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In this study, magnetic nanoparticles (MNPs) of maghemite (γ-Fe2O3) were synthesized and characterized. The
method of multifactor experimental design and evolutionary operation (EVOP) was used to optimize immobilization
of the alcohol dehydrogenase (ADH) enzyme on MNPs. Optimal operating conditions for the immobilization process
were determined (γADH = 0.08 mg/mL, 2% glutaraldehyde for surface activation, t = 28 h), and in such conditions, a
specific activity of S.A. = 118 ± 6 U/mg and immobilization efficiency of η = 84.97 ± 3.67% were achieved.
Compared to the native enzyme, ADH immobilized on MNPs retained 66.45 ± 3.66% of the initial activity. ADH
immobilized on MNPs at optimal conditions was used as a biocatalyst for model reaction— NADH oxidation. NADH
oxidation was performed in two different magnetic microreactor configurations: (1) microreactor equipped with
permanent square magnets and (2) microreactor equipped with an electromagnet and an oscillating magnetic field
that enables magnetic particles movement in the microreactor. In the system with the oscillating magnetic field, equal
conversion (X = 100%) was achieved in 2-fold shorter residence time.
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1. Introduction

By shrinking characteristic dimensions of a macroreactor on the
microscale, microreactors offer many fundamental advantages in
comparison with classical macroreactors. Very short residence
time can be achieved, as well as an efficient heat and mass transfer
and a large surface to volume ratio, which tends to be from 100- to
500-fold higher when compared to conventional laboratory ves-
sels [1, 2]. The streams can be conveyed very precisely, residence
time can be set accurately, and back mixing can be minimized.
However, the most striking advantages of such microsystems are
high portability, reduced reagent consumption, minimization of
waste production, and remote (on-site) applications [3]. At this
moment, a great majority of reaction systems studied in micro-
reactors is connected with chemical synthesis, but biocatalysis in a
microreactor has been shown to be a promising alternative [2, 4].
The progress made in the area of particle nanotechnology over

the past few years has allowed scientists to develop and character-
ize materials with outstanding properties and nanometric sizes [5].
In the last few years, the studies have mostly been focused on the
materials with magnetic behavior as they offer some attractive
possibilities in different fields, such as magnetic fluids, catalysis,
biotechnology/biomedicine, data storage, environmental remedia-
tion, etc. [6]. Among the materials with magnetic properties, iron
oxide nanoparticles (especially crystalline polymorphs of iron(III)
oxide [α-Fe2O3 as hematite, β-Fe2O3, γ-Fe2O3 as maghemite and
ε-Fe2O3]) are most suitable for bioapplications due to their proven
biocompatibility [7–10]. The use of magnetic nanoparticles as a
support for immobilized enzymes has many advantages, for
instance, higher specific surface area is obtained for binding a
larger amount of enzymes, lower mass transfer resistance and less
fouling are achieved, and immobilized enzymes can be selectively
separated from a reaction mixture by magnetic field application
[11]. Various surface modifications of magnetic nanoparticles, such
as silanization, carbodiimide activation, and polyethylene glycol or
polyvinyl alcohol spacing, aid binding of single or multienzyme

systems to particles, whereas cross-linking using glutaraldehyde
can also stabilize the attached enzymes [12]. To date, several
attempts have been made to immobilize enzyme alcohol dehydro-
genase (ADH) on superparamagnetic magnetite (Fe3O4) nanopar-
ticles using the glutaraldehyde covalent immobilization [13–16].
Up to now maghemite (Fe2O3) was not used for immobilization of
ADH, although Kang et al. [17] claim that the protein binding
affinity of maghemite nanoparticles is stronger than the affinity of
magnetite nanoparticles.
Combining the advantages of a microreactor and nanoparticles,

a lot of efforts have been invested to transform conventional bio-
logical operations into a lab-on-a-chip by combining microfluidics
with nanotechnology. Several groups have investigated the use of
magnetic particles in microfluidic devices as a solid support for
reactions such as mRNA isolation, immunoassays, DNA hybrid-
ization, protein analysis, and, recently, also the retention of mag-
netically labeled cells [18]. On the other hand, the use of
nanoparticles and microreactors in biotransformation has been left
underinvestigated.
In one of our previous work [19], an integrated system com-

