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A B S T R A C T

Functionalized magnetic nanoparticles are effective enzyme carriers since they have several advantages such as
easily separation under external magnetic fields as well as reusability of enzymes. In this study, it was tried to
prepare a composite nanoparticle with Fe3O4 nanoparticles and wheat gluten hydrolysate nanoparticles for
utilizing in biocatalyst production. Firstly, Fe3O4 nanoparticles were synthesized by chemical co-precipitation.
Since these nanoparticles are easily aggregated, surface coating procedure was used. These nanoparticles were
coated by wheat gluten hydrolysates (WGHs) using glutaraldehyde as crosslinking agent. WGHs were prepared
by enzymatic hydrolysis of wheat gluten by endopeptidases with degree of hydrolysis (24.3%) and then, by
desolvation method using ethanol as a desolvating agent. FE-SEM images and DLS analysis showed that Fe3O4

nanoparticles have spherical morphology with 30–40 nm in diameter. Also, wheat gluten hydrolysates were
ranged 100–150 nm and their zeta potential was around −29mV. It should be noted that the size of nano-
composite particles were about 120–160 nm. Inulinase was covalently and successfully immobilized through
gluteraldehyde on Fe3O4@WGH nanoparticles. Moreover, The results implied that, the enzyme was loaded up to
75% onto functionalized nanoparticles.

1. Introduction

The growth of nanotechnology has opened several new possibilities
in biology, especially in the field of enzyme and protein immobilization
[1]. On an industrial scale applying of recyclable and thermostable
enzymes is an important parameter in enzymatic processes as it de-
termines the limits for use and reuse of the enzyme, and therefore af-
fects the cost of final product [2,3]. Size reduction of enzyme carrier
improves efficiency of immobilized enzyme. In case of enzyme con-
nection to a surface, smaller particles can provide greater levels to
enzymes attachment and as a result, it can increase enzyme loading per
unit mass of the particles [4].

Magnetic nanoparticles due to their biocompatibility and super-
paramagnetic properties, as next generation drug carriers have great
attraction in pharmaceutical technology [5]. Moreover, nanomagne-
tites have attracted much attention as support materials for enzyme
immobilization due to their unique magnetic properties, non-toxicity,
large surface area to volume ratio, good environmental adaptability,
easy control and separation by an external magnetic field [6]. Sus-
tainability of the magnetic nanoparticles for a long time without ag-
glomeration or precipitation is a major challenge. Surface modification

of iron oxide nanoparticles with functional groups could help to prevent
their aggregation in liquid and improve their chemical stability.

Actually, functional groups such as organic species, surfactants and
polymers provide magnetic nanoparticles with a surface friendly for
biological systems [7,8]. Functionalized nanoparticles are very pro-
mising for applications in liquid-phase catalytic reactions such as en-
zyme immobilization. Such small, magnetically, separable particles
which were coated by organic species such as proteins with lysine
amino acid residues are applicable as a functional group for enzyme
immobilization [9].

Wheat gluten as an economically important co-product of starch
industry, is a high value vegetable protein source. Wheat gluten is ac-
tually composed of two different proteins: gliadin (a kind of prolamin
protein) and glutenin (a kind of glutelin protein) [10]. Since gluten as a
protein macromolecule is viscoelastic and insoluble in near-neutral pH,
use of endopeptidases for gluten hydrolysis is an efficient protein
modification method to obtain gluten hydrolysates with a high soluble
peptide mixtures and much smaller molecular size depending on the
degree of hydrolysis [11].

In this study, stable Fe3O4 nanoparticles were synthesized by co-
precipitation method and were coated by wheat gluten hydrolysate
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(WGH) nanoparticles which are protein nanostructures with high con-
tents amine groups. Peptides derived from enzymatic hydrolysis of
gluten and nanopeptides with smaller size, higher solubility and re-
activity were used for preparation and functionalization of magnetic
nanoparticles by desolvation method.

