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A B S T R A C T   

The aim of this study was to synthesize iron magnetic nanoparticles functionalized with histidine and nickel 
(Fe3O4-His-Ni) to be used as support materials for oriented immobilization of His-tagged recombinant enzymes of 
high molecular weight, using β-galactosidase as a model. The texture, morphology, magnetism, thermal stability, 
pH and temperature reaction conditions, and the kinetic parameters of the biocatalyst obtained were assessed. In 
addition, the operational stability of the biocatalyst in the lactose hydrolysis of cheese whey and skim milk by 
batch processes was also assessed. The load of 600 Uenzyme/gsupport showed the highest recovered activity value 
(~50%). After the immobilization process, the recombinant β-galactosidase (HisGal) showed increased substrate 
affinity and greater thermal stability (~50×) compared to the free enzyme. The immobilized β-galactosidase was 
employed in batch processes for lactose hydrolysis of skim milk and cheese whey, resulting in hydrolysis rates 
higher than 50% after 15 cycles of reuse. The support used was obtained in the present study without modifying 
chemical agents. The support easily recovered from the reaction medium due to its magnetic characteristics. The 
iron nanoparticles functionalized with histidine and nickel were efficient in the oriented immobilization of the 
recombinant β-galactosidase, showing its potential application in other high-molecular-weight enzymes.   

1. Introduction 

Enzyme immobilization is one of the strategies to reduce the disad
vantages of using enzymes in industrial processes, such as lack of oper
ational stability, and hard recovery and reuse of biocatalysts [1–4]. 
Enzymes can be immobilized via oriented or specific immobilization 
through the incorporation of affinity tags that selectively bind to a ligand 
in a solid matrix and guide enzyme binding on the support [5,6]. When 
compared to random immobilization, the oriented immobilization pro
cess may result in higher enzymatic activity [7]. 

Among these tags for recombinant enzyme production, His-tag 
stands out [6,8,9]. The production of recombinant proteins tagged 
with His-tag at the N-terminal or C-terminal has been widely used to 
apply enzymes in industrial processes [10–12]. The main advantages 
of using this tag are the addition of few amino acids to the protein 
chain of the enzyme and easy incorporation into a target protein 
[13–16]. The interaction between the His-tag imidazole group and 
nickel enables targeted and reversible binding of the recombinant 
enzyme to an immobilization support material containing this metal 
[17–19]. The inclusion of tags can also help in the evaluation of 
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biochemical characteristics of proteins through different in silico 
techniques [20–25]. 

Magnetic nanoparticles (MNPs) are suitable supports for enzyme 
immobilization because they have characteristics such as easy separa
tion of the immobilized enzyme by means of a magnetic field, a high 
surface area that allows a high enzymatic load, a significant enzyme- 
substrate interaction, and the possibility of functionalizing their sur
face [1,26–29]. Studies have focused on developing MNPs to purify His- 
tagged proteins using single-stage processes [18,30–34]. 

The functionalization technique employed to purify or immobilize 
His-tagged enzymes is usually performed with nitrilotriacetic acid 
(NTA) or derivatives [15,31,35,36]. However, Rashid et al. [30] re
ported a simpler method to synthesize MNPs, by adding only histidine- 
Ni, not using NTA. Rashid et al. [30] used this synthesized material to 
interact with Protein-A histidines containing His-tag, a protein of low 
molecular weight (42 kDa), to easily purify this recombinant protein. 

The β-galactosidase enzyme is used to process milk and dairy prod
ucts, resulting in low-lactose or lactose-free products and food supple
ments for individuals with lactose intolerance [37–39]. β-galactosidases 
are also able to produce galacto-oligosaccharides (GOS), which are 
prebiotic functional ingredients used as substrates to grow beneficial 
intestinal microbiota [40,41]. 

To the best of our knowledge, no studies have investigated the pro
duction of His-tagged β-galactosidase linked to MNPs of Fe3O4 modified 
with histidine and nickel (Fe3O4-His-Ni) for application in lactose hy
drolysis. Due to the growing number of intolerants to this disaccharide, 
this study aimed to synthesize nanoparticles of Fe3O4-His-Ni to serve as 
support to oriented immobilization of recombinant His-tagged enzymes 
of high molecular weight, using β-galactosidase as a model. The texture, 
morphology, magnetism, thermal stability, pH and temperature reaction 
conditions, and kinetic parameters of the biocatalyst obtained were 
assessed. In addition, the operational stability of the biocatalyst in the 
lactose hydrolysis of cheese whey and skim milk by batch processes was 
assessed. 

2. Materials and methods 

2.1. Materials 

The genomic DNA from Kluyveromyces sp. was extracted using the 
Wizard Genomic DNA Purification kit (Promega®, Brazil). Restriction 
enzymes (NdeI e XhoI) were acquired from Biolabs® (São Paulo, Brazil), 
the pCR-Blunt cloning vector from Invitrogen® (California, US), and Pfu 
Turbo DNA polymerase from Quatro G P&D (Rio Grande do Sul, Brazil). 
The plasmid DNA extraction kit (QIAprep Spin Miniprep Kit) was pur
chased from QIAGEN® (Hilden, Germany), and the expression vector 
pET-30a(+) from Novagen® (Merck, Germany). The Ortho-nitrophenyl- 
β-D-galactopyranoside (ONPG) was purchased from Sigma-Aldrich® (St. 
Louis, USA). The glucose quantification kit was acquired from Labtest® 
(Minas Gerais, Brazil), and the culture media from Merck® (Darmstadt, 
Germany). Skim milk was purchased from Brazil Foods S.A. (Rio Grande 
do Sul, Brazil), and cheese whey was provided by Arla Foods (Córdoba, 
Argentina). The other substances used were analytical-grade reagents 
(Sigma-Aldrich®, Missouri, US), and culture media, provided by Merck® 
(Darmstadt, Germany). 

