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Characteristics of magnetic nanoparticles-bound YADH
in water/AOT/isooctane microemulsions
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Abstract

The yeast alcohol dehydrogenase (YADH) covalently bound onto Fe3O4 magnetic nanoparticles was performed in the
NADH-containing water-in-oil microemulsions of water/AOT/isooctane. Both water and NADH were present in the aqueous
phase of microemulsion solution and on particle surface. The ratio of the equilibrium water content on particle surface to that
in the aqueous phase of microemulsion solution (i.e. aquaphilicty) was about 0.39 and independent of the molar ratio of water
to AOT (ω0). The thickness of aqueous film on particle surface was estimated to be 3.1–5.7 nm, increasing with increasing
theω0 value from 10 to 25. At a constant NADH amount, the concentration of NADH in the aqueous phase of microemulsion
solution was not significantly affected by theω0 value. In addition, the bound YADH showed excellent storage stability and
good thermal stability in the microemulsion system. At 25◦C for 700 h and 75◦C for 30 min, its residual activities were 78 and
56%, respectively. The specific activity of bound YADH in the microemulsion system was 40% of that in aqueous solution.
The maximum specific activity of bound YADH (Vmax), and the Michaelis constants for NADH (KA

m) and 2-butanone (KB
m)

were determined to be 0.0306�mol/min mg, 0.0589 mM, and 0.1476 M, respectively.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the past decade, many efforts were made on
nanoparticles because of their unusual physical and
chemical properties owing to extremely small size and
large specific surface area[1–5]. Magnetic nanoparti-
cles have received considerable attention because of
their potential applications in the immobilization of
proteins and enzymes[6–11], bioseparation[12–15],
immunoassays[15–17], drug delivery [15,18–20],
biosensors[21], protein assay[22] and so on. Using
magnetic nanoparticles as the support of immobilized
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enzymes has the following advantages: (i) higher
specific surface area was obtained for the binding of
a larger amount of enzymes, (ii) lower mass transfer
resistance and less fouling, and (iii) the immobilized
enzymes can be selectively separated from a reaction
mixture by the application of a magnetic field[6].

Alcohol dehydrogenase, which catalyzes the oxida-
tion of alcohols and the reduction of carbonyl com-
pounds such as aldehydes and ketones, has attracted
attention because of its potential applications in the
production of various starting materials and intermedi-
ates in chemical industry, the synthesis of chiral com-
pounds, the regeneration of coenzymes NAD(P) and
NAD(P)H, and biosensors[23–25]. Unfortunately, its
stability is poor, particularly in the organic media, and
hence, limits its practical applications[26–29].
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Recently, we have successfully immobilized the
yeast alcohol dehydrogenase (YADH) onto Fe3O4
magnetic nanoparticles and found that it showed a
10-fold increased stability in an aqueous solution
[30,31]. In this work, we attempted to further inves-
tigate the performance of the YADH-bound magnetic
nanoparticles in organic media. To avoid serious par-
ticle agglomeration, control the water content and add
the coenzyme NADH, the water-in-oil microemul-
sions of water/AOT/isooctane was used as the organic
medium. Such a nanoparticle-containing microemul-
sion system for the enzyme reaction was seldom
mentioned. The stability and kinetic behaviors of
bound YADH were investigated. The distributions of
water and NADH in microemulsion solution and on
particle surface were also examined.

2. Materials and methods

2.1. Materials

Crystallized and lyophilized alcohol dehydroge-
nase (EC1.1.1.1) from baker’s yeast (no. A-3263),
�-nicotinamide adenine dinucleotide, reduced form
(NADH, N-8129), sodium di-2-ethylhexylsulfosucci-
nate (AOT) and carbodiimide were purchased from
Sigma (St. Louis, MO). Bio-Rad reagent for protein
assay was obtained from Bio-Rad Lab. (Hercules).
Ferric chlorides, 6-hydrate and ferrous chloride
tetrahydrate were the products of J.T. Baker (Phillips-
burg) and Fluka (Buchs), respectively. 2-Butanone was
an analytic grade reagent of Ferak (Germany). Am-
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 Ni-
hon Millipore Ltd., Tokyo. All other chemicals were
the guaranteed or analytic grade reagents commer-
cially available and used without further purification.