2. Experimental

2.1. Materials

Wheat gluten was donated from Arian glucose company (Tehran,
Iran), Endopeptidases (Alcalase 2.4 L and Neutrase 0.8 L) were provided
from Novozyme Company (Novonordisk, Denmark). Ferrous chloride
tetrahydrate (FeCl2·4H2O), ferric chloride hexahydrate (FeCl3·6H2O),
glutaraldehyde (25% v. in water) were purchased from Merck.
Inulinase from Aspergillus Niger (EC 3.2.1.7 and EC 3.2.1.80) was ob-
tained from Sigma-Aldrich. Inulin (from Chicory roots) was obtained
from Fluka Company (Switzerland). All of the other reagents and sol-
vents were of analytical grade and were obtained from Merck and
Sigma-Aldrich.

2.2. Preparation of wheat gluten hydrolysates by endopeptidases (Alcalase
and Neutrase)

Wheat gluten (5 g) was mixed with 100mL of phosphate buffer
saline solution at pH=6.5. An aqueous dispersion of wheat gluten was
incubated in a water bath at 60 °C. When temperature of gluten dis-
persion reached to 60 °C, gluten enzymatic hydrolysis was initiated by
adding Alcalase and Neutrase (Alcalase to Neutrase ratio was 2:1) and
then, the reaction was continued for 24 h [12].

2.3. Degree of gluten hydrolysis (DH)

Degree of gluten hydrolysis (DH) was determined by trichloroacetic
acid (TCA) method. In this way, the percentage of solubilized protein in
10% (w/v) of trichloroacetic acid, in relation to the total protein con-
tent of sample, was measured by method of Hoyle and Merritt [13].
500 μL of hydrolyzed protein was mixed with 500 μL of 20% (w/v) TCA
solution to obtain soluble and insoluble fractions in 10% (w/v) TCA
solution. After 30min of rest, the mixture was centrifuged at 3000 rpm
and the supernatants were analysed for nitrogen by Bradford method
[14]. The result was expressed as milligram of protein. Bovine serum
albumin was used as a standard. The DH was calculated according to
Eq. (1).

=DH(%)
Soluble protein content in 10 g % TCA (mg)

Total protein content (mg) (1)

2.4. Preparation of gluten hydrolysate nanoparticles

Wheat gluten hydrolysate (WGH) nanoparticles were prepared by
desolvation method. In brief, distilled water was added to 0.1–1% (w/
v) WGH to make total volume of 100mL and then, pH was adjusted to
10 with 1M NaOH solution under stirring at 500 rpm. In the next step,
70 mL of ethanol was added dropwise to 30mL of aqueous WGH dis-
persion and 0.5% (w/v) of Tween 80 as surface-active agent was added
to mixture. Most of the ethanol was eliminated by evaporation with a
rotary evaporator. Then, the nanoparticles were purified by cen-
trifugation for 15min at 20000 rpm. The pellets were removed and in
order to provide smaller particles, the supernatant containing WGH
particles was dispersed by three sessions of 5min ultrasonic waves.
Finally, the prepared particles were cross-linked with 197 μL of glu-
taraldehyde per 1 g of gluten and kept stirring for 2 h at room tem-
perature [15].

2.5. Synthesis of iron oxide nanoparticles

Fe3O4 magnetic nanoparticles were prepared by co-precipitation of
Fe2+ and Fe3+ ions under the presence of nitrogen gas. 8.68 g of
FeCl3·6H2O and 3.25 g of FeCl2·4H2O were dissolved into 200mL of
deoxygenated distilled water. After stirring for 30min, black chemical
precipitation was achieved under vigorous stirring by adding 10mL of
NH3 (25%) solution and under the presence of N2 gas. In the next step,
the precipitates were separated by a permanent magnet and washed
with deoxygenated distilled water until pH=8. Finally, Fe3O4 mag-
netic nanoparticles were dried in oven at 60–70 °C [16].

