Sensors and Materials, Vol. 32, No. 2 (2020) 799-808 799
MYU Tokyo

S & M 2138

Development and Characterization of Superparamagnetic
Nanomaterial to Determine Its Potential Application
in Removing the Bitterness of Table Olives

Elif Savas,l* Oznur Karaagac,2 Hakan Kockar,3
Mihrap Yasar Kaya,® Siimeyye Aydogan Tiirkoglu,® and Feray Kockar®

'Food Engineering Department, Engineering Faculty, Balikesir University,
10145, Cagis, Balikesir, Turkey
2Physics Department, Science & Literature Faculty, Balikesir University,
10145, Cagis, Balikesir, Turkey
3Molecular Biology and Genetics Department, Science & Literature Faculty, Balikesir University,
10145, Cagis, Balikesir, Turkey

(Received October 28, 2019; accepted December 27, 2019)

Keywords: superparamagnetic nanomaterial, iron oxide nanoparticles, enzyme immobilization,

B-glucosidase, debittering olives

The aim of this study is to develop stable superparamagnetic iron oxide nanoparticles
(SPIONSs) for the immobilization of B-glucosidase. The goal is to figure out the possibility of
applying immobilization techniques in the debittering of olives. In the present study, SPIONs
with a size of ~9 nm were synthesized by co-precipitation, and immobilization was carried out
by the formation of covalent bonds between B-glucosidase and SPIONs. The properties of the
free enzymes immobilized with SPIONs were compared by using commercial B-glucosidase as
a standard. The immobilized enzymes were characterized by using techniques including X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and transmission electron
microscopy (TEM). The results showed that SPIONs are an effective and suitable material for
the immobilization of B-glucosidase as well as a potential nanomaterial for the elimination of
olive bitterness originating from oleuropein.

1. Introduction

Various studies on immobilized enzymes and their matrices (support phases) have been
reported. Polymers,(1_3) zirconia,® zeolite,”) chitosan,® and carbon nanoparticles(7) are some
matrix materials that provide support to the binding of a particular enzyme. The immobilization
principle is to remove the enzyme from the reaction mixture without any damage to its function
and structure. Thus, immobilization technology allows the reuse of the enzyme eliminated
from the reaction mixture. Moreover, enzyme stability is enhanced with this technology.®)
Enzyme applications have also changed with the development of technology over time and the
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changing needs/demands connected with enzyme applications. In immobilization technology,
iron oxide nanoparticles (IONs) are an alternative matrix material.°~'? Most of the properties
of IONs satisfy biotechnological requirements, such as small particle size, high surface area,
superparamagnetic character, low toxicity, and biocompability.(13’l4) Many methods for the
immobilization of both water-soluble and membrane enzymes have been reported, and some
differences have been found in the activities of the immobilized and natural forms of the
enzymes. We''” showed that the immobilized enzymes can be captured in a local area in
a tube and navigated away by a NdFeB magnet. IONs have superior controllability in the

immobilization process with easy separation of the enzyme by using an external magnetic field. !9
(7.10)

2)

The adsorption on the matrix occurs in different ways, such as binding with covalent bonds,
adsorption on a substance present on the matrix,”) entrapment in a gel, and encapsulation.’
Another absorption reaction involves bonds formed by carbodiimide activation, which has
particular interest because the method based on this reaction is simple and highly effective.(!>16)

B-glucosidase, which plays an active role in regulating the systemic physiological activities
of plants, is also reported to be responsible for the food quality and flavor. The B-glucosidases
in olives catalyze the hydrolysis of phenolic glucosides such as oleuropein, demethyloleuropein,
verbascoside, and luteolin-7-glucoside found in olives, which have an adverse or positive impact
on health.'” Moreover, they are effective for removing the bitterness of olive fruit during table
olive production. The debittering process makes olives edible and palatable.

