymes

immobilization, in addition to high biocompatibility and

low cytotoxicity [14]. Furthermore, to overcome the diffi-

culty of nanoparticles separation from the bulk solution,

mesoporous shell can be coated on magnetic Fe3O4 nano-

cores to form core–shell structure. Magnetic Fe3O4-meso-

porous shell silica spheres showed promising results for

immobilization of enzyme together with ability for facile

separation from bulk solution using magnetic field [10].

Furthermore, creating a cavity between outer mesoporous

silica shell and inner silica coated Fe3O4 nanocore, for-

mation of rattle structure, could provide more nanospaces

for accommodating and immobilizing enzymes [15]. Fig-

ure 1 shows scheme for synthesis of rattle-type magnetic

core/mesoporous shell silica (Fe3O4@m-SiO2) nanoparti-

cles, ethane/amino functionalization and enzyme

immobilization.

In the present study, a recently characterized alkaline

serine protease from halotolerant alkaliphilic Bacillus sp.

NPST-AK15 [16] was immobilized onto rattle-type mag-

netic core/mesoporous shell silica (RT-MCMSS)

nanoparticles by physical adsorption and covalent attach-

ment. Subsequently, the properties of immobilized protease

were evaluated compared with the free enzyme.

Materials and methods

Alkaline protease production and purification

Alkaline serine protease from halotolerant alkaliphilic

Bacillus sp. NPST-AK15 was recently purified and char-

acterized [16]. For enzyme production, one hundred mil-

liliter of the production medium in 500 mL Erlenmeyer

flasks was inoculated with 2 mL of an overnight culture

grown at 40 �C and 150 rpm. These cultures were culti-

vated under the same conditions for approximately 36 h.

The production medium contained (pH 10.5): yeast extract

(7.5 g/L), fructose (20 g/L), K2HPO4 (1.0 g/L), Mg2SO4-

7H2O (0.2 g/L), NaCl (50 g/L), and Na2CO3 (10 g/L).

After the incubation period, the culture was centrifuged to

remove cells and insoluble residues; culture supernatant

was filtered and used as the enzyme source. Alkaline pro-

tease was purified from Bacillus sp. NPST-AK15 culture

supernatant using combination of ammonium sulfate pre-

cipitation and anion exchange column chromatography as

described previously [16].

Synthesis of rattle-type magnetic core@mesoporous

shell silica nanoparticles

The synthesis of non-functionalized and functionalized

rattle-type magnetic core@mesoporous shell silica (RT-
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MCMSS) nanoparticles included (1) Synthesis of dense

silica coated magnetic Fe3O4 nanoparticle; (2) Meso-

porous shell formation on the dense silica coated Fe3O4

nanoparticles; (3) Rattle-type magnetic core/mesoporous

shell silica (RT-MCMSS) formation, and (4) functional-

ization of the RT-MCMSS nanoparticles (Fig. 1).

Synthesis of silica coated magnetic Fe3O4 nanoparticle

Solvothermal reaction was applied for synthesis of

magnetic Fe3O4 (magnetite) nanoparticles according to

Deng et al. [17] with some modification. Briefly, 2.7 g

FeCl3�6H2O was dissolved in 80 mL ethylene glycol,

followed by addition of 7.2 g Na-acetate and 2.0 g

polyethylene glycol. The mixture was stirred vigorously

for 1 h and then sealed in a stainless-steel 100 mL

capacity-autoclave (Teflon lined). The autoclave was

maintained at 190 �C for 18 h, and the black product

was washed several times with ethanol and dried for

6–8 h at 60 �C. To avoid leaching of the iron oxide onto

the mother system under acidic conditions, the synthe-

sized magnetic Fe3O4 nanoparticles were coated with

dense silica layer according to Deng et al. [18]. Typi-

cally, 6 mL of the synthesized Fe3O4 nanoparticles

suspended in ethanol (9.77 mg/mL) was dispersed in

mixture of 60 mL ethanol, 5.2 mL dH2O, and 2.4 mL

concentrated ammonia solution. Then, 0.5 mL of tetra-

ethyl orthosilicate (TEOS) was added and the mixture

stirred at room temperature for 90 min. The resulted

silica coated Fe3O4 nanoparticles were separated using

an external magnetic field and washed several times with

ethanol.

