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ABSTRACT

Background: Iron magnetic nanoparticles have attracted much attention. They have been used in enzyme
immobilization because of their properties such as product is easily separated from the medium by magnetic
separation. The present work was designed to immobilize horseradish peroxidase on Fe30, magnetic
nanopraticles without modification.

Results: In the present study, horseradish peroxidase (HRP) was immobilized on non-modified Fe;04 magnetic
nanoparticles. The immobilized HRP was characterized by FT-IR spectroscopy, scanning electron microscopy,
and energy dispersive X-ray. In addition, it retained 55% of its initial activity after 10 reuses. The optimal pH
shifted from 7.0 for soluble HRP to 7.5 for the immobilized HRP, and the optimal temperature shifted from
40°C to 50°C. The immobilized HRP is more thermostable than soluble HRP. Various substrates were oxidized
by the immobilized HRP with higher efficiencies than by soluble HRP. K, values of the soluble and
immobilized HRP were 31 and 45 mM for guaiacol and 5.0 and 7.0 mM for H,0,, respectively. The effect of
metals on soluble and immobilized HRP was studied. Moreover, the immobilized HRP was more stable against
high concentrations of urea, Triton X-100, and isopropanol.

Conclusions: Physical immobilization of HRP on iron magnetic nanoparticles improved the stability toward the
denaturation induced by pH, heat, metal ions, urea, detergent, and water-miscible organic solvent.

© 2017 Pontificia Universidad Catélica de Valparaiso. Production and hosting by Elsevier B.V. All rights reserved.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

with nanomaterials were also found to be higher than that of
macro-scale supporting materials, probably owing to their large

Immobilized enzymes have several advantages over soluble
enzymes such as retention and repeating of their catalytic activities.
The stabilization of enzyme activity was the most important
character for immobilizing enzymes. The immobilized enzymes were
useful in diagnostics, bioaffinity chromatography, and biosensor
applications. Compared with macromaterials as immobilization
matrix, nanomaterials are characterized by high surface area, low
mass transfer limitation, and high mobility of particles [1].
Immobilization of enzyme on nanomaterials avoids several problems
such as enzyme leaching [2], enzyme 3D structure loss [3], and strong
diffusion resistance. The surface area of nanomaterials would be
expected to provide better adsorption of enzyme. Enzyme loadings
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surface area [4].

In the past few decades, iron magnetic nanoparticles have attracted
much attention. Magnetic metal nanoparticles have been used in
protein/enzyme immobilization because of their unique properties such
as superparamagnetism, large surface area, large surface-to-volume
ratio, and easy separation under external magnetic fields [5,6]. Fe304
magnetic nanoparticles are the most prevalent materials because they
have low toxicity and good biocompatibility [7,8]. Because bare iron
magnetic nanoparticles often have high reactivity and easily undergo
degradation upon direct exposure to certain environments, leading to
poor stability and dispersity [9,10], various modification methods have
been developed to utilize soluble and biocompatible iron magnetic
nanoparticles for protein immobilization [11]. Several polymers such as
polyethylene glycol, polyvinylpyrrolidone, poly(ethylene-co-vinyl
acetate), poly(lactic-co-glycolic acid), polyvinyl alcohol, and acrylic
polymer have also been used as coating materials in aqueous
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suspension [12,13]. Moreover, natural dispersants including gelatin,
dextran, polylactic acids, starch, albumin, liposomes, chitosan, and ethyl
cellulose have been extensively used for coating in aqueous medium
[14,15,16,17].

Because immobilized enzymes can be reused several times during
applications, one has to avoid the laborious work of filtration of
the product; however, this process is accompanied by some inevitable
loss of the matrix, and this can be avoided by selecting magnetic
nanoparticles as the matrix so that the product is easily separated
from the medium by magnetic separation. Considering this
information, the present work was designed to immobilize HRP on
Fe30,4 magnetic nanoparticles without modification.

2. Materials and methods
2.1. Horseradish peroxidase and magnetic nanoparticles (Fe30,4)

Horseradish peroxidase (HRP) was previously purified from
horseradish cv. Balady. The detailed process was reported in our
previous paper [18]. Fe304 was purchased from Sigma-Aldrich and
used as received.

