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Abstract

The covalently binding of yeast alcohol dehydrogenase (YADH) to magnetic nanopatrticles via carbodiimide activation was
studied. The magnetic nanoparticlessGg with a mean diameter of 10.6 nm were prepared by co-precipitatifty &ed
Fe** ions in an ammonia solution and treating under hydrothermal conditions. Transmission electron microscopy (TEM)
micrographs showed that the magnetic nanoparticles remained discrete and had no significant change in size after binding
YADH. X-ray diffraction (XRD) patterns indicated both the magnetic nanoparticles before and after binding YADH were
pure FgO4. Magnetic measurement revealed the resultant magnetic nanoparticles were superparamagnetic characteristics,
and their saturation magnetization was reduced only slightly after enzyme binding. The analysis of Fourier transform infrared
(FTIR) spectroscopy confirmed the binding of YADH to magnetic nanoparticles and suggested a possible binding mechanism.
In addition, the measurement of protein content revealed that the maximum weight ratio of YADH bound to magnetic
nanoparticles was 0.125, below which the binding efficiency of YADH was almost 100%. The kinetic measurements indicated
the bound YADH retained 62% of its original activity and exhibited a 10-fold improved stability than did the free enzyme. The
maximum specific activities and Michaelis constants were also determined. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Immobilization is one of the efficient methods
to improve enzyme stability. Many organic and in-
Alcohol dehydrogenase which catalyzes the oxida- organic substances have been used as the support
tion of alcohols and the reduction of carbonyl com- materials. Among them, magnetic particles receive
pounds such as aldehydes and ketones has attractedonsiderable attention because of their wide uses in
attention because of its potential applications in the the immobilization of proteins and enzymes [6-10],
production of various starting materials and interme- bioseparation [11-14], immunoassays [15,16], drug
diates in chemical industry, the synthesis of chiral delivery [15,17,18], biosensors [19], protein assay
compounds, the regeneration of coenzymes NAD(P) [20] and so on. Their sizes are usually in the submi-
and NAD(P)H, and biosensors [1-3]. Unfortunately, crometer to micrometer. In the recent years, the nano-
its stability is poor and hence limits its practical sized magnetic particles receive increasing attention
applications [4,5]. with the rapid development of nanostructured materi-
als and nanotechnology in the fields of biotechnology
"+ Corresponding author. Tel+886-6-2757575x62680: and medicine [21,22]. Us_i_ng magnetic nanoparticles
fax: +886-6-2344496. as the support of immobilized enzymes has the fol-
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was obtained for the binding of a larger amount of tetrahydrate were the products of J.T. Baker (Phillips-
enzymes, (2) lower mass transfer resistance and lessburg) and Fluka (Buchs), respectively. 2-Butanone was
fouling, and (3) the immobilized enzymes can be an analytic grade reagent of Ferak (Germany). Am-

selectively separated from a reaction mixture by the
application of a magnetic field [6].

Magnetite (FeO,) is one of the famous magnetic
materials in common use. Due to strong magnetic
property and low toxicity, its applications in biotech-
nology and medicine has gained significant attention

[23]. Many bioactive substances such as enzymes,

monium hydroxide (29.6%) was supplied by TEDIA
(Fairfield). Tris(hydroxymethyl)aminomethane (Tris)
and hydrochloric acid were the guaranteed reagents of
E. Merck (Darmstadt). The water used throughout this
work was the reagent-grade water produced by Milli-Q
SP ultra-pure-water purification system of Nihon
Millipore Ltd., Tokyo. All other chemicals were the

proteins, antibodies, and anticancer agents have beerguaranteed or analytic grade reagents commercially

bound to it [6-20]. The binding is commonly accom-
plished through the surface coating with polymers,
the use of coupling agents or crosslinking reagents,

and encapsulation. Recently, a new method for the

direct binding of proteins such as bovine serum albu-
min via carbodiimide activation was reported [24,25].
This method is notable due to its simplicity and high
efficiency.