Mesoporous shell formation on dense silica coated Fe3O4

nanoparticles

The synthesized silica coated Fe3O4 nanoparticles were

further coated with mesoporous silica shell to give mag-

netic core@dense silica@mesoporous shell nanoparticles

using previously reported method [19]. Briefly, 0.6 g cetyl-

trimethylammonium bromide (CTAB) was dissolved in

80 mL of water/ethanol mixture (1:1), and then 1 mL

ammonia solution (28 %) was added, to give solution A. In

solution B, the synthesized silica coated Fe3O4 nanoparti-

cles were dispersed onto 180 mL water/ethanol mixture

(2:1) by sonication for 15 min. Thereafter, solution A was

added to solution B with stirring for 10 min, followed by

dropwise addition of 1.2 mL tetraethyl orthosilicate

(TEOS) with stirring for 4 h. The resulted magnetic

core@dense silica@mesoporous shell nanoparticles were

separated using an external magnetic field and washed

several times with ethanol.

Rattle-type magnetic core/mesoporous shell silica (RT-

MCMSS) nanoparticles

The middle dense silica layer of the magnetic core@dense

silica@mesoporous shell nanoparticles was selectively

etched to produce rattle-type magnetic core@mesoporous

silica shell (RT-MCMSS) nanoparticles. The etching pro-

cess takes place onto a Na2CO3 solution via a cationic-

surfactant-assisted selective etching route [20]. Typically

100 mg of the magnetic core@dense silica@mesoporous

shell nanoparticles was dispersed in 15 mL of H2O under

ultrasonic treatment followed by the addition of 55 mg of

Fig. 1 Scheme for synthesis of

rattle-type magnetic core/

mesoporous shell silica

(Fe3O4@m-SiO2) nanoparticles,

ethane/amino functionalization

and enzyme immobilization
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Na2CO3 and stirred at 50 �C for 8 h. The products were

collected using an external magnetic field and washed with

deionized water and ethanol several times. For non-func-

tionalized rattle-type magnetic core/mesoporous silica shell

(RT-MCMSS-non) nanoparticles, the final powder was

dispersed in 60 mL of NH4NO3/ethanol solution (6 g/l) and

refluxed at 60 �C for 1 h at room temperature. This

extraction process was repeated twice.

Functionalization of RT-MCMSS nanoparticles

Amino- and ethane functionalization of RT-MCMSS

nanoparticles was performed using 3-aminopropy-

ltrimethoxysilane (APMS) and 1,2-bis(trimethoxysi-

lyl)ethane (BTME), respectively, through the post-

synthesis functionalization approach according to Yang

et al. [21]. For RT-MCMSS-NH2 synthesis, 3.5 mL of

APMS was added to suspension of freshly evacuated RT-

MCMSS nanoparticles (7 g) in 120 mL toluene. For RT-

MCMSS-C2H5, 1 mL of BTME was added to suspensions

of freshly evacuated RT-MCMSS (2 g) in 34 mL toluene.

The reaction mixtures were heated at 120 �C for 3 h with

stirring. The modified solids were separated and washed

with a diethyl ether–dichloromethane mixture (1:1).

Characterization of the nanomaterials

Nitrogen sorption isotherms were measured at 77 K with a

Quantachrome NOVA 4200 analyzer (USA). Before mea-

surements, the samples were degassed in a vacuum at

200 �C for at least 18 h. The specific surface area was

calculated using adsorption data at the relative pressure

range from 0.02 to 0.20, utilizing the Brunauer–Emmett–

Teller (BET) method. Barrett–Joyner–Halenda (BJH)

model was used for deriving the pore volumes and size

distributions from the adsorption branches of isotherms and

the total pore volumes (Vt) were estimated from the

adsorbed amount at a relative pressure P/P0 of 0.995. The

Fourier transform-infrared (FT-IR) spectra were recorded

using a Bruker Vertex-80 spectrometer. Transmission

electron microscopy (TEM) images were obtained using a

JEOL JSM-2100F electron microscope (Japan) operated at

200 kV. The magnetic character for the samples was

measured by superconducting quantum interference device

(SQUID) magnetometer.

Alkaline protease immobilization

Covalent attachment

For covalent immobilization of the purified NPST-AK15

alkaline protease onto the amino-functionalized rattle-type

magnetic core@mesoporous silica shell (RT-MCMSS-

NH2) nanoparticles, the support was first activated by

glutaraldehyde (OCHCH2CH2CHO) as bifunctional cross

linker agent (Fig. 1), followed by the coupling of the

enzyme to the activated nanoparticles [10, 22]. Briefly,

100 mg of the RT-MCMSS-NH2 nanoparticles was sus-

pended in 10 mL of aqueous glutaraldehyde solution (5 %,

v/v), and the mixture was incubated with stirring at room

temperature for 2 h. Thereafter, the activated support was

collected from the solution using an external magnetic

field, and washed several times with distilled water to

remove the excess glutaraldehyde. Then, the activated

support was resuspended in 1 mL glycine buffer (50 mM,

pH 8) containing the purified NPST-AK15 protease

(12.5 mg) and maintained overnight at 4 �C with gentle

shaking. The enzyme-bound nanoparticles were recovered

by external magnetic field, and washed twice with the same

buffer to remove any unbound protease. The washed

solution was collected for protein content and protease

activity measurement.