2.2. Preparation of YADH-bound magnetic
nanoparticles

The YADH-bound magnetic nanoparticles were
prepared according to our recent work[30,31]. First,

magnetic nanoparticles Fe3O4 were prepared by
co-precipitating Fe2+ and Fe3+ ions by ammonia
solution and treating under hydrothermal conditions.
The ferric and ferrous chlorides (molar ratio 2:1)
were dissolved in water at 0.3 M. Chemical precipita-
tion was achieved at 25◦C under vigorous stirring by
adding NH4OH (15.6 M). During the reaction process,
the pH was maintained at about 10. The precipitates
were heated at 80◦C for 30 min, then washed several
times with water and ethanol, and finally, dried in a
vacuum oven at 70◦C.

For the binding of YADH, 100 mg magnetic
nanoparticles were first added to 2 ml 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 YADH (2 mg/ml in buffer A) was
added and the reaction mixture was sonicated for
30 min. The temperature of binding process was fixed
at 4◦C. The YADH-bound magnetic nanoparticles
were recovered from the reaction mixture by plac-
ing the bottle on a permanent magnet with a surface
magnetization of 3000 gauss. The magnetic particles
settled within 1–2 min. The binding efficiency was
estimated to be almost 100% via the measurement
of the unbound protein content in the supernatant
after binding process by the colorimetric method at
595 nm using the Bio-Rad reagent for protein assay
with bovine serum albumin as the standard. The pre-
cipitates were washed with buffer A then dried in a
vacuum oven at 25◦C, and then directly used for the
measurements of activity and stability.

The resultant YADH-bound magnetic nanoparticles
had a mean diameter of 11.3 nm, a YADH/Fe3O4 ratio
of 0.05/1 (w/w), and a saturation magnetization of
61 emu/g at 25◦C. In 0.1 M Tris–HCl buffer (pH 8.0,
0.1 M NaCl), the bound YADH retained 62% activity
and showed a 10-fold increased stability[30,31].

2.3. Measurement of the distributions of water and
NADH

When the YADH-bound magnetic nanoparticles
were mixed by vortex with clear microemulsion
solution, a black suspension solution was formed.
All nanoparticles should be completely entrapped
into water cores of AOT reverse micelles due to
the surfactant effect and the hydrophilic surface of
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YADH-bound magnetic nanoparticles. Although the
nanoparticle-impregnated micelles were much heavier
than those empty micelles, the time required for the
complete sedimentation of YADH-bound magnetic
nanoparticles was several days. So, the suspension es-
sentially might be regarded as a stable system during
the following measurements.

The distributions of water and NADH in mi-
croemulsion solution and on particle surface (Fe3O4
or YADH-bound Fe3O4) at variousω0 values were
determined by measuring their concentration changes
in the microemulsion solution after being mixed with
magnetic nanoparticles for a specified time. The sam-
ples were withdrawn after liquid–solid separation via
a permanent magnet. A buffer B (0.1 M Tris–HCl, pH
8.0) was used as the aqueous phase of microemulsions
and the temperature was fixed at 25◦C. The water
content and NADH concentration in microemulsion
solution were measured using a Karl-Fischer moisture
meter (MKC-500; Kyoto Electronics) and following
the decreased absorbance at 340 nm on a Hitachi
U-3000 spectrophotometer, respectively. The water
content and NADH concentration on particle surface
were estimated from the mass balance law.

2.4. Activity and stability measurements

The activity of bound YADH in the water-in-oil mi-
croemulsion of water/AOT/isooctane was determined
by measuring the initial reduction rate of 2-butanone
by YADH at 25◦C following the decrease of NADH
concentration at 340 nm. The buffer B was used as
the aqueous phase of microemulsions andω0 value
was fixed at 25. Generally, 5 ml microemulsion solu-
tion was first added to the test tube containing 100 mg
YADH-bound magnetic nanoparticles. After mixing
by vortex, 5 ml NADH-containing microemulsion so-
lution was added and mixed. After 5 min, the distri-
butions of water and NADH reached equilibrium and
54�l 2-butanone was added to the microemulsion sys-
tem and mixed to start the reaction. After several min-
utes, the microemulsion solution was separated from
the magnetic nanoparticles via a permanent magnet
then used for the analysis of NADH concentration.