The immobilization of alcohol dehydrogenase on

available and used without further purification.

2.2. Preparation of magnetic nhanoparticles

Magnetic nanoparticles E®,; were prepared by
co-precipitating F& and Fét ions by ammonia
solution and treating under hydrothermal conditions
[24,25]. The ferric and ferrous chlorides (molar ratio
2:1) were dissolved in water at a concentration of

various supports has been investigated by several re-0.3 M iron ions. Chemical precipitation was achieved

searchers [4,26-28]. However, its immobilization on
magnetite nanopatrticles was reported only by Shinkai
et al. [29], and the residual activity was relatively low
(12%). In this work, the direct binding of YADH to
magnetite nanoparticles via carbodiimide activation

at 25°C under vigorous stirring by adding N©H
solution (29.6%). During the reaction process, the pH
was maintained at about 10. The precipitates were
heated at 80C for 30 min, then washed several times
with water and ethanol, and finally dried in a vacuum

was investigated. The size, structure, and magnetic oven at 70C.

property of the resultant nanoparticles were charac-

terized by transmission electron microscopy (TEM),
X-ray diffraction (XRD), and the superconducting
guantum interference device (SQUID) magnetometer.
The binding of YADH to magnetic nanoparticles was
confirmed by Fourier transform infrared (FTIR) spec-
troscopy. The stability and activity of bound YADH
were also examined.

2. Materials and methods

2.1. Chemicals

Crystallized and lyophilized alcohol dehydroge-
nase (EC1.1.1.1) from baker's yeast (No. A-3263),
B-nicotinamide adenine dinucleotide, reduced form
(NADH, N-8129), and carbodiimide were purchased
from Sigma (St. Louis, MO). Bio-Rad reagent for pro-
tein assay was obtained from Bio-Rad Lab. (Hercules).
Ferric chlorides, 6-hydrate and ferrous chloride

2.3. Binding of YADH to magnetic nanoparticles

For the binding of YADH, 20—-100 mg of magnetic
nanoparticles were first added to 2ml of buffer A
(0.003 M phosphate, pH 6, 0.1 M NaCl). Then, the re-
action mixture was sonicated for 10 min after adding
0.5 ml of carbodiimide solution (0.025 g/ml in buffer
A). Finally, 2.5 ml of YADH solution (0.8-2.4 mg/ml
in buffer A) was added and the reaction mixture was
sonicated for 30min. The preliminary experiment
showed the residual activity of bound YADH obtained
at 4°C (62%) was much higher than that obtained at
25°C (17%). So, in this work, the binding process
was carried out at a constant temperature a€4The
YADH-bound magnetic nanoparticles were recov-
ered from the reaction mixture by placing the bottle
on a permanent magnet with a surface magnetiza-
tion of 3000 G. The magnetic particles settled within
1-2min. The supernatant was used for the protein
analysis. The precipitates were washed with buffer A,
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then buffer B (0.1 M Tris, pH 8.0, 0.1 M NacCl), and
then directly used for the measurements of activity
and stability. It deserves to be mentioned that NaCl
was used for the flocculation of magnetic nanopar-
ticles [9]. Its addition could accelerate the magnetic
separation, particularly in alkaline solutions.

2.4. Characterization

The size and morphology of magnetic nanopar-
ticles were observed by TEM using a JEOL model
JEM-1200EX at 80kV. The sample for TEM analy-
sis was obtained by placing a drop of the magnetic
nanoparticles-dispersed ethanol solution onto a Form-
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via a permanent magnet was used for the analysis
of NADH concentration. Unless otherwise stated, the
amount of bound YADH to 100 mg magnetic nanopar-
ticles was 5 mg YADH. The activity of YADH was de-
termined in buffer B at 25C, and the concentrations
of NADH, 2-butanone, YADH in the reaction mixture
were 0.2 mM, 0.06 M, and 1.0 mg/ml, respectively.
For free YADH, the activity measurement was done
following the similar procedures and conditions for
the bound YADH except that free YADH was used
and magnetic separation was unnecessary.