2.2. Methods 

2.2.1. Preparation of magnetic nanoparticles modified with histidine and 
nickel 

Histidine magnetic nanoparticles (MNP-His) were synthesized using 
the chemical co-precipitation method [30,42]. Iron salts (4.20 g of 
FeCl3.6H2O and 2.16 g of FeCl2.4H2O) were dissolved in 100 mL of ul
trapure water in a nitrogen atmosphere. The mixture was heated at 90 ◦C 
under constant magnetic stirring (Velp Scientifica®, RS, Brazil), and 3.10 
g of L-histidine and 30 mL of 30% (v/v) NH4OH were added to the 

solution. The suspension remained under stirring at 90 ◦C for 6 h. 
Nanoparticles were collected by centrifugation (Hettich®, Universal 
320R, Germany) (2370 ×g, at 4 ◦C, for 5 min), washed four times with 
ultrapure water, and vacuum-dried (Solab®, SL104/27, Brazil) at 60 ◦C 
and − 10 mmHg to obtain MNP-His. 

To bind nickel to MNP-His, 0.5 g of MNP-His were kept in an ultra
sonic bath (Unique®, USC1450, Brazil) (25 kHz, 60 min) in 100 mL of 
ethanol, forming a homogeneous dispersion. Ethanol was removed by 
centrifugation (Hettich®, Universal 320R, Germany) (2370 ×g, at 4 ◦C, 
for 5 min), then 100 mL of 0.5 M NiCl2 were added. The solution was 
kept in an orbital shaking incubator (Marconi®, MA830, Brazil) at 25 ◦C, 
150 rpm, overnight. The nickel-modified MNP-His (MNP-His-Ni) were 
separated using a magnet, washed with ethanol four times to remove the 
non-reagent NiCl2, and vacuum-dried at 60 ◦C and − 10 mmHg [31]. 

2.2.2. Amplification and cloning of the β-galactosidase enzyme encoding 
gene 

The genomic DNA was extracted from Kluyveromyces sp. in a pre
vious study [43]. The β-galactosidase (Gal) gene of Kluyveromyces sp. 
(GenBank: M84410.1) was amplified by a polymerase chain reaction 
(PCR) in a thermal cycler programmed at 95 ◦C for 2.0 min, 30 cycles 
of 95 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for 3.0 min, and a final elon
gation of 72 ◦C for 10 min, using Pfu turbo DNA polymerase 
enzyme and specific oligonucleotide primers (forward primer 5′

–GCCATATGCATCATCATCATCATCATTCTTGCCTTATTCCTGAG – 3′

and reverse primer 5′ – CCTTAAGTCCCTCGAGTTATTCAAAAGCGA
GATCAAAC – 3′) with binding sites for NdeI and XhoI (underlined) 
restriction enzymes and with a polyhistidine tag (6×-His) in 2.5% of 
dimethyl sulfoxide (DMSO). The amplified DNA fragment was cloned 
into a pCR-Blunt vector and subcloned into a pET-30a (+) expression 
vector. The Escherichia coli DH10B strain was transformed by elec
troporation (2.45 kV, 200 Ω, 25 μF) (BioRad®, Gene Pulser II, US) 
with pET-30a(+):HisGal construction. The entire gene length of the 
recombinant β-galactosidase carrying an N-terminal His-tag was 
sequenced using specific primers (Table S1, Supplementary material). 
The sequences were analyzed using the Basic Local Alignment Search 
Tool (BLAST®) program. 

2.2.3. Expression of recombinant β-galactosidase 
The pre-inoculum was obtained from an isolated E. coli BL21(DE3) 

strain transformed with pET-30a(+): HisGal was kept overnight in a 
Luria-Bertani (LB) medium (10 g/L NaCl, 10 g/L tryptone, 5 g/L yeast 
extract), in the presence of kanamycin (50 μg/mL), at 37 ◦C and 180 rpm 
in an orbital shaking incubator (Marconi®, MA830, Brazil). The trans
formed E. coli cells were grown in 250-mL Erlenmeyer flasks, containing 
50 mL of LB culture medium and the specific antibiotic. The initial op
tical density (OD600nm) was standardized at 0.1, measured in a spec
trophotometer (Shimadzu®, UV-2600, Japan). Cultures were kept at 
37 ◦C and 180 rpm in an orbital shaking incubator. When the OD600nm 
reached values ranging from 0.4 to 0.6, the expression of HisGal was 
induced by adding 10 g/L of lactose to the cultures. The expression 
occurred at 30 ◦C, under a 180-rpm stirring speed, for 24 h. Cells were 
centrifuged at 4 ◦C, 11,000 ×g, for 10 min (Hitachi®, CR 22G III, Japan). 
For cell disruption, 5 g of cells were resuspended in 50 mL of lysis buffer 
(pH 7.5, 100 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, 1 mM 
Phenylmethylsulfonyl fluoride (PMSF)) and disrupted in a French press 
(Constant Systems Ltd.®, Cell Disruption Systems, United Kingdom) (30 
kpsi). The soluble and insoluble fractions were separated by centrifu
gation (Hitachi®, CR 21G, Japan) (at 4 ◦C, 38900 ×g, for 30 min). 

2.2.4. Immobilization of β-galactosidase enzyme 
HisGal immobilization was performed by mixing 50 mg MNP-His-Ni 

and 10 mL of soluble fraction diluted in Buffer A (100 mM NaH2PO4, 
500 mM NaCl, and 20 mM imidazole, pH 7.5) for the enzymatic loads of 
600, 1200, 1800, and 2400 Uenzyme/gsupport. Immobilization was con
ducted in a roller mixer (Didática®, MR II, Brazil) at 25 ◦C and 150 rpm 
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for 30 min. As a control, the enzymatic solutions were incubated under 
the same conditions in the absence of MNP-His-Ni. During the immo
bilization process, periodic collections were carried out to determine the 
parameters of immobilization, yield, efficiency, and recovered activity, 
as shown in Eqs. (1), (2), and (3), respectively [44]. 