In this study, the activity of bound YADH was
measured at 0.1 M AOT, 0.06 M 2-butanone, 0.5 mg
YADH/ml, and 0.2 mM NADH based on the overall
volume of microemulsion solution. Assuming the

distribution of water and NADH remained at equilib-
rium during the reaction, the activity of bound YADH
was estimated according to the following equation:

activity = [NADH] 0(Ae − At)V

Aet
(1)

where [NADH]0 is the NADH concentration in
microemulsion solution before contacting with
YADH-bound magnetic nanoparticles.V andt denote
the volume of microemulsion solution and reaction
time, respectively.Ae andAt represent the absorbances
of microemulsion solution at 340 nm at time 0 andt,
respectively, since the reaction was started.

The storage stability of the bound YADH in the
water-in-oil microemulsion of water/AOT/isooctane
was examined by assaying their residual activities at
25◦C after being incubated at 25◦C for a required
period. The thermal stability was investigated by
measuring its residual activities at 25◦C after being
incubated at the desired temperatures for 30 min.

2.5. Determination of kinetic parameters

The kinetic parameters of bound YADH were de-
termined by measuring its activities in the water-in-oil
microemulsion at 25◦C. The concentrations of
NADH, 2-butanone, YADH in the reaction mixture
were 0.10–0.25 mM, 0.06–0.15 M, and 0.5 mg/ml,
respectively.

3. Results and discussion

3.1. Distributions of water and NADH

Since the preliminary experiment indicated that
the absorbance at 340 nm of microemulsion solution
decreased after pure Fe3O4 or YADH-bound Fe3O4
nanoparticles were added, the distributions of water
and NADH were investigated first. It was found that
the distribution of water reached equilibrium within
5 min atω0 = 10–25.Table 1shows the equilibrium
water content on the surface of YADH-bound Fe3O4
nanoparticles and that in microemulsion solution and
their ratios (i.e. aquaphilicity[32]) at various ω0
values. It indicated that both the water contents in mi-
croemulsion solution and on particle surface increased
with increasingω0 value, while the aquaphilicity was
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Table 1
Effect of ω0 value on the distribution of watera

ω0 Water content on
particle surface (�l)

Water content in
microemulsion solution (�l)

Aquaphilicity Thickness of aqueous film
on particle surface (nm)

10 49 131 0.38 3.1
15 79 191 0.42 4.2
20 89 271 0.33 4.5
25 133 317 0.42 5.7

a Microemulsion solution: 10 ml, YADH-bound Fe3O4 nanoparticles: 100 mg, [AOT]= 0.1 M.

independent ofω0 value and had an average value of
0.39. Almost same result was observed for the case
using pure Fe3O4 nanoparticles, revealing the binding
of YADH did not significantly change the aquaphilic-
ity of Fe3O4 nanoparticles. In addition, according to
the water content on particle surface and the amount
of YADH-bound Fe3O4 nanoparticles, the thickness
of aqueous film on particle surface could be estimated
to be 3.1–5.7 nm atω0 = 10–25 as listed inTable 1.

The distribution of NADH in the microemulsion
system might be referred to the distribution of wa-
ter and its association with YADH and adsorption
on Fe3O4 nanoparticles. At [NADH]= 0.2 mM, the
time courses for the retention percentage of NADH
in microemulsion solution at variousω0 values were
shown in Fig. 1. At ω0 = 25, the distribution of
NADH reached equilibrium within 5 min. With de-
creasing theω0 value, the time required for the distri-
bution of NADH to reach equilibrium increased. Since

Fig. 1. The time courses for the retention percentage of NADH
in microemulsion solution atω0 = 10 (�), 15 (�), 20 (�), 25
(�). The initial concentration of NADH was 0.2 mM based on
the overall volume of microemulsion solution.

the distribution of water reached equilibrium within
5 min at ω0 = 10–25, the longer equilibrium time
required for the distribution of NADH atω0 < 25
was not resulted from the distribution of water and
could be referred to the association of NADH with
YADH and the adsorption of NADH on the surface
of Fe3O4 nanoparticles. It implied that the transfer of
NADH from its own micelles to those already occu-
pied by YADH-bound nanoparticles was difficult rela-
tively. This might be resulted by the low water content
which might not provide sufficient bound water. In ad-
dition, almost same result was observed for the case
using pure Fe3O4 nanoparticles, revealing the amount
of NADH associated with YADH was much less than
those adsorbed on Fe3O4 nanoparticles and dissolved
in the aqueous film on particle surface.