2.2. Peroxidase assay

Peroxidase activity was determined according to Yuan and Jiang
[19]. The reaction mixture contained in 1 mL, 8 mM H,0,, 40 mM
guaiacol, 50 mM sodium acetate buffer, pH 5.5, and the least amount
of enzyme preparation. The change of absorbance at 470 nm due to
guaiacol oxidation was recorded at 30-s intervals. One unit of
peroxidase activity is defined as the amount of enzyme that increases
the OD by 1.0 per min under standard assay conditions.

2.3. Immobilization procedure

Enzyme immobilization was performed by end-over-end on Fe304
magnetic nanoparticles with HRP dissolved in 50 mM sodium acetate
buffer pH 4.0 or Tris—HCl buffer pH 7.0 or 8.0 at room temperature
overnight. Aliquots of the supernatant were drawn, and the magnetic
nanoparticles were dried at room temperature to verify the progress
of immobilization. The immobilization efficiency % was calculated
from the following formula:

Immobilization efficiency % = Activity of immobilized enzyme/Initial
activity of soluble enzyme x 100

2.4. Structure characterization

The FTIR spectra of samples were obtained on a PerkinElmer
spectrum 100 FT-IR spectrometer. The morphology of the samples
scanning electron microscopy (SEM) and its energy dispersive X-ray
(EDX) were characterized by field emission scanning electron
microscopy (JEOL JSM-7600F, Japan). The microscope was operated at
an acceleration voltage of 2 kV and 10 mm work distance carbon film.

2.5. Reuse of immobilized enzymes

The reusability of the immobilized enzyme was studied by repeated
usage for approximately 10 times. The activity determined the first time
was considered 100% for the calculation of remaining percentage
activity after each use.

2.6. Physicochemical characterization of the enzyme

Kinetic studies were performed using different concentrations of
guaiacol and H,0, as substrates. The Ky, was calculated from the

Lineweaver-Burk double reciprocal plots. The optimal temperature
and pH for soluble and immobilized HRP were determined by
incubating the enzyme in pH ranging from 4.0 to 9.0 and temperature
ranging from 30°C to 80°C. The thermal stability was determined by
incubating the enzyme at different temperatures for 15 min. The
enzyme was taken out and kept in ice bath for 5 min. Then H,0, and
guaiacol were added for the determination of the enzyme activity. The
highest activity was taken as 100%.

2.7. Effect of metal ions

The effects of various metal ions on the enzyme activity of soluble
and immobilized HRP were determined by pre-incubating the enzyme
with 2 and 5 mM metal ions for 15 min before adding H,O, and
guaiacol. The activity in the absence of the metal ions was taken as 100%.

2.8. Effect of urea, organic solvents, and Triton X-100

The enzyme activity of soluble and immobilized HRP was
determined by assaying the enzyme in the presence of urea, Triton
X-100, or isopropanol. The enzyme activity without exposure to these
compounds was considered 100%.

3. Results and discussion

Physical immobilization can be considered the simplest
functionalization method employed in protein immobilization as it
may be easily performed by just dipping the material into a solution
containing the target biomolecules, and no additional coupling
reagents, surface treatment, and protein modification are required |20,
21,22]. A number of physically immobilized proteins based on iron
magnetic nanoparticles have been developed. For example, glucose
oxidase was immobilized onto Fe;0, magnetic nanoparticles by a
physical method for water deoxygenation, and 78% immobilization was
obtained, with a specific activity of 640 U/g [23]. In the present study,
HRP was immobilized on non-modified Fe30, magnetic nanoparticles.
Immobilization efficiency is affected by the concentration of
nanoparticles, concentration of HRP in solution, and pH of the solution,
which were optimized in this study. Fig. 1a shows the dependence of
the immobilization efficiency of HRP on Fe304 magnetic nanoparticles
concentration. Immobilization efficiency was enhanced with increase
in FesO4 concentration up to approximately 200 mg and then
decreased. Fig. 1b shows that the immobilization efficiency of HRP
increases with increasing initial concentrations of HRP up to 188 units.
The effect of pH on immobilization efficiency was studied (Fig. 1c). The
maximum immobilization efficiency of HRP was detected at pH 8.0.

It has been reported that metals oxides can form stable monolayers
by binding with ligands as long as their isoelectric points are lower than
the pKa of ligands [24]. Because the isoelectric point of Fe30, is 6.5-6.8
[25], which is lower than the pKa of HRP (above 8 [26]), it is expected
that a slightly alkaline pH around 8 would favor HRP immobilization
onto Fe;0,4 through its carboxyl groups.