Physical adsorption

Three rattle-type magnetic core@mesoporous silica shell

nanoparticles samples were used for NPST-AK15 protease

immobilization by physical adsorption including: RT-

MCMSS-non; RT-MCMSS-NH2, and RT-MCMSS-C2H5

(Fig. 1) according to previously reported method [23].

Briefly, 100 mg of various supports was suspended in

1 mL of 50 mM glycine buffer (pH 8) containing the

purified NPST-AK15 protease, and maintained overnight

with gentle shaking at 4 �C. The enzyme-bound nanopar-

ticles were collected by external magnetic field, and

washed twice with glycine buffer to remove the unbound

protease. The washed solution was kept for measurement

of protein content and protease activity.

Assay of alkaline protease activity

Protease activity of free and immobilized enzyme was

measured using casein as a substrate in accordance with

previously described method, with some modification [8].

A 0.75 mL of 50 mM glycine buffer (pH 10.0) containing

1 % (w/v) casein was pre-incubated for 5 min at 50 �C.

Then, a 0.75-mL aliquot of suitably diluted free NPST-

AK15 protease or 0.75-mL glycine buffer containing

50 mg of immobilized enzyme was mixed with the sub-

strate solution and incubated for 20 min at 50 �C. To ter-

minate the reaction, 0.75 mL of 20 % (w/v) trichloroacetic

acid (TCA) was added, allowed to stand at room temper-

ature for 15 min and centrifuged at 60009g for 15 min to

remove the precipitate. A controlled reaction was per-

formed in the same manner, except that TCA was added to

the substrate prior to the addition enzyme. The acid soluble
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materials were estimated using Lowry method using tyr-

osine as a standard [24]. One unit of protease activity was

defined as amount of enzyme required to liberate 1 lg of

tyrosine per minute under the experimental conditions.

Protein concentration was determined by Lowry method

using bovine serum albumin as a standard protein [24]. The

loading efficiency (%), immobilization activity and yields

were calculated according to Song et al. [25]: loading

efficiency = [(Pi - Punb)/Pi] 9 100, where Pi and Punb

are the initial protein subjected to immobilization, and the

unbound protein, respectively. Immobilization yield

(%) = [(A - B)/A] 9 100, where A is the total activity of

the enzyme added in the initial immobilization solution and

B is the activity of the unbound protease. Activity

yield = (C/A) 9 100, where A is the total activity of the

enzyme added in the initial immobilization solution, and

C is activity of the immobilization protease.

Properties of the immobilized alkaline protease

Effect of temperature

The influence of temperature on the activity of free and

immobilized NPST-AK15 protease was investigated by

measuring the enzyme activity at different temperatures

(30–75 �C) under standard assay conditions. For determi-

nation of NPST-AK15 protease thermal stability, the free

and immobilized enzymes prepared in 50 mM glycine

buffer (pH 8) were incubated at different temperatures

(40–60 �C) in a shaking water bath and aliquots were

periodically withdrawn at 20 min intervals. The samples

were cooled immediately in an ice bath, and the residual

activity of the free and immobilized protease was measured

and compared with the untreated enzymes.

Effect of pH

The optimum pH for activity of free and immobilized

NPST-AK15 protease was determined by measuring the

enzyme activity at various pH (pH 5–13), using suit-

able buffers including: 50 mM sodium acetate (pH 5.0 and

6.0), 50 mM Tris–HCl (pH 7.0 and 8.0), 50 mM glycine–

NaOH buffer (9.0–10.5) and 50 mM carbonate–bicarbonate

buffer (pH 11.0–13.0). In addition, the pH stability of the

free and immobilized protease was investigated by incu-

bating the enzyme samples in buffers at the different pH for

3 h at room temperature (25 �C), and the residual activity of

the enzymes was assayed under standard assay conditions.

Effect of salinity

The influence of salinity on activity of free and immobi-

lized protease was determined by measuring the enzyme

activity in the presence of different NaCl concentrations

(0–25 %). In addition, the salinity stability of the free and

immobilized NPST-AK15 enzyme was investigated by pre-

incubating the enzyme for 1 h at different NaCl concen-

trations ranging from 0.0 to 25.0 %, and the residual

activity was measured under standard assay conditions.

The activity of the enzyme determined without NaCl was

used as a control.

