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Dependence property of isoelectric points and pH environment
on enzyme immobilization on maghemite/hydroxyapatite

composite particles

Takeshi YABUTSUKA!', Masaya YAMAMOTO' and Shigeomi TAKATI!

!Department of Fundamental Energy Science, Graduate School of Energy Science, Kyoto University,

Yoshida-honmachi, Sakyo-ku, Kyoto 606-8501, Japan

We aimed to establish enzyme immobilization technology using the maghemite/hydroxyapatite (Fe,O3;/HA)
composite particles as enzyme immobilization carriers and to clarify the enzyme adsorption characteristics of the
composite particles. Seven kinds of enzymes with various isoelectric points (pI) were immobilized on the Fe,O3/
HA composite particles in buffered solution adjusted at pH = 7.40 or pH = 10.0, 36.5 °C. Effects of the enzyme
pI and the solution pH on the immobilization were investigated. In both of the two kinds of buffered solutions,
there was an increase or decrease distribution with a maximum local value for |pH-pl|, which indicated the
charge state of the enzymes. The interaction between HA on the composite particles and adsorbed enzymes was
expected to be the largest when |pH-pI| = 1-2. It was suggested that a-chymotrypsin, whose adsorbed amount
was the most among the seven kinds of the enzymes, in addition, formed a monolayer on the surface of the
composite particles in the buffered solution at pH = 7.40, 36.5°C.
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1. Introduction

Hydroxyapatite [HA: Ca;o(PO4)s(OH),] accounts for ca.
70 % of human biological bones and can exist stably
in vivo without causing immune reaction due to its affin-
ity, that is, biocompatibility, to the natural bones"™ and
cells.?® In addition, HA has the property to bond directly
with the bone in vivo.” For this reason, HA has been
applied to artificial bones, artificial tooth roots, and bone
replacement agents as a biocompatible material.

Furthermore, HA has the property to adsorb biomole-
cules such as proteins and enzymes on its crystal surface.®)
Hydroxyapatite has two crystal planes, a-plane and c-plane.
The a-plane is positively charged due to the influence of
calcium ions, and the c-face is negatively charged due to
the influence of phosphate and hydroxyl groups.”»!? On
the other hand, proteins are positively or negatively
charged by charged amino acid residues such as aspartic
acid, glutamic acid, lysine, arginine, and histidine. The two
crystal planes of the charged hydroxyapatite are thought
to adsorb proteins by electrostatically interacting with the
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charged amino acid residues of proteins.!D~13) Using this
biomolecular adsorption property, the HA is used as a
column packing material for chromatography to separate
and purify proteins®'9*! and as a carrier for immobilized
enzymes.'?

As the temperature and pH of simulated body fluid
(SBF)!'®"!7 with ion concentrations nearly equal to those
of human blood plasma are increased, fine particles of
calcium phosphate are precipitate in the solution. Yao
et al. found that these particles induced HA formation in
SBF in a highly active manner and named them ‘apatite
nuclei’ (ApN).'® Various novel bio-functional materials
have been developed by forming HA by a biomimetic
method combining ApN and SBF. In the previous study,
for example, we fabricated HA capsules by attaching ApN
to the surface of core materials and immersing them in
SBF, in which HA induced by the ApN covered the entire
surface of the core materials.'”

The Fe,O3/HA composite particles, which are HA
particles containing maghemite ()-Fe,Os) particles, adsorb
enzymes on the surface of the particles by the biomolecule
adsorption property of HA and the adsorbed enzymes
catalyze chemical reactions. By using y-Fe,Os particles
as the core microparticles and making the HA magnetic,
it can be quickly recovered from the solution by mag-
netic force. By fixing the magnetic apatite capsule with
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immobilized enzymes on another material, in addition,
further applications such as biosensors and bioreactors can
be considered.