The ATR-FTIR spectra of the magnetite nanoparticles Fe;0, and
Fe304-HRP samples are shown in Fig. 2. Both samples exhibit similar
absorption peaks with observed differences. Before HRP immobilization
onto Fe304, characteristic absorption peaks centered at 557 cm™! are
due to the Fe-O vibrations of Fes0,4 [27]. In addition, adsorbed water
molecules onto the surface of Fe30,4 are manifested by their bending
modes of vibration at 1653 cm™ and the O—H stretching vibrations
that centered at 3393 cm™! [27]. After HRP immobilization onto Fe30,,
a large and broad band is observed at 3333 cm’!, indicating the
presence of both the OH and NH, groups of water and HRP molecules,
respectively. The peak formed by the bending modes of water
molecules observed in the case of the Fes04 sample has become
enlarged and shifted after HRP immobilization. Because HRP is a
polypeptide and a biopolymer, its amide I and Il would be observed in
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Fig. 1. Effect of Fe;0, magnetic nanoparticle concentration (a), initial HRP concentration
(b), and pH (c) on the immobilization efficiency of HRP. Each point represents the
average of three experiments =+ S.E.

the FTIR spectra [28,29,30]. The Fe304-HRP sample in Fig. 2 shows the
appearance of amide I stretching peak due to C=0 and amide II
bending peak due to N—H around 1636 and 1541 cm™’, respectively.
Moreover, C—O stretching peak is clearly observed in Fe;04-HRP
sample, indicating the success of HRP immobilization onto Fe30,.

The SEM images of Fe;04 and Fe304-HRP samples are shown in
Fig. 3. The SEM images show a typical agglomeration of magnetic
nanoparticles with a better surface coverage and the appearance of

100 - f
r/“'/\*v,h L~

90 |
§ 80 |
[¥]
£
£ &0
-
F 50

40 L 1 1 1 J

460 1088 1716 2344 2972 3600
Wavenumber cm?
——Fe304 Fe304-HRP

Fig. 2. FT-IR spectra of Fe;04 magnetic nanoparticle and Fe;04-HRP.

large particles in the case of Fe304,-HRP samples compared with those
of Fe304. The EDX patterns of Fe304 and Fe304-HRP are shown in
Fig. 4, and their elemental compositions are summarized in Table 1.
Carbon peaks appear because of the use of carbon tapes during EDX
measurement. It is clearly observed that the percentage of elemental
composition has changed upon HRP immobilization onto Fe;04, and a
simple calculation based on both carbon and oxygen content would
indicate a rough percentage in the range of 6.6-10.8% of HRP
immobilization. We previously studied the vibrating sample
magnetometer (VSM) behavior of Fe;0,4 before and after mixing with
other materials, and the results indicated similar behavior of
hysteresis but with lower saturation magnetization in accordance
with its content in the mixture [31]. Because EDX data (Table 1)
confirmed that 7% of the HRP was immobilized, it was expected that
the saturation magnetization will be slightly affected accordingly.

The reusability of the immobilized enzyme was detected after
enzyme assay and washing the support with water to remove the
substrate and products and regain enzyme assay. As shown in Fig. 5,
the HRP immobilized on magnetic nanoparticles retained 55% of its
initial activity after 10 reuses, indicating that the immobilized HRP has
appropriate stability and can be reused. After the fifth repeated use,
p-cyclodextrin-capped silver nanoparticle-HRP (AgNP-HRP) retained
97% of its original activity [32].

The effect of pH on the activity of soluble and immobilized HRP
was evaluated by incubating these preparations in buffers of
varying pH values ranging from 4.0 to 9.0 (Fig. 6a). The pH shifted
from 7.0 for soluble HRP to 7.5 for the HRP immobilized on magnetic
nanoparticles, which retained significantly higher enzyme activity
both in acidic and alkaline pH compared to the soluble enzyme.
AgNP-HRP preparation showed no change in pH optimum (pH 8.0)
[32]. Lee et al. [33] reported that the activity of soluble HRP is
maximal near pH 7.0, and HRP immobilized on multi-wall carbon
nanotubes exhibits its activity over a broad range of pH values between
4 and 9. On the contrary, HRP immobilized on gold nanoparticles
showed the same pH optimum as their soluble counterpart, i.e., pH 5.0
[34].