posed of biocatalytic hexanol oxidation with simultaneous coen-
zyme regeneration was developed. Enzyme ADH isolated from
baker's yeast was used for both hexanol oxidation and simulta-
neous coenzyme regeneration. Three different microreactor sys-
tems for the biocatalytic hexanol oxidation with simultaneous
coenzyme regeneration (namely, single microreactor chip, two
microreactor chips connected in series, and three microreactor
chips connected in series) were investigated and compared. Max-
imal conversion of 19.5% in two microreactor chips connected in
series was achieved, demonstrating promising results of the sys-
tem. On the other hand, biggest disadvantage of the system was
enzyme deactivation. It was noticed that system was stable during
the first 4 h with slight decrease in conversion. After that time, the
conversion decreased significantly, and after 3 days, it was only
1%. The main reasons why the reaction stopped after 3 days are
the buffer pH value (pH 9) and the presence of acetaldehyde in the
reaction mixture. According to literature, immobilized enzymes
have greater thermal and operational stability at various pH values
and ionic strengths. Therefore, they are more resistant to
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denaturation than the soluble native form of the enzyme [20]. In
order to increase enzyme stability via covalent immobilization, and
using all the advantages of magnetic nanoparticles, parallel
research was performed [21]. Using synthetized ADH-loaded
magnetic nanospheres of maghemite (γ-Fe2O3), NADH oxidation
was performed in a batch reactor and poly(tetrafluoroethylene)
(PTFE) tubular microreactor. For the residence time of just
2 min, 100% NADH conversion was achieved in a PTFE micro-
reactor and, after 60 h, enzyme retained 50% of its initial activity.
In this study, magnetic nanospheres of maghemite (γ-Fe2O3)

were synthesized via homogeneous precipitation reactions.
Additional testing of dynamic stability of ADH immobilized
nanoparticles was performed and compared to the stability of
the native enzyme. Finally, combining the advantages of MNPs
and microreactor technology, NADH oxidation catalyzed by
ADH immobilized on MNPs was performed in a microreactor.

2. Materials and Methods

2.1. Materials
2.1.1. Chemicals. Ethanol, HCl, HCOOH, glycine, NaCl,

sodium acetate, K2HPO4, and Na2P2O7·10 H2O were pur-
chased from Kemika (Croatia). NADH was purchased from
Jülich Fine Chemicals (Germany), whereas glutaraldehyde,
FeCl3·6H2O, FeCl2·4H2O, and (3-aminopropyl)trietoxysilane
(APTES) were from Sigma (USA). Acetaldehyde was purchased
from Fluka A.G. (Switzerland). Methanol was purchased from J.T.
Baker (Netherlands). Alcohol dehydrogenase from baker's yeast
(1.1.1.1) with activity of S.A. = 451 U/mg (where 1 U is the amount
of enzyme that catalyzes the conversion of 1 μmol of substrate per
minute under standard conditions ((pH = 7, T = 25 °C)) was
purchased from Sigma (Germany).
2.2. Methods
2.2.1. Synthesis of Nanoparticles. Magnetic nanoparticles of

maghemite (γ-Fe2O3) were synthesized according to the procedure
described by Šulek et al. [22, 23]. In order to improve process, the
synthesis in this work was performed in oil bath using a stirred-
tank batch reactor to avoid precipitation of magnetic nanoparticles.
The particles synthesized using this method were analyzed and
characterized.
2.2.2. Surface Activation and Enzyme Immobilization. The

surface of chemically modified maghemite nanoparticles was then
subject to activation [20, 22, 23]. Briefly, MNPs were washed with
deionized water prior to exposure to 2% glutaraldehyde aqueous
solution for 2 h. After the surface activation, MNPs were washed
out with deionized water and the enzyme was introduced (γADH =
0.08 mg/mL) to attach during the 28 h. These conditions were

determined to be optimal using evolutionary operation method
(EVOP) [24–26] (data not shown).
2.2.3. Coenzyme Regeneration. The possibility to use syn-