Effect of surfactants, solvents, and commercial detergents

The stability of free and immobilized NPST-AK15 pro-

tease was monitored in the presence of some surfactants

including Tween 80, Triton X-100, polyethylene-block-

poly(ethylene glycol), cetyl-trimethylammonium bromide

(CTAB), lauryl glucoside, and sodium dodecyl sulfate

(SDS). The free and immobilized enzymes were pre-in-

cubated with the additives at concentrations of 1.0 and

5.0 % at 40 �C for 1 h, and the residual protease activity

was measured at standard assay conditions. In addition, the

influence of organic solvents on stability of free and

immobilized protease was determined by incubating the

enzyme with various organic solvents at final concentra-

tions of 25.0 % (v/v) including isopropanol, ethanol,

methanol, dimethyl ether, diethyl ether, benzene, toluene,

chloroform, acetone, butanol, and amyl alcohol at 40 �C
for 1 h with shaking. Then, the residual protease activities

were measured at standard assay conditions.

Finally, the stability and compatibility of free and

immobilized protease in several commercial laundry

detergents available in the local market were investigated,

including Persil, Arial, Tide, Bonux, X-TRA, REX, OMO,

and Ayam. The enzyme was mixed with an equal volume

of each detergent solution with final concentration of 1 %

(w/v) (in tap water) and incubated for 24 h at room tem-

perature. The endogenous proteases contained in these

detergents were inactivated by pre-incubating the diluted

detergents for 10 min in boiling water bath, prior to addi-

tion of the NPST-AK15 protease. The enzyme activity

measured in the absence of any additives was used as a

control.

Kinetic studies

Kinetic studies of free and immobilized NPST-AK15

protease were performed by measuring the enzyme activity

at various concentrations of casein ranging from 0.1 to

1.0 % (w/v). The kinetic parameters, including Km and

Vmax, of free and immobilized protease were estimated

using the double reciprocal plot Lineweaver–Burk plot

[26]. The value of the turnover number (kcat) was calcu-

lated from the equation: kcat = Vmax/[E], where [E] is the
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enzyme concentration in the reaction mixture and Vmax is

the maximal velocity.

Operational stability and reusability

The operational stability and reusability of the immobilized

NPST-AK15 protease were evaluated in successive cycles

using 2 mL of the standard assay mixture. The reaction

mixture containing the immobilized enzyme was incubated

in a shaking water bath (120 rpm) at 40 �C for 20 min. At

the end of each cycle, immobilized enzyme was separated

from the reaction mixture using an external magnetic field,

washed with glycine buffer (50 mM, pH 8), to remove any

substrate or products remaining with the nanoparticles, and

resuspended in a freshly prepared substrate solution to

restart a new cycle. The activity was estimated at the end of

each cycle as described above, and the residual activity was

calculated and expressed relative to the initial immobilized

protease activity.

Statistical analysis

The experiments and assays were carried out in triplicate,

and the mean values and standard deviation were plotted.

Data were analyzed using analysis of variance (ANOVA)

by Sigma Stat version 2.03, and statistically significant

values (p value[0.05) were noted.

Results and discussion

Synthesis and characterization of RT-MCMSS

nanoparticles

Functionalized- and non-functionalized RT-MCMSS

nanoparticles were synthesized for immobilization of

NPST-AK15 protease by covalent attachment and

physical adsorption, respectively. Magnetic nanoparticles

(Fe3O4) were synthesized by solvothermal reaction, and

then the nanoparticles (40–50 nm) were coated with a

thin dense silica layer (15 nm), to avoid dissolution of

Fe3O4 nanoparticle onto the mother system under acidic

conditions. Then, mesoporous silica shell (20 nm), in

which functional groups can be accommodated for

enzyme immobilization, was formed. To impart Fe3-

O4@meso-SiO2 core–shell structure more storage

capacity for protease immobilization, the rattle-type

magnetic core–shell nanoparticles structure was formed

through selective etching by controlled dissolution of the

middle dense silica layer to form a cavity between

Fe3O4@dense-SiO2 and the outer mesoporous silica shell

[20]. Finally, amino- and ethane-functionalized RT-

MCMSS nanoparticles were synthesized by post-func-

tionalization approach. TEM images of RT-MCMSS

nanoparticles with different functionalization are shown

in Fig. 2.

Fig. 2 TEM images of a Fe3O4

nanoparticles, b Fe3O4/dense

SiO2, c Fe3O4@mesoporous

SiO2 and d rattle-type

Fe3O4@mesoporous SiO2 core–

shell nanoparticles
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X-ray diffraction patterns of Fe3O4, Fe3O4@dense-SiO2,

Fe3O4@dense-SiO2@meso-SiO2 and rattle-type Fe3O4@-

meso-SiO2 nanoparticles (Fig. S1) indicated that peaks can

be indexed to the spinel magnetite phase and are consistent

with the characteristic diffraction peaks of standard Fe3O4

(JCPDF card number: 86-1354) [27]. In addition, peak

sharpness with no extra peaks indicated the magnetite was

formed of well-defined crystallites of high purity. Fur-

thermore, after different functionalization of RT-MCMSS,

similar XRD patterns were obtained with no

notable change, indicating that the magnetite structure was

retained.