In previous studies, various support materials (matrices) have been used for the adsorption
of the enzyme. Many methods have been applied to carry out the binding reaction through
the formation of covalent bonds between the enzyme and the matrix.'829  The type of
reaction and its mechanism vary from enzyme to enzyme. Thus, the most important part
of the immobilization process is the development of the support matrix. There has been no
study on immobilizing the olive B-glucosidase on superparamagnetic iron oxide nanoparticles
(SPIONSs) by carbodiimide activation, although various studies about immobilization have been
reported. 51719

Therefore, in the present study, the B-glucosidase found in olive fruit was immobilized
using SPIONs. For this purpose, the p-glucosidase extracted from olives was selected as
the main compound to be immobilized. Commercial B-glucosidase was also obtained for
comparison with the extracted/isolated enzyme in terms of immobilization performance.
The immobilization of B-glucosidase by covering with SPIONs was investigated by Fourier
transform infrared spectroscopy (FTIR). The results of magnetic measurement showed that
the olive B-glucosidase immobilized using SPIONs exhibit the superparamagnetic property
similarly to a commercial B-glucosidase. It was also determined that SPIONs are an effective
and suitable matrix for the immobilization of B-glucosidase. In this study, we investigated the
possibility of B-glucosidase usage in table olive processing by the immobilization of the enzyme
using SPIONs without any denaturation. The characterization of the immobilization process
with the SPIONs was carried out to determine their potential for reuse.
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2. Materials and Methods
2.1 Materials

Commercial B-glucosidase (Rapidase™) was obtained from DNS Food Ingredients,
Denmark. The protein marker used was obtained from Fermentas (Waltham, Massachusetts,
ABD) and olive fruits (Olea europaea L.) including “Edremit cultivar” were obtained from
Edremit/Balikesir in Turkey.

2.2 Synthesis of IONs

The IONs were obtained by co-precipitation in air at room temperature. Iron (II) chloride
tetrahydrate (Merck, > 99%, analytical grade), iron (III) chloride hexahydrate (Sigma-Aldrich,
> 99%, analytical grade), and ammonium hydroxide (Merck, 25% ammonium in water) were
used for the synthesis. 28.38 g ferric and 13.92 g ferrous salts were dissolved in 50 ml deionized
water and a base solution was added to the salt solution under mechanical stirring. The solution
was allowed to remain at room temperature for 20 min since the reaction was carried out during
this period. After the reaction, the precipitate was washed three times with deionized water and

dried in an oven overnight to remove free water.?®

2.3 Extraction and purification of p-glucosidase from olive fruits

The seed was removed from each fruit and the cored fruit was sliced for the maceration
process. For this purpose, the sliced olives were titrated with 20 vol of acetone at —20 °C. The
maceration solution was left to stand at —20 °C for 15 min and the supernatant was removed by
decantation. The precipitate was treated with 8 vol of acetone (200 ml). This procedure was
repeated until a supernatant without any color was obtained. To obtain the crude extract, 0.25 g
of the protein precipitate was extracted with 17.5 ml of 0.1 M borate buffer (pH 9) containing
5 mM EDTA, 0.25% DTT (w/v), and 1 mM PMSF. Olive B-glucosidase was purified by two
sequential steps as described in Kara et al'” Specifically, after gentle stirring for 3 h at room
temperature, the coupled red sepharose derivative was washed with 1 L of water and then
200 mL of 0.05 M Tris (pH 7.5).?” The enzyme solution (3 ml) was loaded into the column
[1.0 cm diameter x 5.0 cm length, balanced with 50 mM sodium phosphate buffer (pH 6.8)
containing 1 M (NH4)2SO4]. The crude enzyme was eluted by using 1.0—0.0 M (NH4),SO4
with a linear gradient in the same buffer. The proteins containing the highest B-glucosidase
activity were selected and used as the purified enzyme for the next step after confirming its
homogeneity by gel electrophoresis.