In the previous study, we immobilized urease on Fe,O5/
HA composite particles and fabricated immobilized en-
zyme capsules for hydrolyzing urea.?”’ However, the
physical properties and characteristics of the enzyme and
the effect of the surrounding environment on the adsorp-
tion property of the enzyme have not been clarified. In
the previous study, for example, we investigated enzyme
immobilization behavior on the Fe,O;/HA composite
particles and commercially obtained rod-type HA particles
in phosphate-buffered saline (PBS).2") However, it can be
predicted that enzyme immobilization behavior should
change in different pH environments.

In this study, Fe,O3/HA composite particles were fabri-
cated by the biomimetic method using ApN and SBF, and
the material properties were evaluated. Then, enzymes
were immobilized on the prepared Fe,O3;/HA composite
particles. The enzymes have different properties, such as
isoelectric point, and the adsorption properties are expected
to be different. In addition, when the pH of the solvent
changes, the dissociation state of the carboxy and amino
groups of the enzyme also changes. Hence the adsorption
properties may also differ depending on the solvent. In this
study, therefore, we immobilized seven enzymes with vari-
ous isoelectric points in PBS at pH 7.40 or carbonate/
bicarbonate buffer (CBB) at pH 10.0 and investigated the
effects of the isoelectric points of the enzymes and the pH
of the solutions on the immobilization.

2. Materials and methods

2.1 Preparation of SBF and ApN

Reagent-grade NaCl, NaHCO;, KCI, K,;HPO,4-3H,0,
MgCl,-6H,0, CaCl,, and Na,SO,4 (Fujifilm Wako, Japan)
were dissolved in distilled water to the concentrations cer-
tified in ISO 23317.'7 Tris-hydroxymethyl-aminomethane
(Fyjifilm Wako) was added gradually to a final concen-
tration of 50mM and then adjusted to 36.5°C, pH =
7.40 with 1 M HCI (Hayashi Pure Chemical, Japan), and
the mixture was scale-up to 2L. Tris-hydroxymethyl-
aminomethane was added to 2 L of the prepared SBF again
and adjusted to pH = 8.40 at 25.0°C. Then, ApN were
precipitated in the SBF by irradiating with 700 W micro-
waves for 9 min. Using a nitrocellulose membrane filter
(Merck Millipore, USA) with an average pore size of 50
nm, the precipitated ApN were collected by suction filtra-
tion. The ApN were washed with 200 mL of distilled water
and dried in an incubator at 36.5 °C.

2.2 Fabrication of
particles
To 1L of distilled water, 30 mg of ApN and 10 mg of y-
Fe,03 particles (Sigma-Aldrich, USA) were added and
dispersed by ultrasonication for 10 min. The mixed solu-
tion was suction-filtered through a nitrocellulose mem-
brane filter (Merck Millipore, USA) with an average pore
size of 0.3 um, and the )-Fe,O3 particles with attached

Fe,Os/HA composite

ApN were collected. The collected y-Fe,Oj; particles with
attached ApN were added to 1L of the SBF adjusted at
pH = 7.60, 36.5°C, and dispersed by ultrasonication for
S min. The mixed solution was placed in a screw vial and
shaken by a rotary shaker in an incubator at 36.5 °C for
24h to produce Fe,O3;/HA composite particles. The
Fe,0O3/HA composite particles were collected by suction
filtration through a nitrocellulose membrane filter with an
average pore size of 0.3 um, washed with distilled water,
and dried at 36.5°C.

2.3 Analyses of Fey0O3/HA

particles

The Fe,O3/HA composite particles were evaluated by
scanning electron microscopy (SEM: SU6600, Hitachi
High-Technologies, Japan), energy dispersive X-ray ana-
lyzer (EDX: XFlash® 5010, Bruker, USA), Fourier trans-
fer infrared spectrophotometer (FT-IR; FT-720, HORIBA,
Japan) based on the attenuated total reflection method,
powder X-ray diffraction (XRD: Ultima IV, Rigaku, Japan)
using CuKoa radiation. In order to measure the molar
ratio of calcium to phosphorus (Ca/P) in Fe,03;/HA com-
posite particles, the composite particles were dissolved
in 1M nitric acid and subjected to inductively coupled
plasma atomic emission spectroscopy (ICP: ICPS-7510,
SHIMADZU, Japan).