The nitrogen adsorption/desorption isotherms (Fig. S2)

for the RT-MCMSS nanoparticles samples with different

functional groups exhibited the type IV curves, which are

characteristic of uniform mesoporous structures that are

due to outer mesoporous silica shell [28]. As shown in

Table 1, non-functionalized RT-MCMSS showed highest

surface area and total pore volume, followed by RT-

MCMSS-NH2, and RT-MCMSS-C2H5, respectively. The

decrease of BET surface area and total pore volume upon

functionalization is most probably due to some blockage of

the silica mesopores by functional groups. In addition, the

reduction in the surface area and pore volume of ethane-

functionalized rattle nanoparticle was slightly higher as

compared to particles with amino groups, which can be

attributed to higher density of ethane groups as well as to

their larger size. On the other hand, pore size distribution

also depicts the status of the formed mesopores with and

without different functionalities (Fig. S2). Non-function-

alized rattle sample show dual mesopores of 3.6 and

19.3 nm for mesoporous channels and rattle cavity,

respectively. On the other hand, amino- and ethane-func-

tionalized rattle sample showed dual mesopores at 3.6, 19.3

and 3.6, 16.1 nm, respectively. These results indicate the

formation of mesochannels and rattle cavity in case of all

three samples. Furthermore, the addition of the function-

alization process with amino and ethane groups did not

narrow the diameter of mesochannel. However, decrease of

the rattle cavity size from 19.3 to 16.1 nm up on func-

tionalization with ethane group might indicate the accu-

mulation of the ethane functional groups within the rattle

cavity more than mesochannels.

The magnetic properties of various nanoparticles

revealed that no remanence was observed in any sample

which indicated their super-paramagnetic character

(Fig. S3). The magnetic saturation value for Fe3O4 was

81 emu/g, which decreased to 59 and 42 emu/g upon for-

mation of dense silica layer around Fe3O4 and rattle-type

nanoparticles, respectively. This gradual decrease of mag-

netization character can be attributed to shielding effect of

dense and mesoporous silica layers [29]. However, it had

no significant effect on the magnetic separation of the

nanoparticles from the bulk solution by the external mag-

netic field.

FT-IR measurements were performed to confirm dif-

ferent functionality within RT-MCMSS nanoparticles

structure (Fig. 3). Non-functionalized rattle structure

showed characteristic peak of Fe3O4 nanoparticles such as

Fe–O at 580 cm-1 together with that of silica, Si–O peak at

1050–1250 cm-1 [30]. On the other hand, RT-MCMSS-

NH2 was elucidated from the existence of N–H peak at

1637 cm-1 [30]. RT-MCMSS-C2H5 structure was con-

firmed by observation of CH2–CH2 group that can be seen

at 1415 cm-1 together with C–H stretching vibrations peak

at 2862 cm-1 indicating the presence of hydrophobic

ethane groups within rattle structure [31].

Enzyme immobilization

The specific activity of the purified enzyme was 7285.2 U/

mg protein. NPST-AK15 protease was immobilized onto

the synthesized RT-MCMSS nanoparticles by two different

methods including physical adsorption and covalent

attachment. Enzyme immobilization by physical adsorption

was performed using three synthesized rattle Fe3O4@-

dense-SiO2@meso-SiO2 nanoparticle samples that inclu-

ded RT-MCMSS-non, RT-MCMSS-NH2, and RT-

MCMSS-C2H5. For covalent immobilization, the amino-

functionalized nanoparticles (RT-MCMSS-NH2) were first

activated by glutaraldehyde as a bifunctional cross linker.

The free amino groups lining the mesochannels and rattle

cavity of RT-MCMSS-NH2 nanoparticles react with one of

the terminal aldehyde groups of glutaraldehyde molecules

to form a Schiff-base and leave the other aldehyde group

free that can then be condensed with free amino groups in

protease molecules to form a second Schiff-base [32]. The

results presented in Table 2 indicated that NPST-AK15

alkaline protease was successfully immobilized on various

rattle rattle-type magnetic core@mesoporous shell silica

nanoparticles, either by physical adsorption or covalent

attachment. However, NPST-AK15 protease immobiliza-

tion by covalent attachment showed much higher immo-

bilization yield (91.2 %) and loading efficiency (91.4 %)

compared to the physical adsorption, which is one of the

Table 1 Textural properties of rattle-type Fe3O4@mesoporous SiO2

core–shell nanoparticles with different functionalization

Sample code Total pore

volume (Vt) (cc g-1)

BET surface

area (cm2 g-1)

RT-MCMSS-non 0.322 209.74

RT-MCMSS-NH2 0.289 139.61

RT-MCMSS-C2H5 0.271 110.35
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highest immobilization yield reported for a protease [10].