2.6. Immobilization of inulinase on Fe3O4-gluten hydrolysate nanoparticles

At first, magnetites were coated with gluten hydrolysate nano-
particles by adding 0.06 g of Fe3O4 magnetic nanoparticles, 0.05 g of
gluten hydrolysate nanoparticles and a few mL of 25% glutaraldehyde
into 25mL sodium phosphate buffer saline solution (pH=7.4). The
reaction system was mixed for 5min by ultrasonic waves and then, was
stirred at room temperature for 24 h [17]. In the next step, inulinase
enzyme (4.47 mg protein/mL) was added to Fe3O4@WGH nanoparticles
(1.10 mg) containing glutaraldehyde and was mixed under gentle stir-
ring at 4 °C for 24 h. Covalently immobilized enzyme was centrifuged
and washed 3 times by buffer solution [18]. The whole process of
synthesizing the carriers was illustrated in Scheme 1.

2.7. Enzyme loading

The amount of protein loaded on the support was calculated by the
use of Eq. (2) where Q is the value of enzyme loading (mg enzyme per
mg support), C1 is the initial loading concentration of enzyme (mg/mL),
C2 is the enzyme concentration in the supernatant after immobilization
(mg/mL), V is the volume of enzyme solution (mL) and W is the weight
of support. The enzyme content of supernatant was calculated by using
Bradford reagent [19].

=

−Q (C C )V
W

1 2
(2)

2.8. Characterization

UV–Vis spectroscopy was applied to determine the structural char-
acteristics of gluten hydrolysate nanoparticles and inulinase. (Perkin
Elmer Lambda 25 UV/VIS, United States). Fourier transform infrared
spectroscopy (FTIR-8300, Shimadzu, Japan) was performed to reveal
the surface composition and surface functionality of Fe3O4@WGH na-
noparticles before and after inulinase immobilization. Fe3O4@WGH
nanoparticles for FT-IR analysis were prepared in KBr and spectra were
recorded in the range 400–4000 cm−1. Dynamic light scattering (DLS)
technique was used to determine WGH particle size by measuring the
random changes in the intensity of light scattered from WGH solutions
with different concentrations (Brookhaven Instrument Corp., USA).
Zeta potential as a key indicator of the stability of colloidal dispersions
was measured by DLS method for WGH nanopeptides. The morphology
of synthesized samples coated with gold were characterized by Tescan
Mira II Field Emission Scanning Electron Microscope (FE-SEM, Czech
Republic).

3. Result and discussions

3.1. Degree of gluten hydrolysis at different hydrolysis times

According to the procedure mentioned above, wheat gluten was
hydrolyzed for 24 h and the degree of hydrolysis (DH) was determined
by trichloroacetic acid (TCA) assay. The hydrolytic curve showed that
DH values varied and increased from 0 to 24.3% during 24 h of
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incubation (Fig. 1a). The highest DH was obtained between 7 and 24 h
of hydrolysis. According to the results, gluten was rapidly hydrolyzed
during the initial 7 h of hydrolysis but after that, hydrolysis rate did not
increase significantly. The sample which was hydrolyzed for 7 h was
used for the preparation of WGH nanoparticles.

3.2. UV–Vis spectra of WGH nanoparticles

Commonly, the optical absorbance of protein is measured at
280 nm. At this wavelength, the absorbance of protein is mainly due to
the amino acids of tryptophan, tyrosine and cysteine and also, the
peptide bond absorbs light in the range of 180–230 nm [20]. UV–Vis
spectra of gluten hydrolysates displayed maximum absorption in two
wavelength of λmax,= 220 and 280 nm (Fig. 1b). Therefore, the results
of spectroscopic analysis for WGH nanoparticles confirmed no changes
in the protein structure during hydrolysis.

3.3. DLS particles characterization of WGH nanoparticles

DLS analysis of the suspensions of WGH nanoparticles with con-
centrations of 0.1, 0.2, 0.3 0.5, 1% w/v is illustrated in Fig. 2. WGH
suspensions with the lowest concentration (0.1% w/v) was reported to
have the smallest average size of nanopeptides (148 nm) as well as the
highest zeta potential (−29mV).

3.4. FE-SEM analysis

By FE-SEM analysis, the information about size and morphology
was provided for 0.1% w/v WGH, Fe3O4 magnetic nanoparticles and
inulinase-magnetic WGH nanoparticles (Figs. 3 and 4). As it can be seen
in Fig. 3, Fe3O4 nanoparticles were composed of small, uniform and
generally spherical particles. Also, particle size distribution demon-
strated that Fe3O4 magnetic nanoparticles have particle sizes below
50 nm with the average size of about 35 nm. The existence and spatial
distribution of Fe and O in magnetic nanoparticles was confirmed by
EDX and elemental map analyses.