thesized ADH-loaded γ-Fe2O3 nanoparticles for coenzyme
regeneration was explored. The coenzyme and acetaldehyde
were dissolved in a glycine–pyrophosphate buffer and fed into
the glass tubular microreactor (length : width : height =
330:0.25:0.05 mm with internal volume of 6 μL) using a syringe
pump (PHD 4400 Syringe Pump Series, Harvard Apparatus,
USA) equipped with high pressure stainless steel syringes
(8 μL, Harvard Apparatus, USA). The initial concentration of
NADH and acetaldehyde was kept constant during all experi-
ments (ci,NADH = 5.5 mmol/L, ci,acetaldehyde = 40 mmol/L). All
experiments were performed in a glycine–pyrophosphate buffer,
pH = 9, T = 25 °C. To retain magnetic nanoparticles in a
microchannel by the magnetic force, a permanent magnet
(square magnet: length : width : depth = 40:20:10 mm, H =
0.38 T, Artas d.o.o., Croatia) and an electromagnet were used.
The electromagnet for magnetic field regulation was developed
in order to utilize the magnetic properties of MNPs (Figure 1). In
this experiment, I = 0.36 A and U = 5.5 V were used to drive the
electromagnet (H = 1.73 T) with an oscillating magnetic field at
the frequency of 0.5 Hz.
The developed system allowed the particle movement inside

the microchannel without being washed out.
The outflows from the microreactor containing reaction mix-

ture components were collected in vials. All measurements
were performed in triplicate and, in the 95% confidence inter-
val, the results showed no significant difference.
2.2.4. Analytics. In order to identify and characterize mag-

netic nanoparticles obtained in this work, different methods were
used (power X-ray diffraction to identify the particles, vibrating
sample magnetometer to determine magnetization, Fourier trans-
form infrared (FT-IR) spectrum to record aminosilane, atomic
absorption spectrophotometer to determine iron [22, 23], and
ultraviolet–visible (UV–VIS) spectrophotometer to determine
ferrous iron [27]).
The activity of suspended alcohol dehydrogenase and alcohol

dehydrogenase immobilized on MNPs was measured according
to the procedure described elsewhere [28]. The coenzyme con-
centration was determined by measuring absorbance at 340 nm
according to the procedure described elsewhere [28]. The etha-
nol concentration was determined using the method described
by Šalić et al. [29].
All the measurements were performed in triplicate and in the

95% confidence interval, and the results showed no significant
difference.

Figure 1. Experimental setup with a) permanent square magnet and b) electromagnet and the oscillating magnetic field
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2.2.5. Mathematical Model and Data Processing. The enzyme
stability decay was described by first order kinetics. In order
to estimate the enzyme stability decay rate constant, nonlinear
regression methods (simplex and least squares fit) included in
the “Scientist” software package (MicroMath Scientist®) were
used.

3. Results and Discussion

3.1. Particle Characterization. As mentioned before, maghe-
mite (γ-Fe2O3) nanoparticles were prepared by the coprecipita-
tion technique described by Šulek et al. [22, 23]. In their
method (in the rest of the article called method 1), a stirred tank
batch reactor equipped with a magnetic/heater was used. By
using that type of reactor for particle preparation, it was noticed
that heat is not equally distributed across the reactor but a heat
gradient was formed from the bottom to the top of reactor.
Because heat has important effect on particle precipitation, in
order to solve this problem a stirred tank batch reactor placed in
oil bath was used (method 2). By using this reactor type, we
achieved equal heat distribution along the reactor. The charac-
teristics of nanoparticles synthesized in the two different reactor
systems were compared (Figure 2).
The X-ray diffraction patterns (Figure 2a) of both types of bare

maghemite nanoparticles were measured. The six characteristic
peaks that were observed fitted the pattern of standard maghemite
particles, indicating that both synthesized particle types are
indeed maghemite particles. Another important particle charac-
teristic that was obtained from X-ray diffraction (XRD) was the
size of particles. It was found that the average particle size
obtained by method 1 was about d = 32 nm (also reported by
Šulek et al. [23]), whereas the average particle size obtained by
method 2 was smaller (d = 21 nm). This was very important for
the final phase of a research, NADH oxidation in a microreactor
because of the microchannel size (width : height =
0.25:0.05 mm). Additionally, by decreasing the size of a particle,
surface to volume ratio is increasing.
Using the atomic absorption spectrophotometer, it was addi-