Yield (%) =
Initial activity − Supernatant activity

Initial activity
× 100 (1)  

Efficiency (%) =
Derivative activity

Initial activity − Supernatant activity
× 100 (2)  

Recovered activity (%) =
Derivative activity
Initial activity

× 100 (3) 

Immobilized HisGal in MNP-His-Ni was separated using a magnet. 
The derivative (MNP-His-Ni-HisGal) (Fig. 1) was washed three times 
with Buffer A and kept in the same buffer under refrigeration (4 ◦C) for 
future assessment. The immobilization time effect (10, 30, 45, and 60 
min) was assessed for the best load reached. 

All experiments were carried out in triplicate. Statistical verification 
of the immobilization parameters (yield, efficiency, and recovered ac
tivity) was performed through a one-way analysis of variance (ANOVA). 
Fisher's F-test determined the significance of the model. In the signifi
cant models, the Tukey Test was performed with a significance level of 
0.05 (p-value <0.05) to compare the means. BioEstat 5.0 was used in the 
statistical analysis of the results. 

2.2.5. Free and immobilized β-galactosidase activity 
Free enzyme (HisGal) and immobilized enzyme (MNP-His-Ni-His

Gal) activity was determined using the ortho-Nitrophenyl-β-galactoside 
(ONPG) chromogenic substrate, following the methodology proposed by 
Rech et al. with some modifications [45]. In the analysis, 100 μL of free 
enzyme or derivative were added to 1000 μL of substrate solution (13 
mM ONPG in 50 mM of potassium phosphate buffer, pH 7.0, containing 
3 mM of MgCl2). The reaction was carried out at 30 ◦C, and after 1 min, 
200 μL of Na2CO3 1 M were added. For the immobilized enzyme, the 
reaction was carried out for 2 min under constant stirring. The absor
bance reading was performed on a spectrophotometer (Shimadzu®, UV- 
2600, Japan) at a 405-nm wavelength. One unit of activity (U) was 
defined as the amount of enzyme that catalyzes the release of 1 μmol of 
ortho-nitrophenol (ONP) per minute under assay conditions. 

2.2.6. Characterization of nanoparticles and immobilized β-galactosidase: 
Morphology, structure, magnetism, and texture 

The MNP-His, MNP-His-Ni, and MNP-His-Ni-HisGal samples were 
observed using the Field-Emission Scanning Electron Microscope (FESEM) 
(FEI®, Inspect F50, Japan) with an acceleration voltage of 20 kV and a 
magnification of 150,000× for the structural morphology analysis. The 
samples were dispersed in isopropanol, added to carbon ribbon, then 
metalized with gold, and observed in FESEM. The elemental composition 
of the samples was determined by Energy Dispersive Spectroscopy (EDS) 
(FEI®, Inspect F50, Japan), with an acceleration voltage of 20 kV. 

The zeta potential of the MNP-His, MNP-His-Ni, and MNP-His-Ni- 
HisGal samples was determined using ZetaPlus (Brookhaven In
struments, USA) at 25 ◦C. The samples were resuspended at a 1:5 ratio in 
a Buffer A solution. 

The infrared spectra of the MNP-His, MNP-His-Ni, and MNP-His-Ni- 
HisGal samples were obtained using the Shimadzu FTIR Instrument 
(Prestige 21, Japan). The KBr technique was used to obtain spectra with 
a 4-cm− 1 resolution and 100 cumulative scans. 

The thermogravimetric analysis (TGA) of the MNP-His, MNP-His-Ni, 
and MNP-His-Ni-HisGal samples was performed using a Shimadzu 
Thermal Analyzer (TA50, Japan) at a 20 ◦C/min heating rate, under room 
temperature up to 900 ◦C under an argon atmosphere. The samples were 
previously degassed at 60 ◦C under vacuum for 18 h. 

The magnetic properties of the MNP-His, MNP-His-Ni, and MNP-His- 
Ni-HisGal samples were assessed using a vibrating sample magnetom
eter (VSM) (MicroSense®, EZ9, USA). The samples magnetization curves 
(M × H) were obtained through field sweeping between − 20 and +20 
kOe at room temperature. 

Textural characterization of the MNP-His, MNP-His-Ni, and MNP-His- 
Ni-HisGal samples was performed using N2 adsorption-desorption iso
therms at liquid N2 boiling temperature using a Micromeritics device 
(Tristar Kr 3020, USA). The samples were previously degassed at 60 ◦C 
under vacuum for 18 h. The Brunauer–Emmett–Teller (BET) multipoint 
technique determined the specific surface area, and the pore size distri
bution was obtained through Density Functional Theory (DFT) [46]. 

2.2.7. Characterization of the catalytic properties of free and immobilized 
β-galactosidase 

The tests of optimal pH and temperature of the free (HisGal) and 
immobilized (MNP-His-Ni-HisGal) enzymes were performed based on 
the enzymatic activity at pH values ranging between 5.5 and 8.0 (at 
30 ◦C) and temperatures between 20 and 70 ◦C (pH 7.0) for 2 min at 150 
rpm. In each test (pH or temperature), the highest activity value ob
tained was 100%, and it was used to calculate the relative enzymatic 
activity. 

The kinetic parameters of the free and immobilized enzymes were 
determined using different ONPG concentrations (6.5 to 52 mM) for 2 
min at 150 rpm and 30 ◦C. The KM (Michaelis constant) values and Vmax 
(maximum rate of reaction) were determined employing the Michaelis- 
Menten model and the Lineweaver-Burk linearization, following Eq. (4). 

1
V
=
KM
Vmax

×
1
[S]

+
1

Vmax
(4)  

where V (mM⋅min− 1) is the catalytic reaction rate, Vmax (mM⋅min− 1) is 
maximum speed, [S] is substrate concentration (mM), and KM is the 
Michaelis-Menten constant (mM). 