Table 2indicates the concentration of NADH in the
aqueous phase of microemulsion solution and that on
particle surface from the mass balance law (based on
the volume of aqueous film) at variousω0 values at
210 h. It was found that the concentrations of NADH in
the aqueous phases of microemulsion solutions were
not significantly affected byω0 value and they were
clearly smaller than those on particle surface. How-
ever, with increasingω0 value, the concentrations of

Table 2
Effect of ω0 value on the distribution of NADHa

ω0 [NADH] in the aqueous
phase of microemulsion
solution (mM)

[NADH] on particle surface
based on the volume of
aqueous film (mM)

10 7.1 62
15 8.9 29
20 8.9 18
25 8.0 11

a Microemulsion solution: 10 ml, YADH-bound Fe3O4

nanoparticles: 100 mg, [AOT]= 0.1 M, [NADH] = 0.2 mM based
on the overall volume of microemulsion solution.
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NADH on particle surface decreased and approached
those in the aqueous phase of microemulsion solu-
tions. In fact, the concentration of NADH on particle
surface included the amount of NADH dissolved in
the aqueous film on particle surface, adsorbed on par-
ticle surface, and associated with YADH. Hence, the
higher NADH concentration on particle surface than
in the aqueous phase of microemulsion solution could
be attributed to the contribution from the adsorption
of NADH on particle surface and the association of
NADH with YADH. With the increase inω0 value,
the volume of aqueous solution increased and the sum
of the percentage of NADH dissolved in the aqueous
phase of microemulsion and that in the aqueous film
on particle surface increased. In addition, assuming
the concentration of NADH in the aqueous phase of
microemulsion solution was the same as that in the
aqueous film on particle surface, it could be deduced
that the equilibrium concentration of NADH in the liq-
uid phase of microemulsion system remained constant
when there were adsorbed NADH on particle surface.
Thus, it was suggested that the thermodynamically ac-
tivity of adsorbed NADH could be considered as unity
and the concentration of NADH in the liquid phase
related to the solubility or the equilibrium constant.

3.2. Activity and stability

It is known that an enzyme usually exhibits its
maximum activity at a water content just equal to
that required for the bound water. As stated above,
in this work, the long equilibrium time of NADH
at ω0 = 10–20 implied the water contents might be
less than that required for the bound water of the
nanoparticle-containing microemulsion system un-
der these conditions. So, the activity and stability of
bound YADH in the water-in-oil microemulsions of
water/AOT/isooctane were examined atω0 = 25. The
specific activity of bound YADH in the microemul-
sion system at 0.1 M AOT, 0.06 M 2-butanone, 0.5 mg
YADH/ml, 0.2 mM NADH, and 25◦C was measured
to be 8 nmol/min mg. Under the same temperature
and substrate and NADH concentrations, the spe-
cific activity of bound YADH in aqueous buffer B
was 20 nmol/min mg. The lower specific activity of
bound YADH in the microemulsion system might
be attributed to the low water content in the reac-
tion medium. In an organic medium with low water

Fig. 2. Storage stability of bound YADH at 25◦C. The activity mea-
surement was performed in 10 ml microemulsion solution at 0.1 M
AOT, 0.2 mM NADH, 0.1 M 2-butanone, 25◦C, andω0 = 25. The
concentrations of bound YADH was 0.5 mg/ml. The initial 100%
absolute values of activity for bound YADH was 8 nmol/min mg.

content, the enzyme had low flexibility and, there-
fore, its catalytic activity was diminished due to the
impairment in the interplay of protein groups with
the surrounding medium[33,34]. In spite of the de-
creased activity, however, the residual activity of the
bound YADH in the microemulsion system should be
reasonable compared to that in aqueous solution.

Fig. 2 shows that the storage stability of bound
YADH in the water-in-oil microemulsions of wa-
ter/AOT/isooctane atω0 = 25 and 25◦C. After
700 h, the residual activity of bound YADH was
78%. According to the literatures[28,29], the free
YADH in the water-in-oil microemulsions of wa-
ter/AOT/isooctane lost most of its activity within
1 h, indicating very poor stability. So, the excellent
stability of bound YADH might be attributed due to
the fixation of YADH molecules on the surface of
magnetic nanoparticles, preventing the autodigestion
and thermal inactivation of enzyme and decreasing
the denaturation or deactivation of enzyme due to the
hydrophobic and electrostatic interactions with AOT.