2.6. Stability measurement

var covered copper grid and evaporated in air at room  The storage stabilities of bound and free YADH
temperature. Before withdrawing the sample, the dis- Were examined by assaying their residual activities at
persed solution was sonicated for 1 min to obtain the 25°C after being incubated in buffer B at 4 or 25
better particle dispersion on the copper grid. For each for a required period. The thermal stabilities of bound
sample, over 120 particles from different parts of the and free YADH were investigated by measuring their

grid were used to estimate the mean diameter and sizefesidual activities at 25C after being incubated in

distribution of particles. XRD measurement was per-
formed on a Rigaku D/max Il V X-ray diffractometer
using Cu kx radiation ¢ = 0.1542 nm). The magnetic
measurement was done using a SQUID magnetome-
ter (MPMS7, quantum design). The amount of bound
YADH was determined by measuring the unbound
protein content in the supernatant after binding pro-
cess by the colorimetric method at 595 nm using the
Bio-Rad reagent for protein assay with bovine serum
albumin as the standard. The binding of YADH to the
magnetic nanoparticles was checked using FTIR. All
the YADH-bound magnetic nanoparticles used for the
analyses of TEM, XRD, SQUID, and FTIR in this
work had a binding of 5mg YADH on 100 mg §®@a.

2.5. Activity measurement

The activity of bound YADH was determined by
measuring the initial reduction rate of 2-butanone
by YADH at the desired temperature following the
decrease of NADH concentration at 340nm on a
Hitachi U-3000 spectrophotometer. Generally, 2 ml
of NADH solution (0.5mM in buffer B) was added
to the test tube containing 100 mg of YADH-bound
magnetic nanoparticles. After mixing by vortex, 3 ml
of 2-butanone solution (0.1 M in buffer B) was added.
After mixing for several minutes by vortex, the liquid
solution separated from the magnetic nanoparticles

buffer B for 30 min at the desired temperatures.
2.7. Reusability assay

The reusability of bound YADH was examined by
conducting the activity measurement of bound YADH
at 25°C at time intervals of 10 min. After each activity
measurement, the bound YADH was separated mag-
netically and washed several times with buffer B un-
der sonication. Then, the fresh NADH and 2-butanone
solutions were added to the bound YADH in sequence
and the next activity measurement was carried out.

2.8. Determination of kinetic parameters

The kinetic parameters of free and immobilized
YADH were determined by measuring their ac-
tivity in buffer B at 25°C. The concentrations of
NADH, 2-butanone, YADH in the reaction mixture
were 0.10-0.25mM, 0.06-0.15M, and 1.0 mg/ml,
respectively.

3. Results and discussion
3.1. Binding efficiency

By assaying the unbound protein in the super-
natant after binding process, it was found that, with



286

—
3
(=}

—_

(=3

(=]
T

80

60

40}

20

% of YADH bound

Il 1 N 1 1 1

4 8 12 16 20
Fe30,4 added (mg/mL)

of%

24

Fig. 1. Effect of the amount of E®, nanoparticles added on the
percentage of bound YADH. [YADH}: 1 mg/ml.

increasing the amount of g@®, added at a constant
YADH amount of 1 mg/ml, the percentage of bound
YADH increased and then remained at 100% when
the amount of F§04 added was above 8 mg/ml as in-
dicated in Fig. 1. Accordingly, the maximum weight
ratio of bound YADH to FgeO4 nanopatrticles could
be determined to be 0.125. When the weight ratio of
YADH to FesO4 was below 0.125, YADH could be
completely bound to F#©,4 nanoparticles. In addition,
the density of FgO, is 5.18 g/cnd and the molecular
weight of YADH was about 141,000 [30]. Assuming
the resultant FgO, nanoparticles were spherical, it
could be estimated that averagely one YADH molecule
was bound to a ), particle when the weight ratio
of YADH to Fe3O4 was about 0.086. Thus, the bind-
ing of YADH to Fe3O4 nanopatrticles in this work has
been achieved at a level of monomolecular binding.