To determine the thermal stability of free and immobilized enzymes, 
samples were incubated in a water bath (Marconi®, MA 156, Brazil) at 
45, 48, 50, and 53 ◦C. The residual enzymatic activity was determined at 
different incubation periods. Thermodynamic parameters were calcu
lated following the deactivation model described in the literature [47]. 

Fig. 1. Schematic representation of the HisGal immobilization process in MNP-His-Ni.  
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The activation energy (Ea) for inactivation was calculated through 
non-linear regression, following the Arrhenius graph (Eq. (5)). 

k = A.e− Ea
R.T (5)  

where k (min− 1) is the deactivation kinetic constant, A (min− 1) is the 
pre-exponential factor, Ea (J⋅mol− 1) is the activation energy, R (8,314 
J⋅mol− 1⋅K− 1) is the universal gas constant, and T (K) is temperature. 

The half-life time (t1/2) of an enzyme is the time needed for the initial 
activity to decrease to half of its value (Eq. (6)). 

t1/2 = ln 2/k (6) 

The stabilization factor (SF) at each temperature was calculated by 
dividing the half-life time of the immobilized enzyme by the half-life 
time of the free enzyme. 

Gibbs free energy for thermal inactivation (ΔG) was calculated based 
on the inactivation constant at different temperatures (Eq. (7)): 

∆G = − R.T.ln
(
k.h
kB.T

)

(7)  

where R (8.314 J⋅mol− 1⋅K− 1) is the universal gas constant, T (K) is 
temperature, k (min− 1) is the deactivation kinetic constant, h (6.6262 ×
10− 34 J⋅s) is the Planck constant, and kB (1.3806 × 10− 23 J⋅K− 1) is the 
Boltzmann constant. 

The enthalpy change (ΔH) was calculated using the activation energy 
(ΔH = Ea − RT), and the entropy change (ΔS) using enthalpy changes 
and Gibbs free energy (TΔS = ΔH − ΔG). All characterization experi
ments were carried out in triplicate and shown as mean ± standard 
deviation. 

2.2.8. Assessment of the reusability of immobilized β-galactosidase 
The reuse of immobilized β-galactosidase in MNP-His-Ni samples 

was assessed through lactose hydrolysis tests in batch processes using 
cheese whey and skim milk, both reconstituted to 5% (w/v) lactose. 
Tests were carried out with 100 mg of MNP-His-Ni-HisGal (600 U/g of 
β-galactosidase) in 5 mL of cheese whey and skim milk solutions in a 
roller mixer (Didática®, MRII, Brazil) at 25 ◦C, 150 rpm for 30 min. By 
the end of each enzyme reuse cycle, the immobilized enzyme was 
recovered by centrifugation (1000 ×g, 1 min, 25 ◦C) and the superna
tant fluid was collected to establish the degree of hydrolysis using the 
colorimetric enzyme kit of oxidase-peroxidase (Labtest®, Glucose Liq
uiform, Brazil) to form glucose. The derivative was washed with 5 mL of 
Buffer A. A new solution of cheese whey or skim milk was added, 
starting a new cycle of reuse of MNP-His-Ni-HisGal. The degree of hy
drolysis of the derivative after the first reuse cycle was defined as 100% 
hydrolysis. The recycled nanoparticles were characterized in relation to 
morphology, structure, magnetism, and texture, according to the 
methodologies described in Section 2.2.6. 

3. Results and discussion 

3.1. Expression and immobilization of the recombinant β-galactosidase 
enzyme 

The gene of interest was cloned and expressed in E. coli BL21 (DE3). 
The sequencing of the Kluyveromyces sp. β-galactosidase gene indicated 
that the recombinant protein's primary structure is composed of 1032 
amino acids. The recombinant DNA alignment presented an identity of 
99%, respectively, with the β-galactosidase gene of Kluyveromyces 
marxianus and Kluyveromyces lactis. Expression of the recombinant 
enzyme (120 kDa) in the soluble and insoluble fractions, was verified. 

Table 1 shows different loads of HisGal immobilized in MNP-His-Ni 
in 30 min. Considering the immobilization yield, the enzymatic loads of 
1200, 1800, and 2400 Uenzyme/gsupport showed the highest results. 
However, the highest rate of immobilization efficiency was obtained 
using the load of 600 Uenzyme/gsupport. Our results showed that the MNP- 

His-Ni support allows good yield for immobilization. Nonetheless, loads 
higher than 600 Uenzyme/gsupport may result in support overload. The 
excess of immobilized enzymes may have led to a steric impediment of 
the active site of β-galactosidase or to conformational changes in enzyme 
molecules immobilized in the support [48,49]. Variations in immobili
zation efficiency with loadings higher than 600 U/g may have been 
caused by the interaction of β-galactosidase with other proteins that 
were present in the enzyme extract, thus having a positive or negative 
effect on the activity of the model enzyme. Since the recovered activity 
takes into account the efficiency results, recovered activity also varied. 
Thus, the enzymatic load of 600 Uenzyme/gsupport was chosen to assess the 
effects of the other immobilization times (10, 45, and 60 min) since it 
presented the highest values of immobilization efficiency and recovered 
activity. 

Carli et al. [35] used a methodology similar to ours by synthesizing 
cross-linked Fe3O4 nanoparticles with chitosan/glutaraldehyde/N-(5- 
amino-1-carboxy-pentyl) iminodiacetic acid functionalized with NiCl2 
[35]. They immobilized endonuclease (Egst) and β-glucosidase (Bglhi) 
proteins, both containing a histidine tag. Carli et al. [35] immobilized 3 
U of Egst and 1 U of Bglhi and obtained an efficiency of 132% and 115% 
and yields of 21% and 20%, respectively. In the present study, a higher 
enzymatic load of HisGal was immobilized in MNP-His-Ni, with yield 
values of about 80%. Khan et al. [49] applied β-galactosidase in the 
immobilization process using magnetic graphene oxide nanocomposites 
(Gr@Fe3O4NCS) and observed that increased concentrations of immo
bilized enzymes (from 1 mg/mL to the 2–5 mg/mL range) reduced the 
process yield [49]. This behavior can be attributed to the theory of 
diffusion limitation [49], which was also observed in the present study. 