In order to estimate the collected amount by magnetic
force, Fe,03;/HA composite particles dispersed in distilled
water (2mg-mL~") were collected by a neodymium mag-
net, and the distilled water was removed by decantation.
The collected Fe,O3/HA composite particles were dried
at 36.5°C and weighed.

composite

2.4 Investigation of immobilization equilib-
rium time

Fe,O3/HA composite particles were added to the pre-
pared PBS to a concentration of 4mg-mL~! and dispersed
by sonication for 5min. Similarly, the enzyme was dis-
solved in PBS to 2mg-mL~! and mixed with the Fe,03/
HA composite particles suspension in equal amounts. The
mixed solution was stirred at 30.0 °C and 2,000 rpm for 12,
18, and 24 h using a vortex mixer. After stirring, the mix-
ture was centrifuged (2000 rpm, 5 min) and separated into
precipitated Fe,O3;/HA composite particles and super-
natant solution. The enzyme concentration in the super-
natant was measured by Bradford’s method?” using
ultraviolet—visible absorption spectroscopy (U-5100, Hita-
chi High-Technologies, Japan), and the immobilization
efficiency was determined from the following Eq. (1).

Immobilization efficiency = (Cy — C1)/Co (1)

In Eq. (1), Cy is the initial concentration of the enzyme
solution, and C; is the concentration of the enzyme
remaining in the supernatant.

2.5 |Investigation of the effect of pH of the
buffer solution
Table 1 shows the list of enzymes used in this study and
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hydroxyapatite composite particles

their pl. Fe,O3/HA composite particles were added to PBS
or CBB to a concentration of 4 mg-mL~! and dispersed by
sonication for 5 min. Similarly, the enzyme was dissolved
in PBS or CBB to 2mg-mL~! and mixed with the Fe,05/
HA composite particles suspension in equal amounts. The
mixed solution was stirred at 30.0 °C and 2,000 rpm for
24h using a vortex mixer. After stirring, centrifugation
(2,000 rpm, 5 min) was performed, and the enzyme concen-
tration in the supernatant was measured by the Bradford
method to obtain the immobilization efficiency from
Eq. (1). The collected Fe,0O3/HA composite particles were
washed with PBS or CBB and dried at 36.5 °C.

2.6 Adsorption isotherm

Fe,0O3/HA composite particles were added to the pre-
pared PBS to a concentration of 4mg-mL~" and dispersed
by sonication for 5 min. The a-chymotrypsin, which had
shown the most immobilization efficiency among the
seven enzymes in the test previously described, was dis-
solved in PBS to become 0.2, 0.4, 0.8, 1.6, 2.0, and 4.0
mg-mL~! and mixed with Fe,03/HA composite particles
suspension in equal amounts. The mixed solution was
stirred at 30.0°C and 2,000 rpm for 24 h using a vortex
mixer. After stirring, centrifugation (2,000 rpm, 5 min) was
performed, and the enzyme concentration in the super-
natant was measured by the Bradford method to obtain the
immobilization efficiency (/) from Eq. (1). The adsorp-
tion capacity was determined from Eq. (2).

Adsorption capacity [mg-g“] = CoVIn/m x 0.01
)

In Eq. (2), V is the total volume of the mixed solution,
and m is the weight of the Fe,O3/HA composite particles.

Table 1. Enzymes used in this study

Enzyme pl Maker

Pepsin 2.6 Sigma-Aldrich
Invertase 3.8 Sigma-Aldrich
Urease 5.0 Fujifilm Wako
Peroxidase 7.2 Fujifilm Wako
o-Chymotrypsin 8.75 Sigma-Aldrich
Trypsin 10.1 Sigma-Aldrich
Lysozyme 11.0 Fujifilm Wako

Fig. 2.
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3. Results and discussion

Figure 1(a) shows the FT-IR spectra of commercially
obtained )-Fe,O; particles and Fe,O3;/HA composite
particles obtained in this study. In the spectrum of y-
Fe,03 particles, no peaks were observed around 1,000
cm~!. In the spectrum of Fe,O3/HA composite particles,
new peaks due to P-O stretching vibration were observed
around 1,000 cm™! compared to the spectrum of y-Fe,03
particles. This is a characteristic peak attributed to phos-
phate groups. Therefore, the Fe,O;/HA composite par-
ticles were considered to contain phosphate groups indeed,
and this was predicted to be derived from HA.