Scheme 1. Schematic illustration of carrier preparation.

Fig. 1. (A) Degree of hydrolysis for wheat gluten obtained by TCA assay, (b) Absorption curves of WGH in different concentrations (0.1, 0.2, 0.3, 0.5 and 1% w/v).
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Fig. 4a and b showed FE-SEM image and particle size distribution of
WGH (0.1% w/v) nanoparticles, respectively. It can be seen that gluten
macromolecules with high molecular mass were converted to low-mass
segments and were like nanoparticles and or nanofibers. The size of
WGH (0.1% w/v) nanoparticles was ranged from 100 to 180 nm. Their
common diameter was measured about 140–160 nm (Fig. 4b). Fig. 4c
and d illustrates FE-SEM images of inulinase immobilized on
Fe3O4@GH nanoparticles with two magnifications.

3.5. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectroscopy was used to identify functional groups before
and after inulinase immobilization on the synthesized nanoparticles
and confirm correct reactions (Fig. 5). The peak at 578 cm−1 was re-
lated to Fe-O bond in both un-immobilized and immobilized nano-
particles. However, it should be stated that this peak in modified na-
noparticles was slightly overlapped and disappeared. The peaks at
1593 cm−1 (N-H bending) and 1292 cm−1 (C-N stretching) were in-
dicated for the verification of modification process on Fe3O4

nanoparticles with wheat gluten hydrolysate nanoparticles and they
can be seen after inulinase immobilization. In the second spectrum, two
peaks were appeared. Peak at 1030 cm−1 was related to C-O stretching
of hydroxyl groups of acetal. It shows that glutaraldehyde reacted well
with inulinase. Peak at 1480 cm−1 was attributed to C=C bods in the
structure of inulinase. It should be noted that existing broad peak at
3150-3600 cm−1 in the spectra showed O-H stretching vibrations of
hydroxyl functional groups that were coated on the Fe3O4 nanoparticles
and the peak at 2920 cm−1 was for N-H functional groups for im-
mobilized nanoparticles.

3.6. Enzyme loading

Enzyme immobilization appears as a key factor to improve re-
utilization, thermal stability and reusability [21]. Immobilized enzymes
should preserve their structure, function, and their biological activity
after immobilization. They should stay tightly bound to the surface of
carrier and should not leach during the use of enzyme. It usually
eliminates most of the disadvantages for the application of free enzymes

Fig. 2. DLS analysis of WGH nanoparticles with different concentrations, (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.5 and (e) 1% w/v.

Fig. 3. FE-SEM image, particle size distribution, EDX spectrum and elemental map of Fe3O4 nanoparticles.
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in industrial processes [22]. Nanoparticles provide large surface area
per unit mass for high enzyme loading [23]. For enzyme loading results
were obtained as follows:

C1= 4.47mgml−1

C2= 1.153mgml−1

V=25ml

W=1.1mg

Accordingly, the enzyme was loaded under described

immobilization conditions (section 2.6.) up to 75% onto functionalized
nanoparticles.

4. Conclusions

Wheat gluten was hydrolyzed with Alcalase and Neutrase enzymes
during 7 h which it caused to be obtained gluten hydrolysate nano-
particles or nanofibers (148 nm and ζ=−29mV) by desolvation
method. They contained amino acid residues such as lysine or NH2

groups that had the ability to attach with -OH groups on the surface of
magnetic nanoparticles and also, ε-amino group of lysine in the enzyme
molecule by using glutaraldehyde in inulinase immobilization. After
that, these nanoparticles were coated on Fe3O4 magnetic nanoparticles
with high surface to volume ratio and high purity (35 nm). Finally,
these composite nanoparticles were immobilized by inulinase enzyme.
All the analyses were used in this research showed that the reactions
were correctly applied. Enzyme loading on wheat gluten hydrolysate-
Fe3O4 magnetic nanoparticles was around 75%.

Disclosure statement

No potential conflict of interest was reported by the authors.