At the other periods of immobilization (10, 45, and 60 min), effi
ciency and recovered activity results were below those obtained for 30 
min, 75% and 49%, respectively. Therefore, the characterization assays 
of the immobilized enzyme were carried out with a load of 600 Uenzyme/ 
gsupport and 30 min of immobilization time. 

3.2. Characterization of nanoparticles and immobilized β-galactosidase: 
morphology, structure, magnetism, and texture 

The morphological characteristics of MNP-His, MNP-His-Ni, and 
MNP-His-Ni-HisGal were visualized using FESEM, as shown in Fig. 2. The 
morphology of MNPs did not change after the immobilization process, 
keeping their spherical shape. MNP-His, MNP-His-Ni, and MNP-His-Ni- 
HisGal showed mean diameters of 41.03 ± 4.07 nm, 39.21 ± 4.17 nm, 
and 40.92 ± 3.95 nm, respectively, and formed agglomerated structures 
due to the natural attraction of nanoparticles caused by magnetism. 
Magnetic particles produced by Rashid et al. [30] showed an almost 
spherical shape and average diameter of 30–35 nm [30]. These sizes are 
similar to those obtained in the present study, as the particles were non- 
coated in both works. In Gennari et al. [50], the magnetic particles coated 

Table 1 
Effect of different loads on the immobilization parameters of β-galactosidase 
(HisGal) on magnetic nanoparticles modified with histidine and nickel (MNP- 
His-Ni).  

Enzymatic load (Uenzyme/ 
gsupport) 

Yield (%) Efficiency 
(%) 

Recovered activity 
(%)  

600 65.86 ±
8.24b 

75.27 ±
3.80a 

49.42 ± 3.70a  

1200 83.05 ±
0.39a 

32.09 ±
2.40c 

26.72 ± 1.99c  

1800 84.38 ±
2.02a 

46.10 ±
6.14b 

38.82 ± 6.41b  

2400 78.96 ±
6.55a 

25.23 ±
2.88c 

18.41 ± 2.66c 

Different letters in the same column represent a significant difference (p < 0.05). 
Each value represents the mean of three experiments conducted in duplicate and 
the standard deviation. 
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with nanocellulose showed an average diameter approximately 2 times 
larger (74 nm) when compared to these non-coated particles [50]. 

The elemental composition of MNPs showed 67% iron in MNP-His- 
Ni, 72% iron and 2.38% nickel in MNP-His-Ni, and 55% iron in MNP- 
His-Ni-HisGal. Our equipment did not detect nickel in the derivative. 
The immobilization of the recombinant enzyme reduced the proportion 
of iron, which is attributed to the incorporation of carbon and oxygen of 
protein structures. 

The zeta potential of the MNP-His, MNP-His-Ni, and MNP-His-Ni- 
HisGal samples was 8.16, − 7.63, and − 38.78 mV, respectively. These 
values show the stability of these systems and that the particles of the 
derivative formed a more stable system than that of others, for having a 
higher modulus value. Liou et al. [51] also reported an increase in 
system stability after immobilization when studying the production of 
cross-linked polypeptide/enzyme microgels using the catalase enzyme 
(CAT) and star-shaped poly(L-lysine) (PLL) [51]. Since zeta potential 
indicates the stability of a colloidal system, magnetic particles that have 
a high zeta potential value (negative or positive) repel and form a stable 
system [52], which is a desirable characteristic when applying immo
bilized enzymes [53]. 

Fig. 3 shows the infrared spectra of MNP-His, MNP-His-Ni, and MNP- 
His-Ni-HisGal. A strong band, with a maximum size of about 580 cm− 1, 
was attributed to Fe–O stretching of magnetite particles [54]. The band 
of 1635 cm− 1 is related to the C–O stretching of the carboxyl group 
[30]. However, water bending cannot be discarded for the MNP-His-Ni 
and MNP-His-Ni-HisGal spectra since these samples also present a broad 
band above 3000 cm− 1 due to O–H stretching of adsorbed water [30]. A 

new broad band appeared after enzyme immobilization, with maximum 
value of about 1100 cm− 1. As reported by Gennari et al. [55], this band 
was attributed to the chemical groups of β-galactosidase [55]. 

Fig. 2. Field-Emission Scanning Electron Microscope (FESEM) images of the samples: (A) MNP-His, (B) MNP-His-Ni, and (C) MNP-His-Ni-HisGal samples.  

Fig. 3. Infrared spectra of MNP-His, MNP-His-Ni, and MNP-His-Ni-HisGal.  
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We assessed the thermal stability of MNP-His, MNP-His-Ni, and 
MNP-His-Ni-HisGal using TGA (Table 2). The results show a low loss of 
mass (5% to 9%) in the three samples for the range of temperature 
assessed. At the first stage (25 to 150 ◦C), the decrease in mass in the 
three materials was attributed to the evaporation of adsorbed water 
[56]. The second stage of loss of mass (above 200 ◦C) may be explained 
by the degradation of histidine imidazole rings present in magnetite 
nanoparticles [57]. At this temperature range, the MNP-His sample 
suffered a sudden loss of mass. Suo et al. [58] found similar results of loss 
of mass at temperatures above 250 ◦C [58]. Comparing the three sam
ples, greater heat stability was observed for MNP-His-Ni, followed by 
MNP-His-Ni-HisGal, which showed lower losses of mass between 150 
and 400 ◦C (Table 2). The greatest loss of mass of MNP-His-Ni-HisGal, 
2.33% (from 150 to 400 ◦C), may indicate the beginning of degrada
tion of immobilized β-galactosidase. The MNP-His sample showed an 
increase in mass between 400 and 500 ◦C due to the oxidation reaction 
of magnetite to hematite with the incorporation of oxygen to the oxide 
[59]. However, for the MNP-His-Ni and MNP-His-Ni-HisGal samples, 
small losses of mass were observed in this temperature range between 
400 and 500 ◦C, probably due to the partial decomposition in the argon 
atmosphere of the organic matter in the samples stabilized with Ni in the 
range between 150 and 400 ◦C, which formed a protective layer around 
the magnetite and prevented or delayed its oxidation [60]. In the tem
perature range of 500 to 700 ◦C, the MNP-His-Ni and MNP-His-Ni- 
HisGal samples showed greater losses of mass than the MNP-His sam
ple. These losses were related to the carbonization of the samples [61]. 
Long et al. [62] observed this behavior in the temperature range of 200 
to 600 ◦C, which was attributed to the organic decomposition of the 
immobilized enzymes [62]. In our study, considering the temperature 
range from 150 to 900 ◦C, the NPM-His-Ni-HisGal sample showed a mass 
loss rate 0.83% higher than that of the NPM-His-Ni sample, probably 
because of the enzyme incorporated in the system. 