3.2. Particle size and structure

The typical TEM micrographs and the size distribu-
tion for the magnetic nanoparticles without and with
bound YADH are shown in Fig. 2. It was clear that the
naked FgO, particles were essentially very fine and
monodisperse with a mean diameter of6l 2.6 nm.
After binding YADH, the particles remained discrete
and had a mean diameter of .34 3.3nm, similar
to that of unbound ones. This reveals that the binding
process did not significantly result in the agglomera-
tion and the change in size of particles. This could be
attributed to the reaction occurred only on the particle
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Fig. 3 shows the XRD patterns for the magnetic
nanoparticles without and with bound YADH. Six
characteristic peaks for E®4 (20 = 30.1, 35.5, 43.1,
53.4, 57.0 and 62%, marked by their indices ((220),
(311), (400), (422), (511), and (440)), were observed
for both samples. This revealed that the resultant par-
ticles were pure F,4 with a spinel structure. Also,
the binding process did not result in the phase change
of Fe04.

3.3. Magnetic property

The plots of magnetization versus magnetic field
(M—H loop) at 25°C for the typical magnetic nanopar-
ticles without and with bound YADH are illustrated
in Fig. 4. The very weak hysteresis revealed the re-
sultant magnetic nanoparticles were nearly superpara-
magnetic. This could be attributed to the fact that the
magnetic nanoparticles were so small that they may
be considered to have a single magnetic domain. From
the plots oM versusH and their enlargements near the
origin as shown in the insets in Fig. 4, the saturation
magnetizationNls), remanent magnetizatioMg), co-
ercivity (H¢), and squareness{= M;/Ms) could be
determined to be 63.3 emu/g, 1.13 emu/g, 9.2 Oe, and
0.018, respectively, for naked magnetic hanoparticles,
and 61.0emul/g, 0.85emul/g, 6.8 Oe, and 0.014, respec-
tively, for YADH-bound magnetic nanopatrticles.

The saturation magnetization of $&& nanoparti-
cles was reduced to 69% of the bulksEl (92 emu/g)
[31]. The reduction inMs might be due to the de-
crease in particle size and the accompanied increase
in surface area. It is known that the energy of a mag-
netic particle in an external field is proportional to its
size via the number of magnetic molecules in a single
magnetic domain. When this energy becomes com-
parable to thermal energy, thermal fluctuations will
significantly reduce the total magnetic moment at a
given field [32,33]. It is also known that the magnetic
molecules on the surface lack complete coordination
and the spins are likewise disordered [32—35]. So, the
large surface-to-volume ratio for nanoparticles may
be another factor that leads to the decreaskldnin
addition, the disorderd structure in amorphous mate-
rials and at the interface such as that found at a grain
boundary has been shown to cause a decrease in the

surface and, as stated above, a particle bound onlyeffective magnetic moment [36]. Therefore, another

one YADH molecule.

possible reason for the diminution Ms might be
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Fig. 2. Transmission electron micrographs and size distributions of magnetic nanoparticles without (a), and with (b) bound YADH.
YADH/Fe3zOs= 1/20 (wiw).