This is due to the strong covalent bonds formed between

the protease molecules and the activated matrix through the

coupling agent (glutaraldehyde). On the other hand, the

low immobilization yield of the NPST-AK15 protease by

physical adsorption suggested low electrostatic/hydropho-

bic interaction between the enzyme molecules and rattle-

type nanoparticles [14]. Thus, the covalent attachment

approach was superior for NPST-AK15 protease immobi-

lization onto the activated RT-MCMSS-NH2 nanoparticles

and was used for further studies.

The binding of NPST-AK15 protease to magnetic

nanoparticles was confirmed by FT-IR analysis of soluble

and immobilized enzymes. The FT-IR spectrum of free

protease (Fig. 4a) showed a strong peak at

1550–1650 cm-1 which corresponds to the amide I and

amide II groups in the protease [9]. The strong broad band

that appeared at 3100–3600 cm-1 can be attributed to N–H

stretching of amide bond present in the enzyme [9]. The

immobilization of NPST-AK15 protease on RT-MCMSS-

NH2 nanoparticles was confirmed from the FT-IR spectrum

which is displayed in Fig. 4c. The presence of a strong

Fig. 3 FT-IR spectra of a non-

functionalized, b amino-

functionalized and c ethane-

functionalized rattle

Fe3O4@mesoporous SiO2 core–

shell nanoparticles

Table 2 Immobilization of NPST-AK15 alkaline protease onto various RT-MCMSS nanoparticles by physical adsorption and covalent

attachment

Nanosupport Immobilization method Immobilization yield (%) Activity yield (%) Loading efficiency (%)

RT-MCMSS-non Physical adsorption 33.6 31.1 35.8

RT-MCMSS-NH2 Physical adsorption 35.2 30.1 28.6

RT-MCMSS-C2H5 Physical adsorption 27.5 25 25.9

Activated RT-MCMSS-NH2 Covalent attachment 91.2 89.6 91.4

The standard deviations were in the range of 2.1–3.5 %

Fig. 4 FTIR spectra of a Free NPST-AK15 protease enzyme (blue),

b amino-functionalized rattle Fe3O4@mesoporous SiO2 core–shell

nanoparticles (black) and c NPST-AK15 protease immobilized on

amino-functionalized rattle Fe3O4@mesoporous SiO2 core–shell

nanoparticles (red) (color figure online)
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peak at 1550–1650 cm-1 for amide and broad peak at

3100–3600 cm-1 for N–H stretching of the protease

enzyme was observed together with the main peaks of

rattle core–shell nanoparticle as Si–O bond at

1050–1250 cm-1 suggested the conjugation of the enzyme

with the nanoparticles. Moreover, the slight shift of the Si–

O peak to higher wave number could be another evidence

for the protease linkage with rattle core–shell

nanoparticles.

Loading capacity of RT-MCMSS-NH2

The loading capacity of activated RT-MCMSS-NH2

nanoparticles was determined by covalent immobilization

of different amounts of NPST-AK15 protease and ranged

from 5 to 300 lg protein per mg nanoparticles. The results

showed that the amount of loaded protease increased with

increasing protein amount giving a maximum of 122.3 lg

protein/mg carrier, and plateaued thereafter (Fig. 5). The

loading capacity of RT-MCMSS-NH2 nanoparticles is one

of the highest values obtained for a protease immobiliza-

tion reported, which can be attributed to the availability of

high surface area (139.61 cm2 g-1) and pore volume of the

nanoparticles (0.289 Vt/cc g-1) for the enzyme attachment,

and the superior storage capacity of the matrix owing to

more nanospaces (19.3 nm) created by formation of rattle

structure (creating a cavity between outer mesoporous sil-

ica shell and inner silica coated Fe3O4 nanocore) [7, 19,

32]. On the other hand, the total activity of the immobilized

NPST-AK15 protease increased with increasing the protein

concentration up to 114.3 lg per mg nanoparticles. How-

ever, further increase in the protein concentration led to a

slight decrease in total activity of the immobilized protease

(Fig. 5). This is likely due to the steric hindrance of pro-

tease molecules within the mesochannels and rattle cavity

of RT-MCMSS-NH2 nanoparticles [25]. Therefore, in all

subsequent experiments, a protein loading of 114.3 lg

protein per mg nanoparticles was employed.

Properties of the immobilized NPST-AK15 protease

Effect of temperature

The influence of temperature on the catalytic activity of

free and immobilized NPST-AK15 protease is presented in

Fig. 6a. The optimum temperature of free and immobilized

enzyme was 60 and 65 �C, respectively. In addition, the

immobilized enzyme showed higher relative activities than

free enzyme, particularly at high temperatures (70–75 �C).