2.4 Determination of B-glucosidase activity and its protein content

The enzyme activity of the immobilized and natural B-glucosidases was measured using
para-nitrophenyl-B-d-glucopyranoside (p-NPG) as a substrate.'”  The reaction mixture
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contained 0.05 M sodium acetate buffer (2.9 ml) at pH 5.5, 5 mM p-NPG (0.07 ml), and enzyme
solution (0.07 ml). The mixture was incubated at 37 °C for 30 min and the reaction was
blocked by adding 0.5 M sodium carbonate (0.07 ml). After the reaction, 4-nitrophenol was
released into the medium. The yield of released 4-nitrophenol was measured using a UV—-Vis
spectrophotometer (Thermo) at 410 nm. The concentration of released 4-nitrophenol was
determined according to the standard p-nitrophenol. Enzyme activity was determined as the
amount of p-nitrophenol in pmol formed per minute in the reaction mixture. The protein was
quantified by the Bradford method using bovine serum albumin as a standard. All enzyme
assays were performed in triplicate and reported as mean + SD.

2.5 Immobilization of olive B-glucosidase

Purified olive B-glucosidase was used as the main substrate for immobilization. In addition,
the recombinant B-glucosidase derived from fungi (Rapidase™) was also exposed to the
same applications for comparison with the purified enzyme. 20-100 mg of IONs was placed
in 2 ml buffer A (0.003 M phosphate, pH 6, 0.1 M NaCl) to immobilize B-glucosidase on the
IONs. After 0.5 ml of carbodiimide solution (0.025 g/mL) was placed in the reaction medium,
sonication was performed for 10 min. 2 ml of purified B-glucosidase was added to the medium,
and then the solution was sonicated for another 30 min. The same procedure was carried out for
commercial B-glucosidase (CP) (78 pg) with 75 mg of IONs.

2.6 Protein immobilization yield

The immobilization efficiency was evaluated in terms of protein yield by measuring the
difference between the protein concentrations in the B-glucosidase solution observed before and
after the immobilization process according to the following equation:

Ci—Cf

i

Protein immobilization yield (%) = x100 .

In the formulization, Ci is the initial protein concentration in the B-glucosidase solution and Cf'
is the final protein concentration in the solution after immobilization.

2.7 Characterization techniques

The crystal structure of the IONs was characterized by a Philips Analytical X-ray
diffractometer using CuK,, radiation (A = 1.54056 A) in the range of 20° < 26 < 80°. Images
of the nanoparticles were taken by a Tecnai G2 F30 high-resolution transmission electron
microscopy (TEM) system operating at an accelerating voltage of 200 kV. The size of
the nanoparticles (drgy) was measured from the image using the Image] program. FTIR
(PerkinElmer-1600 Series) was also employed to investigate the structure of the IONs, olive
B-glucosidase-immobilized IONs (B-IONs), and commercial-f-glucosidase immobilized IONs
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(CB-IONs). The magnetic properties of the IONs, B-IONs, and CB-IONs were measured by
a vibrating sample magnetometer (VSM, ADE EV9 Model) in the field range = 20 kOe (1 Oe
intervals) at room temperature.

3. Results and Discussion
3.1 Characterization of SPIONs

The X-ray diffraction (XRD) pattern of the SPIONs is shown in Fig. 1. TEM images of the
SPIONs were taken to determine their morphology and size. A TEM image is shown in Fig. 2.
The particles show a moderate size distribution. The physical particle size drgy, is found to be
8.2 £ 3.0 nm, which is in good agreement with dxgp (8.7 nm).

The IONs have a cubic spinel structure with the characteristic (311), (400), (422), (511), (440),
and (622) peaks of iron oxide at around 26 = 35, 43, 53, 57, 63, and 74°, respectively, according
to JCPDS card nos. 019-0629 and 039-1346. The mean particle size of the IONs, dygrp, was
calculated from the most intense peak (311) using the Scherrer equation(zg)
8.7 nm. The FTIR analysis also confirmed the formation of the IONs.

and found to be

3.2 Olive p-glucosidase purification and immobilization onto SPIONs

The olive B-glucosidase was purified by salting out with ammonium sulfate and using
specifically designed sepharose-4B-L-tyrosine-l-napthylamine hydrophobic interaction
chromatography. The purified protein migrated as a single polypeptide under 10% SDS-PAGE
(sodium dodecyl sulfate gel electrophoresis). The molecular weight estimated by SDS-PAGE
was 66 kDa. When the initial free f-glucosidase activity in the solution was 1644.87 U/ml, the
SPIONs immobilized B-glucosidase with an activity of 1669 U/ml. The immobilized enzyme
retained a similar activity balance.