We assessed the effects of changes in MNPs and immobilization on 
the magnetic hysteresis properties of materials (Fig. 4). 

We determined the magnetic properties of the MNP-His, MNP-His- 
Ni, and MNP-His-Ni-HisGal samples to assess the effect of the immo
bilization process. Findings showed a typical response of a predomi
nantly superparamagnetic system, presenting relatively low Mr/M 
(Hmax) coercivity and remission and no saturation for relatively intense 
fields (~20 kOe) at room temperature. According to these criteria, the 
nanoparticles obtained were classified as soft due to their narrow 
hysteresis cycles. The saturation magnetization obtained in the 
maximum available field M(Hmax) was affected, while the coercive field 
showed no difference between treatments. The M(Hmax) values of the 
nanoparticles (MNP-His) remained mostly stable (~49 emu/g) before 
and after nickel modification (MNP-His-Ni). After the immobilization of 
β-galactosidase (MNP-His-Ni-HisGal), M(Hmax) decreased to about 45 
emu/g. According to Bezerra et al. [63], the saturation magnetization 
value is expected to decrease due to the increase in the amount of mass 
bound to the material [63]. 

Hosseini et al. [64] synthesized MNPs of Fe3O4 (MN), modified the 
material with chitosan (CMN), and then immobilized it with the lipase 
enzyme (LCMN) of Candida antarctica [64]. Regarding magnetic char
acteristics, the saturation magnetization values were 78 (MN), 36 
(CMN), and 31 (LCMN) emu/g. Hosseini et al. [64] identified a marked 
decrease in saturation magnetization in particles coated with chitosan 
and in the material after immobilization when compared to MN [64]. 
This drop in saturation magnetization results from the addition of mass 
to MN, including chitosan, which is a high-molecular-weight polymer, 
and the enzyme used by the authors. We also observed a decrease in 
saturation magnetization after immobilizing the recombinant β-galac
tosidase (49 to 45 emu/g). However, nickel modification did not pro
duce a similar behavior, probably due to the low amount of mass added 
to the magnetic material. 

Table 3 and Fig. 5 show the textural characteristics of modified MNPs 
(MNP-His and MNP-His-Ni) and the derivative obtained (MNP-His-Ni- 
HisGal). 

Fig. 5a presents the adsorption-desorption isotherms, and Fig. 5b and 
c show the DFT pore size distribution curves. The MNP-His and MNP- 
His-Ni materials presented similar characteristics in the microporosity 
region, i.e. in low relative P/P0 pressures. The micropores (diameter <
2.0 nm) contributed to the surface area, and there were no significant 
changes after nickel addition. However, changes in high relative P/P0 
pressures were found in isotherms after nickel addition. The high- 
pressure region is related to the mesopores that contributed to the 
pore volume. After enzyme immobilization (MNP-His-Ni-HisGal), a 
marked decrease was observed in the surface area. This effect was 
interpreted as a consequence of the decrease in microporosity, which is 
evident in isotherms and in the DFT micropore size distribution. This 
feature may be a consequence of the enzymes covering the surface, 
which blocked the access of micropores. Enzyme immobilization did not 
cause significant changes in the mesopore characteristics, as illustrated 
in the isotherms and pore size distribution curves. 

Gennari et al. [50] synthesized a magnetic material by binding 
nanocrystalline cellulose to MNPs [50]. The authors used this material 
as support to the immobilization of β-galactosidase enzymes of Asper
gillus oryzae and Kluyveromyces lactis microorganisms. Assessing textural 
characteristics, Gennari et al. [50] observed a decrease in the surface 
area (up to 50%) and volume of the pores (up to 60%) of the support 
used for both enzymes after immobilization. Matte et al. [65] studied the 

Table 2 
Mass variation (%) of MNP-His, MNP-His-Ni, and MNP-His-Ni-HisGal at 
different temperature ranges.  

Sample Temperature range (◦C) 

25–150 150–400 400–500 500–700 700–900 

MNP-His  − 1.79  − 4.21  − 0.34  − 0.30  − 0.25 
MNP-His-Ni  − 2.01  − 1.68  − 0.41  − 0.83  − 0.39 
MNP-His-Ni-HisGal  − 4.08  − 2.33  − 0.19  − 0.50  − 1.12  

Fig. 4. Magnetization curves of modified magnetic nanoparticles (MNP-His and 
MNP-His-Ni) and the derivative obtained (MNP-His-Ni-HisGal). (●) MNP-His, 
(●) MNP-His-Ni, (◆) MNP-His-Ni-HisGal. 

Table 3 
Textural properties of modified magnetic nanoparticles (MNP-His and MNP-His- 
Ni) and the derivative obtained (MNP-His-Ni-HisGal).  