the incomplete crystallization of E®4 nanoparticles,
which led to amorphous impurities undetectable by
311) ) XRD. Finally, the electron exchange between ligand
and surface atoms could also quench the magnetic
(511) (440) moment [37]. Although the magnetic nanoparticles
(422) have been washed before the magnetic measurement,
the investigation on FTIR spectra (shown later) indi-
@311) @ cated the —NHlligand might be present on the surface
of FesO4 nanoparticles. This might be another reason
causing the decrease M value.
, The Mg value for YADH-bound magnetic nanopar-
20 30 a0 50 6 70 ticles was lower slightly than that for the naked ones.
20 This might be resulted from the binding of YADH on
the particle surface, which might quench the magnetic
Fig. 3. XRD patterns of magnetic nanoparticles without (a), and moment. In addition, the reduction Ms value due
with (b) bound YADH. YADH/F&Os= 1/20 (wiw). to enzyme binding was only 3.6%. This might be due
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to the fact that about only one YADH molecule was
bound to a FgO4 nanoparticle in this work.

The My, H¢, andS values were so small that they
were the superparamagnetic characteristics and im-
plied that the thermal energy to demagnetize became
dominant over spontaneous magnetization. After bind-
ing YADH, these values all were reduced. This might
also be resulted from the enzyme binding. However,
because these values were so small that the differences
between them and those for naked magnetic nanopar-
ticles were within the deviations, further discussion
seems unnecessary.
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3.4. Mechanism of binding

The binding of YADH to magnetic nanoparticles
was confirmed by FTIR analysis. Fig. 5 shows the
FTIR spectra for the solid state pure YADH, naked
FesO4, and YADH-bound FgO4. It was obvious that
the characteristic bands of protein (i.e. YADH) at 1648
and 1540 cm?® were present in pure YADH and in
the YADH-bound FgO4 nanoparticles, confirming the
binding of YADH to FgO4 nanoparticles. The weak
characteristic bands of proteins for the YADH-bound
Fe30O4 should be owing to the low enzyme loading.

Fig. 5. FTIR spectra of the magnetic nanoparticles without (a), with
(b) bound YADH, and the pure YADH (c). YADH/RE©s= 1/20
(wiw).

In addition, it is noted that a characteristic band of
—NH, at 1625cm! was observed in naked §@
nanoparticles. After binding YADH, this characteris-
tic band disappeared. Thus, it was suggested that the
binding was accomplished via the reaction between
the amine group on B®, nanoparticles and the car-
boxyl group of YADH after being activated by car-
bodiimide. As for the amine group, it might be formed
due to the use of concentrated ammonia solution dur-
ing the co-precipitation of P& and Fé™ ions.
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Fig. 6. Effect of the amount of bound YADH on its activity at
25°C. FgO4; 100mg in 5ml solution.

3.5. Activity

Fig. 6 indicates the activities of different amount
of YADH (0—6 mg) bound on 100 mg &4 nanopar-
ticles. Under this condition, YADH was completely
bound according to the investigation on binding ef-
ficiency. The linear relationship revealed that the
specific activity of bound YADH to F€, nanopar-
ticles remained constant (0.01@wol/(min mg)). In
the concentration range, the specific activity of free
YADH was determined to be 0.0319nol/(min mg).
The residual activity was 62%, much higher than
that obtained using other method for alcohol dehy-

drogenase as reported by Shinkai et al. (12%) [29].

Thus, this immobilization method allowed not only
the complete binding of YADH but also the relatively
high activity retention.

3.6. Stability

Fig. 7 shows that the storage stabilities of bound
and free YADH at 4 and 25C in a semi-log plot.
After an incubation time of 120 h, the residual activ-
ities of free YADH at 4 and 25C were 20 and 4.5%.
However, the bound YADH retained 60 and 30%
activity at 4 and 25C, respectively, over a period
of 500 h. This revealed that the storage stability of
YADH was improved significantly after being bound
to FeO4 nanoparticles. In addition, the linear rela-
tionship revealed that both the deactivation of bound
and free YADH followed the first-order rate equa-
tion. The corresponding first-order deactivation rate
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Fig. 7. Storage stabilities of the bound YADH at@ (LJ) and
25°C (A)and the free YADH at 4C (A) and 25°C ().

constants for free YADH were 0.013 and 0.0252h
at 4 and 25C, respectively; while those for bound
YADH were 0.0013 and 0.0026H, respectively.
After immobilization, the first-order deactivation rate
constants of YADH were reduced to 10% of their
original values at both temperatures.