The optimal temperature of soluble HRP shifted from 40°C to 50°C
for HRP immobilized on magnetic nanoparticles (Fig. 6b). The thermal
stability of soluble and immobilized HRP was also studied (Fig. 6¢).
The results showed that the immobilized HRP is more thermostable
than soluble HRP at all temperature tested from 40°C to 80°C. Ni et al.
[34] showed that both HRP immobilized on gold nanoparticles and
free HRP had good activity performance during long-time incubation
at 25°C. Moreover, the immobilized HRP had much higher activity
than the free form at 50°C, which indicated that the immobilized HRP
had better thermostability than free HRP. The thermal stability of HRP
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Fig. 3. SEM images of Fe;0, magnetic nanoparticle and Fe;0,-HRP.

immobilized on nanoporous silica, SBA-15 is significantly improved in
comparison with free HRP [35].

Table 2 shows the substrate specificity of soluble HRP and HRP
immobilized on magnetic nanoparticles. Various substrates were
oxidized by immobilized HRP with higher efficiencies than those
of soluble HRP. The enzyme activity on guaiacol was considered 100%
activity. Oxidation activity was in the order o-phenylenediamine >
o-dianisidine > p-aminoantipyrine > pyrogallo > ABTS with 69%, 29%,
22%, 12%, and 4% relative activity of soluble HRP, respectively.
However, oxidation activity was in the order o-phenylenediamine >
p-aminoantipyrine > o-dianisidine > pyrogallo > ABTS with 100%, 90%,
60%, 28%, and 25% relative activity of Immobilized HRP, respectively.
Valerio et al. [36] reported that reduction in the affinity of the
immobilized enzyme for the substrate compared to the soluble form

Spectrum 1

Fe304

0 2 4 6 8 10 12 14 16 18 20

Spectrum 1

Fe304-HRP

0 2 4 6 8 10 12 14 16 18 20
Full Scale 790 cts Cursor: 0.000 ke

Fig. 4. SEM-EDX spectra of Fe;04 magnetic nanoparticle and Fe;04-HRP.

could be attributed to the high concentration of protein that was
immobilized, generating diffusion effects, and the change of active site
of enzyme after contact with the solid surface of the support. Fig. 7
shows that the K, values of the soluble HRP and HRP immobilized on
magnetic nanoparticles were 31 and 45 mM for guaiacol and 5.0 and
7.0 mM for H,0,, respectively. The results showed that the soluble
HRP had more affinity toward guaiacol and H,0, than the
immobilized HRP. In the same manner, K,,, of H,0, and K, of 3/, 3/, 5,
5’-tetramethylbenzidine by HRP immobilized on gold nanoparticles
increased from 0.91 and 0.19 to 1.90 and 0.42 mM, respectively,
indicating the reduced affinity of HRP to both the substrates [34].

Table 1
Elemental composition of Fe;0, magnetic nanoparticle and Fe;04-HRP.
Fe;04 Fe;04-HRP
Elements Weight% Atomic Weight% Atomic%
Carbon 3.20 £+ 0.05 8.14 + 0.14 3.74 + 0.15 8.68 + 0.25
Oxygen 28.67 4+ 0.35 54.66 &+ 1.5 34754+ 15 60.59 4+ 2.3
Iron 68.12 4+ 1.2 3720 + 1.0 61.51 4 2.0 30.72 £ 0.95
Each value represents the mean of three experiments + S.E.
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Fig. 5. Reuse of HRP immobilized on Fe30, magnetic nanoparticle. Each point represents
the mean of three experiments + S.E.
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(a) ; Table 2
Substrate specificity of soluble HRP and HRP immobilized on Fe;0,4 magnetic nanoparticle.
1004 The activity with the guaiacol was considered 100%.
Relative activity %
X 804 Substrate Soluble HRP Immobilized HRP
E‘ o-Phenylenediamine 69 + 1.95 100 + 2.2
2 o-Dianisidine 29 + 0.75 90 + 2.7
° p-Aminoantipyrine 22 + 0.56 60 + 1.9
o 60 - Pyrogallol 124025 28 + 0.65
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S ABTS: 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid).
3 404 Each value represents the mean of three experiments + S.E.
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Fig. 6. Optimum pH (a), optimum temperature (b), and thermostability (c) of soluble HRP
and HRP immobilized on Fe30, magnetic nanoparticle. Each point represents the average
of three experiments + S.E.