The effects of several key immobilization conditions on the immobilization yield and
enzyme activity were investigated. The activity of the immobilized B-glucosidase was

20 30 40 50 60 70 80
20 (deqg.)

Fig. 1. XRD pattern of the SPIONSs. Fig.2. TEM image of the SPIONs.
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determined using p-NPG as a substrate. The B-glucosidase activity in the supernatant after
immobilization was also determined. A rapid increase in the yield of immobilization from 30.7
to 100% as well as in the enzyme activity from 2820.51 to 4662.3931 U/ml was observed with
increasing ION concentration from 5 to 25 mg (Tables 1 and 2).

In general, the amount of enzyme immobilized on carriers strongly affects the performance
of the immobilized enzyme. The exponential increase in enzymatic activity with the
immobilization yield observed in the present study was found to be similar to that observed
in a previous study.(zs) From the results, it was initially thought that there was an increase
in the number of amide groups available for binding to the amine groups in the enzyme with
a covalent bond. However, it was observed that a further increase in ION concentration to
100 mg induced a decrease in enzyme activity. As a consequence, the results showed that the
activity of the immobilized B-glucosidase did not increase, and that the number of amine groups
in the support decreased. This limitation of the binding capacity of the enzyme is similar to
that in a previous report.(29) Accordingly, the maximum weight ratio of IONs to B-glucosidase
was determined as 1/1091. Consequently, the most economically viable ratio of the ION to
B-glucosidase concentrations during the immobilization process was about 1/1091. In this
ratio, B-glucosidase was completely bound to IONs. The binding between B-glucosidase and
the nanoparticles (IONs) was of the monomolecular level in this study. This study provides a
comparison of some properties of the immobilized and free enzymes. The operational stability
of derivatives was studied and the enzyme remained active for a few cycles, which reinforces
the importance of the use of these immobilized catalysts.

3.3 Characterization of B-glucosidase-immobilized IONs

FTIR analysis was performed in the 400-4000 cm ' region, and the spectra of free
B-glycosidase, the IONs, and the immobilized samples are given in Fig. 3. In Fig. 3(a), the

Table 1
Immobilization efficiencies of various SPION concentrations on olive -glucosidase.

SPIONs Initial protein Bound protein Immobilization — Activity Relative activity

(mg) (ng) (ng) efficiency (%) (EU/mL) (EU/mL)
5 22.9 6.9 30 2821 60.5
15 22.9 13.9 61 3898 83.6
25 229 229 100 4662 100.0
75 22.9 22.9 100 4140 88.8
100 22.9 22.9 100 3207 68.8
Table 2

Immobilization efficiencies of various SPION concentrations on commercial 3-glucosidase.

SPIONs Initial protein Bound protein Immobilization  Activity Relative activity

(mg) (ng) (ng) efficiency (%) (EU/mL) (EU/mL)
5 78 14.5 18.5 15064 63.2
15 78 41.1 52.6 21975 92.1
25 78 54.1 69.4 22308 93.5
75 78 75.8 97.4 23850 100.0

100 78 78.0 100.0 23590 98.9
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Fig. 3. (Color online) FTIR spectra of (a) free f-glucosidase, (b) SPIONs, (c) B-SPIONSs, and (d) CB-SPIONs (*
may represent the amine vibration band and + may represent the amide vibration band in the samples).

transmittance peaks of free PB-glucosidase were observed. In the spectrum of the IONs in

Fig. 3(b), the transmittance peaks of iron oxide were observed at about 580 cm '

, confirming
Fe—O bond vibration.®? In addition, the shoulder peak observed at around 625 cm™ ! indicates
v-Fe O3 formation®! and also confirms ION formation. Peaks attributed to iron oxide (580
and 625 cm ') were also observed in the spectra of B-IONs and CB-IONs in Figs. 3(c) and 3(d),
respectively. A band was observed between 990 and 1100 cm'; this band also appears in the
spectra of B-IONs and CB-IONs. The peak at 1400 cm ! in the spectra of free p-glucosidase
and SPIONS, and the 545 and 620 cm ™' peaks of free B-glucosidase were absent in the spectra
of B-IONs and CB-IONs. The spectra of free f-glucosidase, SPIONs, and B-IONs (or CB-IONs)
indicate that SPIONs and B-glucosidase exist together in the sample. The FTIR measurements
of the samples confirmed the presence of iron oxide and that immobilization occurred.