Acknowledgments

The authors are grateful to Chemical Technology Institute of Iranian
Research Organization for Science and Technology for the technical and
financial aids [grant number: 1010291011].

References

[1] M. Ma, Y. Zhang, W. Yu, H.-Y. Shen, H.-Q. Zhang, N. Gu, Preparation and char-
acterization of magnetite nanoparticles coated by amino silane, Colloids Surf. A

Fig. 4. FE-SEM images (a) and particle size distribution (b) of WGH nanoparticles (0.1% w/v) and (c, d) FE-SEM images of inulinase-magnetic gluten hydrolysate
nanoparticles in two different magnifications.

Fig. 5. FT-IR spectra of magnetic nanoparticles before (a) and after (b) in-
ulinase immobilization.

A. Mahmoudi, H. Torabizadeh Journal of Drug Delivery Science and Technology 47 (2018) 43–48

47

http://refhub.elsevier.com/S1773-2247(18)30547-1/sref1
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref1


Physicochem. Eng. Asp. 212 (2003) 219–226.
[2] F. Rigoldi, S. Donini, A. Redaelli, E. Parisini, A. Gautieri, Review: engineering of

thermostable enzymes for industrial applications, APL Bioeng. 2 (2018) 011501.
[3] M. Kaur, P. Sahota, N. Sharma, K. Kaur, B. Sood, Enzymatic production of debit-

tered kinnow juice and beverage, Int. J. Curr. Microbiol. App. Sci. 7 (2018)
1180–1186.

[4] Y. Jiang, C. Guo, H. Xia, I. Mahmood, C. Liu, H. Liu, Magnetic nanoparticles sup-
ported ionic liquids for lipase immobilization: enzyme activity in catalyzing ester-
ification, J. Mol. Catal. B Enzym. 58 (2009) 103–109.

[5] X. Mou, Z. Ali, S. Li, N. He, Applications of magnetic nanoparticles in targeted drug
delivery system, J. Nanosci. Nanotechnol. 15 (2015) 54–62.

[6] J. Zdarta, A.S. Meyer, T. Jesionowski, M. Pinelo, A general overview of support
materials for enzyme immobilization: characteristics, properties, practical utility,
Catalysts 8 (2018) 1–27.

[7] A.H. Lu, E.L. Salabas, F. Schüth, Magnetic nanoparticles: synthesis, protection,
functionalization, and application, Angew. Chem. Int. Ed. 46 (8) (2007)
1222–1244.

[8] C.C. Berry, A.S.G. Curtis, Functionalization of magnetic nanoparticles for applica-
tions in biomedicine, J. Phys. D Appl. Phys. 36 (13) (2003) 198–206.

[9] M. Amirbandeh, A. Taheri-Kafrani, Immobilization of glucoamylase on triazine-
functionalized Fe3O4/graphene oxide nanocomposite: improved stability and reu-
sability, Int. J. Biol. Macromol. 93 (2016) 1183–1191.

[10] P.I. Payne, M.A. Nightingale, A.F. Krattiger, L.M. Holt, The relationship between
HMW glutenin subunit composition and the bread-making quality of British-grown
wheat varieties, J. Sci. Food Agric. 40 (1) (1987) 51–65.

[11] P. Gonzalez-Tello, F. Camacho, E. Jurado, M.P. Páez, E.M. Guadix, Enzymatic hy-
drolysis of whey proteins. II. Molecular-weight range, Biotechnol. Bioeng. 44 (4)
(1994) 529–534.

[12] X. Kong, H. Zhou, H. Qian, Enzymatic hydrolysis of wheat gluten by proteases and
properties of the resulting hydrolysates, Food Chem. 102 (3) (2007) 759–763.

[13] N.T. Hoyle, J.H. Merritt, Quality of fish protein hydrolysates from Herring (Clupea

harengus), J. Food Sci. 599 (1994) 76–79.
[14] M.M. Bradford, A rapid and sensitive method for the quantitation of microgram

quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1–2) (1976) 248–254.