The effect of metals on soluble HRP and HRP immobilized on
magnetic nanoparticles was studied (Table 3). Fe?™ had strong
activation for immobilized HRP compared to soluble HRP. Cu?* also
caused an activation effect for immobilized HRP and had no effect on
soluble HRP. All metals tested had less inhibitory effect on
immobilized HRP than on soluble HRP except for Hg?*, which caused

0.0 0.1
[1/Hy05] mM™]

Fig. 7. Lineweaver-Burk plot relating soluble HRP and HRP immobilized on Fe3;04
magnetic nanoparticle reaction velocity to guaiacol (a) and H,0, (b) concentrations.
Each point represents the average of three experiments =+ S.E.
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Table 3
Effect of metal ions on soluble HRP and HRP immobilized on Fe;0, magnetic nanoparticle.

Relative activity%

Soluble HRP Immobilized HRP

Metal ion 2 mM 5mM 2mM 5 mM
Control 100 + 2.90 100 + 1.86 100 + 3.15 100 + 2.80
Cu?™ 100 + 3.10 92 £2.21 150 + 345 130 + 1.65
Co®* 70 £ 1.10 71 £ 1.95 88 +£3.12 80 + 2.11
cd?* 78 £ 1.50 30 £1.20 91 +2.35 85 4 2.41
Ni2+ 72 +1.88 62 + 1.67 78 £ 1.55 70 £ 2.11
Zn** 0.0 0.0 56 + 1.08 29 +£0.95
Hg? ™" 45 + 1.65 30 + 0.75 75 4+ 1.85 63 + 1.66
Pb?+ 54 +1.29 45 4 1.25 70 + 2.14 62 + 1.85
Fe?* 159 + 3.65 96 + 2.65 280 + 4.77 168 + 3.11

Each value represents the mean of three experiments + S.E.

bonds and/or hydrophobic interactions, which contribute to the
maintenance of protein conformation [37,38]. Nanoparticle-bound
HRP was more resistant to inactivation induced by urea compared to
its soluble counterpart. The effect of concentration of urea on the
activity of the soluble HRP and HRP immobilized on magnetic
nanoparticles was studied (Table 4). The immobilized HRP retained
60% and 33% of its activity at 2 and 4 M urea, respectively, while
soluble enzyme retained 44% and 12%, respectively. Similarly, the
exposure of soluble HRP to 4 M urea for 2 h resulted in a loss of 70%
activity, although AgNP-HRP retained more than 80% of the initial
enzyme activity [32]. HRP immobilized on SBA-15 pores exhibited
significant improvement of resistance to urea exposure compared
with the free enzyme, with only ~20% denaturation at 5 M urea,
where the free enzyme activity dropped to 10%. The bound enzyme
activity dropped to 16% only at 10 M urea [35].

The activity of the soluble HRP and HRP immobilized on magnetic
nanoparticles was tested in the presence of Triton X-100 (Table 4).
The immobilized HRP exhibited 88% and 77% activity at 5% and 10%
Triton X-100, whereas the soluble enzyme showed 56% and 11%
activity, respectively. The results indicated that the immobilized HRP
was markedly more resistant to Triton X-100 than the soluble HRP.
The activity of the soluble HRP and HRP immobilized on magnetic
nanoparticles was monitored in the presence of isopropanol (Table 4).
Isopropanol caused a slight inhibition effect on the activity for
immobilized HRP compared to that on soluble HRP.

4. Conclusion

Although enzymes physically immobilized on iron magnetic
nanoparticles is simple and mild, this method generally involves
comparatively weak interactions such as electrostatic interactions [39,
40], hydrogen bonds [41], van der Waals forces [42,43,44], and
hydrophobic interactions [44], and the binding stability of the
adsorbed species is highly affected by environmental conditions (pH,
temperature, ionic strength, and biomolecule concentration). On the
contrary, our results appeared that the physical immobilization of HRP

Table 4
Effect of chemical compounds on soluble HRP and HRP immobilized on Fe30, magnetic
nanoparticle.

Relative activity%

Chemical Concentration Soluble HRP Immobilized HRP
Control - 100 £ 2.75 100 + 1.85
Urea 2M 44 +1.15 60 4 1.88

4M 124035 33+ 0.75
Triton X-100 5% 56 + 1.25 88 +2.23

10% 11+023 77 £ 1.26
Isopropanol 5% 42 4+ 0.85 90 + 1.78

10% 35 + 0.66 75 + 1.45

Each value represents the mean of three experiments + S.E.

on iron magnetic nanoparticles improved their stability toward the
denaturation induced by pH, heat, metal ions, urea, detergent, and
water-miscible organic solvent. The immobilization of HRP on iron
magnetic nanoparticles appeared promising in several practical
applications.
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