The thermal stability of bound YADH in the
water-in-oil microemulsion system at an incubation
temperature of 25–75◦C for 30 min were indicated
in Fig. 3. At an incubation temperature of 75◦C, the
bound YADH still had a residual activity of 56%.
This revealed clearly that the bound YADH in the
water-in-oil microemulsions of water/AOT/isooctane
had good thermal stability.
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Fig. 3. Thermal stability of bound YADH. The activity measure-
ment was performed in 10 ml microemulsion solution at 0.1 M
AOT, 0.2 mM NADH, 0.1 M 2-butanone, andω0 = 25. The con-
centrations of bound YADH was 0.5 mg/ml. The initial 100% ab-
solute values of activity for bound YADH was 8 nmol/min mg at
25◦C.

According to the above, it could be concluded
that the bound YADH could be performed in the
microemulsion system with excellent stability and
reasonable specific activity.

3.3. Kinetic parameters

Alcohol dehydrogenase has been known to oper-
ate usually by a random-order equilibrium mechanism
or a compulsory-order mechanism, with one ternary
complex[35]. The common rate equation can be ex-
pressed as:

V = Vmax

1 + (KA
m/a) + (KB

m/b) + (KA
S KB

m/ab)
(2)

wherea and b are the concentration of NADH and
2-butanone, respectively;V andVmax the specific ac-
tivity and maximum specific activity, respectively;KA

m
and KB

m are the Michaelis constants for NADH and
2-butanone, respectively;KA

S is dissociation constant
of YADH–NADH. Taking the reciprocals ofEq. (2)
and rearranging,

1

V
=
(

KB
m + (KA

S KB
m/a)

Vmax

)
1

b
+
(

1 + (KA
m/a)

Vmax

)
(3)

While conducting the experiments in the microemul-
sion system, a plot of 1/V against 1/[2-butanone] at

Fig. 4. Plots of 1/V against 1/[2-butanone] for the reduction of
2-butanone by bound YADH. The inset is the plot of the intercepts
of the parallel lines against 1/[NADH]. The activity measurement
was performed in 10 ml microemulsion solution at 0.1 M AOT,
25◦C, andω0 = 25. [NADH] = 0.1 (�), 0.15 (�), 0.2 (�), and
0.25 (�) mM. The concentration of bound YADH was 0.5 mg/ml.

a series of NADH concentrations was found to be a
series of parallel lines, as shown inFig. 4. The in-
tercepts of parallel lines inFig. 4 were further plot-
ted against 1/[NADH] and yielding a straight line, as
shown in the inset inFig. 4. This revealed that the ap-
parentKA

S = 0 and the reduction rate of 2-butanone
by bound YADH in the microemulsion system with
NADH as coenzyme can be satisfactorily described by
the following equation:

V = Vmax

1 + (KA
m/a) + (KB

m/b)
(4)

The three kinetic parameters inEq. (4)were found to
be:Vmax = 0.0306�mol/min mg,KA

m = 0.0589 mM,
andKB

m = 0.1476 M.
If the association of enzyme and coenzyme contains

an irreversible step before substrate is bound, e.g.

E + A ↔ EA → (EA∗) B↔ EAB (5)

the apparentKA
S will be zero, and the termKA

S KB
m/ab

in Eq. (2) will vanish [35]. Therefore, the associ-
ation of YADH and NADH could have proceeded
with an irreversible reaction before the substrate was
bound when performed in the microemulsion system.
Since the association of YADH and NADH is rela-
tively faster than the binding of substrate and the com-
plex of YADH and NADH (EA) may become another
new complex (EA∗). Thus, the simplification of the
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rate equation fromEqs. (2)–(4)for the reduction of
2-butanone by bound YADH in microemulsion system
might be explained.

4. Conclusions

YADH was covalently bound onto Fe3O4 magnetic
nanoparticles and its performance in the water-in-oil
microemulsion of water/AOT/isooctane was investi-
gated. Such a nanoparticle-containing microemulsion
system for the enzyme reaction was seldom exam-
ined before. It was found that water and NADH were
present in the aqueous phase of microemulsion so-
lution and on particle surface. The corresponding
phenomena were investigated, including the effects of
ω0 value on the aquaphilicty of Fe3O4 nanoparticles,
the thickness of aqueous film on particle surface, and
the NADH concentration in the aqueous phase of mi-
croemulsion solution. In addition, the bound YADH
exhibited excellent storage stability and good thermal
stability. The residual activity of bound YADH in the
microemulsion system was lower than that in aque-
ous solution, but it was reasonable. The kinetic pa-
rameters, including maximum specific activities and
Michaelis constants, were also determined. This work
revealed the bound YADH could be performed in the
microemulsion system, and should be helpful for the
practical application of YADH in organic media.
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