The FTIR spectra of free B-glucosidase, IONs, and B-IONs (or CB-IONs) indicate that
IONs and B-glucosidase exist together in the sample. The FTIR measurements of the samples
confirmed the presence of iron oxide and that immobilization occurred.

The magnetization curve revealed that the IONs are superparamagnetic with zero coercivity,
H.. The mean magnetic particle size dy4g (With standard deviation, o) was calculated using
relationships in Ref. 32 and found to be 7.5 + 0.4 nm. This value is consistent with the dxzp
and drgys values. It was found that f-SPIONs and CB-SPIONS retained their superparamagnetic
character after the immobilization, and their M, values were 63.02 and 62.33 emu/g,
respectively. A small decrease (~5%) in M of SPIONs was observed after the immobilization
for both B-SPIONs and CB-SPIONs. This was attributed to the binding of B-glucosidase
to SPIONs, which leads to a reduction in the number of magnetic moments per weight in
the volume fraction. The M, values of bare Fe3O4 nanoparticles and enzyme-immobilized
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phosphonomethyl iminodiacetic acid (PMIDA)-conjugated Fe3O4 nanoparticles are 65.4 and
48.3 emu/g, respectively. A large decrease in M, (~26%) was observed upon immobilization as
compared with our results. This notable decrease was caused by the conjugation of PMIDA to
the magnetite nanoparticles before urease immobilization through the carbodiimide reaction.

(16) in which carbodiimide activation was used to immobilize paraoxonase 1 to

Another study,
magnetite nanoparticles, obtained an M; reduction of 10% (from 54.81 to 49.25 emu/g).

The magnetization curves of SPIONs, B-SPIONs, and CB-SPIONs measured at +20 kOe
are shown in Fig. 4, and magnifications of the curves are drawn at £200 Oe. The saturation
magnetization M of SPIONSs is 66.5 emu/g and the saturation field H is 7713 Oe.

Magnetic measurements were also performed simultaneously with activity measurements
until the activity of B-SPIONs ended. CB-SPIONs were also measured during the same
period. The M, values of B-SPIONs and CB-SPIONs versus time (weeks) are given with the
corresponding enzyme activities in Figs. 5(a) and 5(b), respectively. It was observed from Fig.
5(a) that the B-SPIONS lost all their enzymatic activity after six weeks, whereas their M; values
remained almost constant, confirming that olive B-glucosidase stay bounded to SPIONs. The
M value and activity of C-SPIONSs also remained almost constant during the six-week period [Fig.

5(b)].
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Fig. 4. (a) Magnetization vs magnetic field and (b) normalized magnetization curves of (i) SPIONs, (ii)
B-ISPIONS, and (iii) CB-SPIONS [the inset in (a) shows the magnetization curves at £200 Oe].
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Fig. 5.  Saturation magnetization values and enzyme activities of (a) B-SPIONs and (b) C-SPIONs vs time (weeks).
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4. Conclusion

Olive and commercial B-glucosidases were successfully immobilized on SPIONs by
carbodiimide activation. The SPIONs were synthesized by co-precipitation, and the XRD,
FTIR, and TEM techniques were used for their characterization. The particle size was found to
be 8.2 £ 3.0 nm according to the obtained TEM image. Magnetic measurements made at room
temperature showed that the nanoparticles were superparamagnetic and that their saturation
magnetization was 66.5 emu/g. FTIR verified the immobilization of the enzyme to the
nanoparticles. It was observed that both samples (olive and commercial B-glucosidases) showed
superparamagnetic behaviour after immobilization and retained their saturation magnetization
during a six-week period. It can be concluded that it is convenient to immobilize B-glucosidase
on SPIONSs.
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