Sample BET surface area (m2/g) BJH pore volume (cm3/g) 

MNP-His 109 ± 4 0.389 ± 0.001 
MNP-His-Ni 116 ± 4 0.280 ± 0.001 
MNP-His-Ni-HisGal 83 ± 3 0.263 ± 0.001 

Results expressed as mean ± standard deviation. 
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physicochemical properties of the Immobead 150 support before and 
after lipase immobilization [65]. The immobilization process resulted in 
a decrease in the specific surface area and volume of the pores from 137 
to 63 m2/g, and 0.37 cm3/g to 0.25 cm3/g, respectively. According to 
Matte et al. [65], this decrease in values resulted from enzyme molecule 
coating of the support surface. 

3.3. Characterization of the catalytic properties of free and immobilized 
β-galactosidase 

Fig. 6a shows the effect of different pH values on HisGal and MNP- 
His-Ni-HisGal activities. The immobilization of recombinant β-galacto
sidase did not change the optimal pH (6.0) in the hydrolysis reaction. 

The optimal pH was similar for both enzymes, with relative activity 
above 80% in the pH range of 6.0 to 6.5. Gennari et al. [50] found 
similar results in their study, in which the commercial Kluyveromyces 
lactis β-galactosidase was immobilized in magnetic nanocellulose par
ticles [50]. The immobilized enzyme was less susceptible to operational 
changes, and the optimal pH did not change due to the immobilization 
process. 

Fig. 6b shows the effect of temperature on HisGal and MNP-His-Ni- 
HisGal activities. The immobilization of recombinant β-galactosidase 
did not affect the optimum temperature (60 ◦C) in the hydrolysis 
catalysis. 

Both enzymes showed low activity at low temperatures and reached 
more than 50% of relative activity above 40 ◦C. When compared to the 
free β-galactosidase (HisGal), the immobilized β-galactosidase (MNP-His- 
Ni-HisGal) showed higher values of relative activity at 70 and 75 ◦C. 
Khan et al. [49] observed similar behavior for β-galactosidase immobi
lized on Gr@Fe3O4NCS: both enzymes showed the same optimum tem
perature (50 ◦C), and the immobilized enzyme showed higher relative 
activity (71%) than the free β-galactosidase (31%) at 70 ◦C [49]. Gracida 
et al. [66] and Mohamad et al. [67] claimed that the immobilization 
process can provide higher enzymatic stability and resistance against 
enzymatic denaturation because of temperature [66,67]. 

Table 4 shows the kinetic parameters of HisGal and MNP-His-Ni- 
HisGal. The KM value evidenced that the affinity of recombinant 
β-galactosidase with the substrate increased after immobilization, 
indicating that the process favored the binding energy between the 
active enzyme site and the substrate (ONPG). This result may be due to 
the oriented immobilization of HisGal in the MNP-His-Ni support. 
However, the Vmax value decreased after immobilization, possibly due 
to a greater difficulty of diffusion of the immobilized enzyme and/or 
changes in the microenvironment around the biocatalyst [68]. 

Park et al. [69] immobilized the β-glucosidase enzyme in modified 
MNPs with (3-aminopropyl) triethoxysilane (APTES)/glutaraldehyde 
[69]. Regarding the kinetic parameters, Park et al. [69] also reported a 
decrease in Vmax values after the immobilization process due to the 
diffusion limitations of the substrate and the factors that might have 
altered the three-dimensional structure of the immobilized enzyme [69]. 
Gracida et al. [66] immobilized the xylanase enzyme on Fe3O4 particles 
containing chitosan and also observed a decrease in the KM value in 
relation to the free enzyme, showing that immobilization enabled a 
strong affinity between the enzyme (E) and the substrate (S) by stabi
lizing the transition state Eimmobilized-S [66]. 

We determined the thermal stability of MNP-His-Ni-HisGal and His
Gal using thermal and thermodynamic parameters, as seen in Table 5. 
The immobilized enzyme was more thermally stable than the free 
enzyme at all temperatures assessed. The values obtained for the deac
tivation kinetic constant (k), the half-life time (t1/2), and the stabilization 
factor (SF) evidenced this result. This thermal resistance was stronger at 
the highest temperature assessed (53 ◦C), in which MNP-His-Ni-HisGal 
showed k and t1/2 values 53× lower and 67× higher, respectively, than 
the values obtained for HisGal. The ΔG value increased, while the ΔS 
value decreased after β-galactosidase immobilization. This indicates that 
MNP-His-Ni-HisGal was more resistant to denaturation and that the 
immobilized enzyme was less prone to conformational changes, conse
quently presenting higher thermal stability [70]. These results showed 
the importance of immobilization to improve the thermal stability of 
enzymes, as already reported by other authors [1,71–73]. 

3.4. Assessment of reusability of immobilized β-galactosidase 

The immobilized β-galactosidase (MNP-His-Ni-HisGal) was applied 
in batch processes for lactose hydrolysis. After 15 cycles of reuse, the 
immobilized enzyme hydrolyzed 60% and 40% of disaccharide of skim 
milk and cheese whey, respectively (Fig. 6c). The decrease in hydrolysis 
throughout the reuse cycles may be explained by enzymatic inactiva
tion and loss of mass of the immobilized enzyme due to the washes 

Fig. 5. Textural analysis of magnetic nanoparticles before and after immobi
lization. (a) Isotherms of nitrogen adsorption (■, ●, ▴) and desorption (□, ○, 
△) and characteristics of (b) micro and (c) mesopores. (■) MNP-His, (●) MNP- 
His-Ni, (▴) MNP-His-Ni-HisGal. 
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carried out after each cycle [71,74,75]. The recycled nanoparticles 
showed an approximate increase of 10% in their surface area, and their 
morphology, structure, and magnetism did not change after the reuse 
cycles. The variation in the degree of hydrolysis between the dairy 
products assessed may be related to the optimum pH of the immobilized 
enzyme and to cheese whey composition, which contains proteins and 
minerals that may inhibit β-galactosidase. Verma et al. [76] immobi
lized Kluyveromyces lactis β-galactosidase in silicon dioxide nano
particles functionalized with glutaraldehyde. They observed that the 
immobilized enzyme kept approximately 50% of its ONPG hydrolysis 
activity after 11 cycles of reuse [76]. In the reuse cycles with cheese 
whey and skim milk as substrates, the immobilized enzyme (MNP-His- 
Ni-HisGal) showed easy recovery from the reaction medium due to the 
magnetic characteristics of the support, enabling the industrial appli
cation of the enzyme. 