Figure 1(b) shows the powder XRD patterns of com-
mercially obtained y-Fe,Oj particles and Fe,03/HA com-
posite particles obtained in this study. The diffraction
pattern of the y-Fe,Oj5 particles showed several firm peaks
attributed to -Fe,0s. In contrast, the diffraction pattern of
the Fe,O3/HA composite particles showed new firm
peaks, mainly around 26 and 32°, in addition to the peaks
of y-Fe,0;. These peaks were attributed to HA and had an
overall shape, suggesting that the HA on the obtained
Fe,O3/HA composite particles had low crystallinity.

Figure 2 shows the SEM image and the EDX spectrum
of Fe,O3/HA composite particles fabricated in this study.
In Fig. 2(a), the needle-like crystals characteristic of HA
formed in the SBF formed almost spherical particles.
On the other hand, no HA formation was observed by
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(a) SEM image and (b) EDX spectrum of Fe,03/HA composite particles.
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dispersing only y-Fe,05 particles in the SBF. Hence, it is
considered that HA grew from ApN, which might be
agglomerated with y-Fe,0; particles in the SBF, resulting
in spherical particles of 1-2 um in diameter. In the EDX
spectrum of the Fe,03/HA composite particles shown in
Fig. 2(b), the iron peak derived from )-Fe,O3; and the
calcium and phosphorus peaks derived from HA were ob-
served. The magnesium peak was also detected, suggest-
ing that it is a low-crystalline calcium phosphate with
some Ca’* replaced by Mg?*. In the previous study, we
fabricated Fe,O3/HA composite particles using ApN ob-
tained by raising the pH of SBF to 8.60, 25.0 °C without
raising the temperature.?”) In this study, we fabricated them
using ApN by raising the pH of SBF to 8.40 and subse-
quently raising the temperature by microwave. However,
the material morphology of the Fe,O3;/HA composite
particles was not so changed only by changing the ApN
preparation condition in this experimental system. Hence,
it is considered that the HA formation ability of both the
ApN was not so different.

The average Ca/P molar ratio of the Fe,03;/HA com-
posite particles was calculated at 1.46. It was reported that
the Ca/P molar ratio of calcium-deficient apatite is ca.
1.5,22% and the Fe,03/HA composite particles prepared
in this study showed an almost similar level. Therefore, the
HA in the Fe,03/HA composite particles is considered to
be low-crystalline calcium-deficient HA.

The collection ratio of Fe,O3;/HA composite particles
by neodymium magnet was measured, and 90.0 +4.7 %
of Fe,O3/HA composite particles could be collected.
Therefore, it was shown that the Fe,03/HA composite par-
ticles could be collected by magnetic force without being
shielded by the HA covered on the surface of the com-
posite particles. This result suggested that the Fe,O;/HA
composite particles can be available for enzyme immobi-
lization carriers by adsorption of enzymes on HA and
collection of the enzyme-adsorbed particles in magnetic
fields by the magnetism of )-Fe,0Os.

Figure 3 shows the time characteristics of the immobi-
lization efficiency of various enzymes with different pl in
PBS. The immobilization efficiency of all kinds of en-
zymes increased after 12 h, and the immobilization reached
equilibrium within 24 h in the experimental system in this
study. After equilibrium, c-chymotrypsin showed the most
immobilization amount among the seven kinds of enzymes.
In contrast, pepsin, peroxidase, and lysozyme showed less
than 20 % of immobilization efficiency. This result shows
that immobilization efficiency was vastly different depend-
ing on the kinds of enzymes. In the previous study, we
investigated urease immobilization on Fe,O3;/HA com-
posite particles by investigating the amount of nickel,
which exists an active center of urease, using inductively
coupled plasma atomic emission spectroscopy.?”) This
study showed a similar level of urease immobilization.