The thermal stabilities of free and bound YADH
after an incubation period of 30 min in the temper-
ature range of 25 to 65C were indicated in Fig. 8.
For free YADH, almost no activity was retained when
incubation temperature was above °85 However,
the activity of bound YADH was not significantly
reduced when incubation temperature was below
55°C. Even at an incubation temperature of°€5
the bound YADH still had a residual activity of 90%.
This revealed clearly that the thermal stability of
YADH was improved largely after being bound to
Fes04 nanoparticles.
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Fig. 8.
YADH.
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According to the above, the immobilization method
used in this work was quite efficient for the improve-
ment of YADH stability.

3.7. Reusability

Reusability of immobilized enzymes is important
for their practical application. According to our in-
vestigation, the activity of bound YADH had no sig-
nificant loss after being reused 13 times within 2h.
This indicated the resultant YADH-bound magnetic
nanoparticles had excellent reusability.

3.8. Kinetic parameters

Alcohol dehydrogenase has been known to operate

usually by arandom-order equilibrium mechanism or a
compulsory-order mechanism, with one ternary com-
plex. Since the plots of ¥against 1/[2-butanone] at
a series of NADH concentrations (0.10-0.25 mM) for
both the free and immobilized YADH at 2& were
found to be a series of parallel lines and the plots of
the intercepts of these parallel lines against 1/[NADH]
also yielded straight lines. The rate equation for the re-
duction of 2-butanone (0.06—-0.15 M) by YADH could
be expressed as [38]

Vm ax

V=
1+ KA/[NADH] + KB /[2-butanone]

whereV andVpax are the specific activity and maxi-
mum specific activity, respectively; ankiy and K

are the Michaelis constants for NADH and 2-butanone,
respectively. The kinetic parameters for free and im-
mobilized YADH were determined as listed in Table 1.
The decrease iWmax value might be due to the denat-
uration of enzyme during the immobilization process.
The increase irk/y and KB values after immobiliza-
tion revealed that the immobilized YADH had a lower
affinity to NADH and 2-butanone. This might be due
to the fixation of YADH molecules and/or the change

Table 1
The kintetic parameters for free and immobilized YADH

YADH KA (mM) KB (mM)  Vimax (uwmol/(min mg))
Free 0.48 0.36 0.27
Immobilized 0.62 0.43 0.23

D.-H. Chen, M.-H. Liao/Journal of Molecular Catalysis B: Enzymatic 16 (2002) 283-291

in the property of active sites for the binding of NADH
and 2-butanone after enzyme immobilization.

4, Conclusions

Magnetic nanoparticles E®4 were prepared and
YADH was directly bound to them via carbodiimide
activation. The analyses of TEM and XRD indicated
the resultant magnetic nanoparticle were purgze

with a mean diameter of 10.6 nm, and the binding

process did not cause the changes in particle size
and structure. The magnetic measurement showed the
resultant FgO, nanoparticles were superparamag-
netic and the binding of YADH only slightly reduced
their saturation magnetization. From FTIR spectra,
the binding of YADH to FgO4 was confirmed and
the corresponding mechanism could be suggested.
The binding of YADH to FgO4 nanoparticles was
achieved at a level of monomolecular binding. The
maximum weight ratio of bound YADH to E®4
nanoparticles was about 0.125, below which the
binding efficiency of YADH was 100%. After being
bound, YADH had a residual activity of 62%, good
reusability, and significantly better storage and ther-
mal stabilities than did the free enzyme. The kinetic
parameters, including maximum specific activities
and Michaelis constants, were determined and re-

vealed the affinity of YADH to NADH and 2-butanone

decreased after immobilization. This work will be
helpful for the practical application of YADH.
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