Observed change in optimum temperature of NPST-AK15

protease activity upon immobilization is consistent with

some previous reports [8, 34]. Investigation of the ther-

mostability (irreversible thermal inactivation) of the free

and immobilized protease indicated that the soluble

enzyme lost about 70 % of its initial activity when incu-

bated at 55 �C for 1 h, whereas under the same conditions,

the immobilized enzyme retained 88.3 % of its initial

activity (Fig. 6b). Moreover, while the free enzyme almost

completely inactivated when treated at 60 �C for 1 and 2 h,

the immobilized enzyme retained 66.5 and 39.4 % of its

initial activity, respectively. The improved thermostability

of the immobilized NPST-AK15 protease is most probably
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due to multipoint covalent conjugation of enzyme mole-

cules to the support that prevent them from unfolding upon

heating [35]. In addition, a vicinal effect induced by the

enzyme immobilization in the nanospaces of the

mesochannels (3.6 nm) and rattle cavity (19.3 nm) within

the RT-MCMSS-NH2 nanoparticles may favor the rigidi-

fication of the enzyme through H-bonds, leading to the

improved thermal stability of the immobilized enzyme

[24]. Enhancement of thermostability of NPST-AK15

protease upon covalent immobilization onto the RT-

MCMSS-NH2 nanoparticles, suggested that this

nanocomposite may be an attractive nanobiocatalyst for

industrial applications [12]. Increasing the enzyme ther-

mostability has significant operational advantages, such as

higher reaction and diffusion rates, high substrate solubil-

ity, and reduced risks from microbial [1].

Effect of pH

The influence of pH on the activity of free and immobilized

NPST-AK15 protease revealed that the catalytic activity

increased with increasing pH; reaching maximum activity

at pH 10.5 and 11.0 for free and immobilized protease,

respectively (Fig. 7a). Furthermore, there was a slight

increase in the pH stability of the immobilized NPST-

AK15 protease in comparison with the free enzyme. The

free and immobilized NPST-AK15 protease retained 81

and 86 % of the initial activity after treatment for 3 h at pH

12.0 (data not shown). An increase in the optimum pH was

observed for the immobilized protease [32, 34]. The shift in

the optimum pH can be explained by an alteration in the

microenvironment of the enzyme due to the immobilization

process and interaction between the residual charges on

solid support and the protein molecules that may affect

active-sites residues [32].

Investigation of the effect of sodium chloride on the

activity of free and immobilized NPST-AK15 protease

revealed that the enzyme retained activity over a wide

range of salt concentrations from 0 to 25 % (w/v), with

maximum activity at 1.5 and 2.5 % for free and immobi-

lized enzymes, respectively (Fig. 7b). Moreover, the

immobilized enzyme showed higher relative activities

compared to the free enzyme particularly at higher NaCl

concentrations (10–25 %, w/v). In addition, both free and

immobilized enzymes were stable in very high salt con-

centrations, retaining approximately 65 % of its initial

activity at sodium chloride concentrations of 20 % (data

not shown). High activity and stability of the NPST-AK15

protease immobilized onto RT-MCMSS-NH2 nanoparticles

suggest its effectiveness as a nanobiocatalyst in applica-

tions using ground water under high salt concentrations

[36].

Kinetics studies

Kinetics parameters of both free and immobilized NPST-

AK15 alkaline protease were estimated using Lineweaver–

Burk plot using casein as substrate (Fig. 8; Table 3). The

results revealed that Km value for the immobilized protease

is slightly lower (2.0 mg mL-1) than the free enzyme

(2.5 mg mL-1), indicating higher affinity of the immobi-

lized protease toward the substrate than the soluble

enzyme. This likely due to enzyme expanding within the

nanoscale spaces of the mesochannels and rattle cavity of

RT-MCMSS-NH2 nanoparticles resulting in better enzyme

orientation, leading to higher affinity of substrate [32, 35],

in addition to the high mass transport of reactants and
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products within the matrix which is a characteristic feature

of the mesoporous silica-based nanoparticles [12]. Fur-

thermore, the mobility of the nanoparticles themselves via

Brownian motion enhances substrate-to-enzyme interac-

tions [11]. Interestingly, the NPST-AK15 immobilized

protease showed 1.3-fold higher kcat (enzyme turnover

number) and 1.6-fold kcat/Km (catalytic efficiency) than the

soluble enzyme suggesting that the conformational changes

of the NPST-AK15 protease due to covalent conjugation

within the nanoscale spaces of the mesochannels and rattle

cavity of the nanoparticles led to an improvement in

enzyme performance. Only few immobilized enzymes

showed such enhancement of kinetic parameters of the

immobilized enzyme [37].