Figure 4(a) shows the immobilization efficiency of the
enzyme on Fe,O3;/HA composite particles in PBS. The
abscissa is the pl of the enzyme. When the pl was lower
than 6, the immobilization efficiency increased as the pl

increased. When the pl was higher than 8, in contrast, the
immobilization efficiency decreased as the pl increased.
When the pl was ca. 7, which was almost the same value
as the initial solution pH, the immobilization efficiency
was considerably low. In other words, immobilization effi-
ciency was not linearly changed depending on the increase
of the pl. This phenomenon was contrary to our initial
expectations.

Figure 4(b) shows the immobilization efficiency of the
enzymes immobilized on Fe,O3/HA composite particles
in CBB. The abscissa is the pl of the enzyme similar to
Fig. 4(a). By changing the pH of the solution from 7.40
to 10.0, it can be seen that the immobilization efficiency
of each enzyme was respectively changed. Even in CBB,
however, the immobilization efficiency did not change
linearly depending on the enzyme pl, similar to the case of
PBS. When the pl was lower than 9, the immobilization
efficiency increased as the pl increased. When the pl was
ca. 10, which was almost the same value as the initial solu-
tion pH, the immobilization efficiency became consider-
ably low. When the pl was higher than 11, the immobi-
lization efficiency increased in comparison with pl ~ 10.
For both in the case of PBS and CBB, it can be seen that
immobilization efficiency increased as pl was close to
solutions pH. When the pl was too close to the initial pH,
however, the immobilization efficiency became consider-
ably low in the case of both PBS and CBB. In order to
clarify the correlation of the pl and the immobilization
efficiency more clearly, we introduced another estimative
index.

Tables 2 and 3 show the results of the pH measurement
of the enzyme solution. Because the enzyme is a high-
molecular compound consisting of amino acids, it has
many dissociating groups and polar groups, and its charge
state differs depending on the pH. In an enzyme solution at
pH = pl, the sum of the positive and negative charges of
the enzyme is zero, and the solution is electrically neutral.
The closer the value of [pH-pl| is to zero, the closer the pH
of the solution is to the pl, and the more electrically neutral
the enzyme is. Conversely, the larger the value of |pH-pl|,
the more strongly the enzyme is charged.

Figure 5(a) shows the immobilization efficiency of
enzymes immobilized on Fe,O3/HA composite particles
in PBS, where the abscissa is |pH-pl|. The immobilization
efficiency did not linearly increase or decrease with the in-
crease of [pH-pl|. The immobilization efficiency was small
when |pH-pl| was close to 0, reached a maximum when
|[pH-pI| = 1.74, and then decreased as |pH-pl| increased
from |pH-pl| = 1.74 to a higher value. These results sug-
gest that the immobilization of enzymes on Fe,O;/HA
composite particles was not only dominated by the inter-
action of the electric double layer but also occurred due to
various factors such as van der Waals forces and local
ionic interactions. In other words, it is considered that the
effect of the electric double layer of the carrier particles
was only a partial factor governing the enzyme adsorption.
In the previous study, in addition, we have clarified that
similar phenomena, that is, the above relationship between
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Fig. 3. Immobilization efficiencies of (a) pepsin, (b) invertase, (c) urease, (d) peroxidase, (¢) ®-chymotrypsin,
(f) trypsin and (g) lysozyme on Fe,O3;/HA composite particles in PBS.

the immobilized amount and |[pH-pl|, were also shown
on the commercially obtained rod-type HA particles.?!
Hence, it is considered that such a tendency of enzyme
immobilization from the viewpoint of isoelectric points
was tightly related to the interactions between the HA
surface and enzymes.