Huang et al. [77] and Verma et al. [78] also evaluated the use of 
magnetic nanoparticle-based supports for the immobilization of high- 
molecular-weight proteins. Huang et al. [77] immobilized the enzyme 
β-glucosidase (100 kDa) on magnetic manganese dioxide nanoparticles 
(Fe3O4@MnO2). The immobilized enzyme showed increased thermal 
stability and maintained activity of over 60% after 8 cycles in the reuse 
process [77]. Similarly, Verma et al. [78] immobilized the enzyme 
β-glucosidase on iron oxide magnetic nanoparticles and found the same 
behavior reported in our study. The immobilized enzyme showed 
higher thermal stability compared to the free enzyme and maintained 
approximately half of the enzyme activity after 16 reuse cycles [78]. In 
the present study, we achieved a similar stability by employing a 

recombinant His-tagged enzyme for immobilization on the support 
developed. 

4. Conclusion 

This study reported the development of MNPs modified with his
tidine and nickel for oriented immobilization of high-molecular- 

Fig. 6. (A) Effect of different pH values and (B) temperatures on the activity of free β-galactosidase (HisGal) (□) and immobilized β-galactosidase (MNP-His-Ni- 
HisGal) (●); (C) Reusability of immobilized β-galactosidase (MNP-His-Ni-HisGal) for lactose hydrolysis in (□) skim milk and (●) cheese way, both reconstituted with 
5% (w/v) lactose. 

Table 4 
Kinetic parameters of β-galactosidase (HisGal) and immobilized β-galactosidase 
(MNP-His-Ni-HisGal).  

Enzyme KM (mM) Vmax (mM/min) 

HisGal 5.40 ± 0.50 3.58 ± 0.14 
MNP-His-Ni-HisGal 1.50 ± 0.26 1.06 ± 0.26 

Results expressed as mean ± standard deviation. 

Table 5 
Thermodynamic parameters and thermal inactivation parameters for free (His
Gal) and immobilized (MNP-His-Ni-HisGal) β-galactosidase.   

Enzyme 

HisGal MNP-His-Ni-HisGal 

45 ◦C k (min− 1) 0.48 ± 0.10 0.15 ± 0.01 
t1/2 (min) 1.48 ± 0.29 4.77 ± 0.10 
SF – 3.27 ± 0.60 
ΔH (kJ⋅mol− 1) 9.75 ± 0.96 2.28 ± 0.09 
ΔG (kJ⋅mol− 1) 91.41 ± 1.04 93.98 ± 0.05 
ΔS (J⋅mol− 1⋅K− 1) − 256.77 ± 0.27 − 288.35 ± 0.27 

48 ◦C k (min− 1) 3.87 ± 0.04 0.69 ± 0.10 
t1/2 (min) 0.18 ± 0.01 1.16 ± 0.19 
SF – 5.82 ± 0.85 
ΔH (kJ⋅mol− 1) 9.73 ± 0.96 2.26 ± 0.09 
ΔG (kJ⋅mol− 1) 86.13 ± 0.03 90.78 ± 0.62 
ΔS (J⋅mol− 1⋅K− 1) − 238.01 ± 2.90 − 275.78 ± 1.64 

50 ◦C k (min− 1) 14.02 ± 0.15 1.03 ± 0.06 
t1/2 (min) 0.05 ± 0.00 0.71 ± 0.08 
SF – 14.23 ± 0.56 
ΔH (kJ⋅mol− 1) 9.71 ± 0.96 2.24 ± 0.09 
ΔG (kJ⋅mol− 1) 83.22 ± 0.56 90.35 ± 0.30 
ΔS (J⋅mol− 1⋅K− 1) − 227.59 ± 2.96 − 272.79 ± 0.64 

53 ◦C k (min− 1) 55.26 ± 0.25 1.04 ± 0.03 
t1/2 (min) 0.01 ± 0.00 0.67 ± 0.02 
SF – 53.28 ± 1.44 
ΔH (kJ⋅mol− 1) 9.69 ± 0.96 2.22 ± 0.09 
ΔG (kJ⋅mol− 1) 80.31 ± 0.69 91.08 ± 0.07 
ΔS (J⋅mol− 1⋅K− 1) − 216.62 ± 2.94 − 272.59 ± 0.45 

SF = Stabilization Factor. 
Results expressed as mean ± standard deviation. 
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weight proteins containing His-tag, using β-galactosidase as a model. 
We immobilized an enzymatic load of 600 Uenzyme/gsupport, with yield 
and efficiency rates higher than 84 and 75%, respectively. The kinetic 
parameters changed after immobilization since the enzyme's affinity 
with the substrate increased, as indicated by the decrease in KM. At the 
highest temperature (53 ◦C), the thermal stability of the immobilized 
enzyme was approximately 50× higher than that of free β-galactosi
dase. The immobilized enzyme was applied 15 times in batch pro
cesses in lactose hydrolysis in skim milk and cheese whey, reaching 
hydrolysis rates higher than 50%. This study presents a support syn
thesized through a simple process without modification with chemical 
agents. This support was easily separated from the reaction medium 
and allowed oriented immobilization of high-molecular-weight pro
teins with histidine tail. The present study aims to continue this 
investigation using other metals, such as cobalt and zinc, for the 
functionalization of MNPs, aiming at the immobilization of high- 
molecular-weight proteins. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2021.06.060. 
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