Effect of surfactants, solvents, and commercial detergents

Since many substrates are not water soluble, the

employment of biocatalysts in organic solvents is

becoming an important requirement. The use of pro-

teases in organic media has gained much interest in the

last decade owing to the potential application of pro-

teases in peptide and ester synthesis under non-aqueous

conditions [38]. The effect of various organic solvents

on the stability of free and immobilized NPST-AK15

protease revealed 1.2-, 1.3-, 1.4-, and 1.4-fold enhance-

ment in the stability of immobilized protease in ethanol,

isopropanol butanol, and amyl alcohol, respectively,

relative to free enzyme (Fig. 9a). In addition, its stability

in methanol, toluene, and chloroform was increased by

about 1.1-fold. The enhancement in stability in organic

solvents for NPST-AK15 protease immobilized onto RT-

MCSS-NH2 nanoparticles is most likely due to protec-

tion of the native enzyme confirmation through the

multipoint covalent attachment to the support and

entrapment of the protease within mesochannels and

rattle cavity of the nanoparticles.

The effect of some surfactants on the stability of free

and immobilized NPST-AK15 alkaline protease was

investigated. The results illustrated in Fig. 9b indicated that

stability of the enzyme in Triton and SDS was significantly

enhanced by up to 1.6- and 2.9-fold upon immobilization,

respectively. In addition, the stability of immobilized

protease in BrijTM 93 and lauryl glucoside was improved

by about 1.2-fold. Finally to evaluate the compatibility and

feasibility of using NPST-AK15 alkaline protease immo-

bilized onto RT-MCMSS nanoparticles as a laundry

detergents additive, its stability toward some commercial

laundry detergents was studied. The results presented in

Fig. 9c show that the immobilized protease was stable and

compatible in most commercial laundry detergents. In

addition, the immobilized enzyme exhibited higher stabil-

ity in OMO, Bonux, Areial, Xtra and Tide by about 2.1-,

1.6-, 1.5-, 1.5-, and 1.4-fold, respectively, compared to the

free protease. The remarkable stability of immobilized

protease in various commercial detergents suggests that the

nanobiocatalyst is a promising candidate for laundry-

cleaning formulations.

Table 3 Kinetic parameters of free and immobilized NPST-AK15

alkaline protease

Kinetic parameters Free alkaline

protease

Immobilized

alkaline protease

Km (mg mL-1) 2.5 2.04

Vmax (lM min-1 mg-1) 41.2 55.1

kcat (s-1) 1187.75 1589.43

kcat/Km (mM-1 s-1) 10,926.8 17,919.2

The standard deviations were in the range of 1.4–3.5 %
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Reusability of immobilized protease

The full industrial application of enzymes is still limited by

their high cost in addition to operational stability [1].

Inactivation and enzyme leaching are the most prominent

drawbacks for large-scale application of the immobilized

enzymes [33]. We have investigated the repeated use of

RT-MCMSS-NH2 immobilized NPST-AK15 protease

preparation in several batches of substrate hydrolysis runs

at 40 �C. The immobilized protease was separated from the

reaction solution after each cycle by applying an external

magnetic field. The results (Fig. 10) demonstrated that the

immobilized protease could retain up to 91 and 75 % of its

initial activity after recycling for five and ten successive

reactions, respectively, suggesting a significant operational

stability of the developed nanobiocatalyst. The reusability

of immobilized protease is very important parameter for

cost-effective use of the enzyme either in repeated batch or

in continuous processes [1].

Conclusion

Amino-functionalized rattle-type magnetic core@meso-

porous shell silica (RT-MCMSS) proved to be an effective

nanostructured carrier for NPST-AK15 alkaline protease

by covalent immobilization. The superior storage capacity

of the matrix owing to more nanospaces created by for-

mation of rattle structure, in addition to high surface area

and pore volume of the nanoparticles, led to high immo-

bilization yields and loading efficiency. The NPST-AK15

protease showed significant improvement in activity and

stability against temperature, pH and high salt upon

immobilization in addition to avoiding activity-stability

trade-off. Enzyme immobilization is generally accompa-

nied by a significant reduction in activity due to structural

rigidification, however, one of the key findings of this

study is that both stability and activity were enhanced in

defiance of activity-stability tradeoff as shown for chemi-

cally modified lipase [39]. Interestingly, the immobilized

protease exhibited significant enhancement of protease

stability in variety of organic solvents, surfactants and

commercial laundry detergents. Moreover, the immobi-

lized enzyme exhibited good operational stability and can

be recycled multiple times using an external magnetic field.

To best of our knowledge this is the first report about

immobilization of alkaline protease onto rattle-type mag-

netic core@mesoporous shell silica nanoparticles. The

developed immobilized alkaline protease is a promising

nanobiocatalyst for laundry detergents formulation and

various bioprocesses for alkaline protease applications.
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