[15] C. Duclairoir, E. Nakache, H. Marchais, A.-M. Orecchioni, Formation of gliadin
nanoparticles: influence of the solubility parameter of the protein solvent, Colloid
Polym. Sci. 276 (4) (1998) 321–327.

[16] P.L. Hariani, M. Faizal, Ridwan Marsi, D. Setiabudidaya, Synthesis and properties of
Fe3O4 nanoparticles by co-precipitation method to removal procion dye, Int. J. Env.
Sci. Devel. 4 (3) (2013) 336–340.

[17] P.K. Gill, R.K. Manhas, P. Singh, Hydrolysis of inulin by immobilized thermostable
extracellular exoinulinase from Aspergillus fumigatus, J. Food Eng. 76 (3) (2006)
369–375.

[18] G.L. Miller, Use of dinitrosalicylic acid reagent for determination of reducing sugar,
Anal. Chem. 31 (1959) 426–428.

[19] R.V. Almeida, R.V. Branco, B. Peixoto, C. da Silva Lima, S.M.C. Alqueres,
O.B. Martins, D.M.G. Freire, Immobilization of a recombinant thermostable esterase
(Pf2001) from Pyrococcus furiosus on microporous polypropylene: isotherms, hy-
peractivation and purification, Biochem. Eng. J. 39 (3) (2008) 531–537.

[20] D.M. Kirschenbaum, Molar absorptivity and A1 cm
1% values for proteins at selected

wavelengths of the ultraviolet and visible regions. XI, Anal. Biochem. 68 (2) (1975)
465–484.

[21] N.R. Mohamad, N.H. Che Marzuki, N.A. Buang, F. Huyop, R.A. Wahab, An overview
of technologies for immobilization of enzymes and surface analysis techniques for
immobilized enzymes, Biotechnol. Biotechnol. Equip. 29 (2015) 205–220.

[22] C. Mateo, J.M. Palomo, G. Fernandez-Lorente, J.M. Guisan, R. Fernandez-Lafuente,
Improvement of enzyme activity, stability and selectivity via immobilization tech-
niques, Enzym. Microb. Technol. 40 (2007) 1451–1463.

[23] R. Ahmad, M. Sardar, Enzyme immobilization: an overview on nanoparticles as
immobilization matrix, Anal. Biochem. 4 (2015) 178.

A. Mahmoudi, H. Torabizadeh Journal of Drug Delivery Science and Technology 47 (2018) 43–48

48

http://refhub.elsevier.com/S1773-2247(18)30547-1/sref1
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref2
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref2
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref3
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref3
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref3
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref4
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref4
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref4
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref5
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref5
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref6
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref6
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref6
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref7
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref7
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref7
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref8
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref8
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref9
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref9
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref9
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref10
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref10
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref10
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref11
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref11
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref11
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref12
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref12
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref13
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref13
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref14
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref14
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref14
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref15
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref15
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref15
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref16
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref16
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref16
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref17
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref17
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref17
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref18
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref18
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref19
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref19
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref19
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref19
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref20
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref20
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref20
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref21
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref21
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref21
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref22
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref22
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref22
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref23
http://refhub.elsevier.com/S1773-2247(18)30547-1/sref23

	Nanomagnetic wheat gluten hydrolysates a new carrier for nanoimmobilization of inulinase
	Introduction
	Experimental
	Materials
	Preparation of wheat gluten hydrolysates by endopeptidases (Alcalase and Neutrase)
	Degree of gluten hydrolysis (DH)
	Preparation of gluten hydrolysate nanoparticles
	Synthesis of iron oxide nanoparticles
	Immobilization of inulinase on Fe3O4-gluten hydrolysate nanoparticles
	Enzyme loading
	Characterization

	Result and discussions
	Degree of gluten hydrolysis at different hydrolysis times
	UV–Vis spectra of WGH nanoparticles
	DLS particles characterization of WGH nanoparticles
	FE-SEM analysis
	Fourier transform infrared spectroscopy (FT-IR)
	Enzyme loading

	Conclusions
	Disclosure statement
	Acknowledgments
	References