Figure 5(b) shows the immobilization efficiency of
enzymes immobilized on Fe,O3/HA composite particles
in CBB. The abscissa is set as |[pH-pl| similar to the case
of PBS. When the abscissa was set as [pH-pl|, the same
tendency as in the case of PBS was observed: «-
chymotrypsin (JpH-pl| = 1.74 in PBS) was immobilized
the most in PBS, and «-chymotrypsin ([pH-pl| = 1.27 in
CBB) was immobilized the most in CBB, too, suggest-
ing that |pH-pl| = 1-2 was maximum local value for the
enzyme immobilization efficiency. In other words, the
interaction between Fe,O;/HA composite particles and
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enzymes is considered to be the largest when |pH-pl| =
1-2. In contrast, it is considered that the interaction was
considerably low when pH~pl. Hence, the enzymes with
low immobilization efficiency in this experimental sys-
tem might show high ones by using solvents that make
[pH-pl| = 1-2.

Figure 6(a) shows the adsorption isotherm of «-
chymotrypsin, which showed the most immobilization
efficiency among the seven kinds of enzymes on Fe,O3/
HA composite particles in PBS. The adsorption capacity
(ge) increased with increasing equilibrium concentration
(Co) and gradually reached saturation. Such types of
adsorption isotherm are so-called the Langmuir type, and it
is assumed that monolayer adsorption occurred. Based on
Langmuir’s equation, the ordinate in Fig. 6(a) was con-
verted from ¢, to C./q., and we re-plotted it in Fig. 6(b).
Because the R? value of the approximate line was close to
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Table 2. pH and |pH-pl| in enzyme dispersed PBS

Enzyme pH [pH-p]|
Pepsin 7.16 4.56
Invertase 7.34 3.54
Urease 7.32 2.32
Peroxidase 7.28 0.08
o-Chymotrypsin 7.01 1.74
Trypsin 7.09 3.01
Lysozyme 7.28 3.72

Table 3. pH and |pH-pl| in enzyme dispersed CBB

Enzyme pH [pH-pl|
Pepsin 9.99 7.39
Invertase 9.91 6.11
Urease 9.97 4.97
Peroxidase 10.04 2.84
«o-Chymotrypsin 10.02 1.27
Trypsin 9.99 0.11
Lysozyme 10.05 0.95

1, it is speculated that c-chymotrypsin formed a mono-
layer on the surface of the Fe,0O3/HA composite particles.

We acknowledge the several limitations in this report.
First, we used only two kinds of buffered solutions at
pH 7.40 or pH 10.0 in this study. In order to clarify the
correlation of the immobilization efficiency, pH and pl

100 o
(a)
80 | 4

60

40 ®

20

Immobilization efficiency / %

—=X="
E 2

o
N
N
w
S
o
o]
~
(o]

100

60

Immobilization efficiency / %

IpH-pl|
Fig. 5. Dependence property between immobilization effi-
ciency and |pH-pl| of enzymes used in this study in (a) PBS
and (b) CBB. Each symbol shows the kinds of enzymes and is
corresponded to that in Fig. 3.

more deeply, immobilization tests using buffers at various
pH should be carried out. In addition, the relationship
between immobilization efficiency and activity of enzymes
with various isoelectric points has not been investigated in
this study. The previous study examined the urease activ-
ity immobilized on the Fe,O3;/HA composite particles.?”
Although the decomposition speed of urea was slower than
the not-immobilized urease, it was clarified that the immo-
bilized urease decomposed urea almost entirely in the
aqueous solution.?” However, the activity of the immobi-
lized other enzymes, such as basic protein, has not been
investigated yet. The relationship between enzyme activity
after the immobilization and their isoelectric points is an
essential factor for utilization for enzyme immobilization
technology. These points will be clarified in a future study.

4. Conclusion

We fabricated the Fe,03/HA composite particles with
magnetism. The immobilization efficiency of the enzyme
on the Fe,O3/HA composite particles did not show a
strong correlation with the isoelectric point. The immobi-
lization efficiency did not increase or decrease linearly
with the increase of |[pH-pl| but reached a maximum at -
chymotrypsin and then decreased with the increase of
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