tionally measured that 1 mg/mL of dissolved nanoparticles
contains 0.017 mg/mL of iron. Using the spectrophotometric
method described by Clesceri et al. [27], it was determined that
the composition of the sample is 99% Fe3+ ions that constitute
Fe2O3 and only 1% of Fe2+ ions that constitute FeO MNPs.
At the end of the systemization procedure, silanization reac-

tion by the aminosilane coupling agent took place in order to
provide highly functionalized γ-Fe2O3 nanoparticles ready for
subsequent surface treatments, the covalent immobilization of
the enzyme. In order to verify coating of the maghemite surface
through silanization reaction, the FT-IR spectrum of APTES-
treated maghemite samples (Figure 2b) was analyzed. The
presence of siloxane groups Si─O─Si was confirmed by the
band at 1037.09/cm, indicating the attachment of aminosilane
molecules onto the surface of silica-coated magnetic nanopar-
ticles. The absorption band at 1412.52/cm can be assigned to
N─H stretching vibration and NH2 bending mode of a free NH2

group, respectively [23]. Comparing the intensity of bands for
both samples, it could be observed that the intensity of the band
for Si─O─Si groups, implying a better silanization reaction, is
significantly higher for nanoparticles synthesized by method 2.
The surface amino group provides an active site to react with
the bifunctional reagent glutaraldehyde via an imine bond,
leaving a reactive pendant aldehyde functional group. Conse-
quently, the primary amino groups of the biocatalyst react with
the aldehyde group potentially forming a Schiff base (C═N
bond), which is further reduced to C─N bonds by a reducing
agent (NaCNBH3) to enhance the stability of the immobilized

enzyme. The attached amino groups after the APTES treatment
were quantified by the method of acid titration. The primary
amino groups on the particle surface were hydrogenated upon
addition of the hydrochloric acid of a specific concentration.
Following the analogy presented by Šulek et al. [23], by which
nHCl = nAPTES, the conductometric assay indicated that the
number of calculated amino groups could be 2-fold higher in
favor of the particles synthesized using method 2 (12.3 of
amino groups per nm2 of nanoparticles).

The final comparison of the particles was performed by meas-
uring magnetic properties. The magnetic properties of APTES-
coated maghemite synthesized by two different methods were
examined by VSM and subsequently compared (Figure 2c). The
magnetization curve of the particles synthesized according to

Figure 2. Characterization of nanoparticles synthesized by method 1 (─)
and method 2 ( ): a) X-ray powder diffraction pattern of bare, b) FT-IR
spectrum, c) room temperature magnetization
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method 1 revealed saturation magnetization of maghemite nano-
particles with the value of 60 emu/g. On the other hand, the
particles synthesized according to method 2 revealed saturation
magnetization of 30 emu/g. Therefore, it can be concluded that
coating of nanoparticles with APTES was more efficient when it
was performed using method 2 than method 1 as proposed in
refs. [22] and [23].
Based on all obtained results, for the next step of the

research, particles obtained by method 2 were used.
3.2. Influence of Buffer Composition and pH Value on

Enzyme Stability. During the immobilization procedure that
usually takes several hours [13, 23], it is essential to have a
stabile biocatalyst, the stability of which does not decrease
dynamically. In order to find the best media for the immobiliza-
tion process, different buffers were analyzed (Figure 3).
The same initial concentration of the enzyme (γADH =

0.4 mg/mL) was dissolved in different buffers, and the enzyme
activity was dynamically monitored. Several different phos-
phate buffers were found to be suitable, and no change in the
biocatalyst activity was noticed for 2 days. Among the buffers,
0.1 mol/L pH 9 potassium–potassium phosphate buffer was
chosen for the immobilization procedure as deactivation con-
stant in that buffer was the lowest (kd = 0.0022 ± 0.0001/h after
2 days).
3.3. Experimental Optimization of Enzyme Immobiliza-

tion Process. Multifactor experimental design was used to opti-
mize the enzyme immobilization process on nanoparticles. The
results were statistically analyzed using the evolutionary operation
method (EVOP) [24–26]. The influence of enzyme concentration
(γADH), volumetric ratio of glutaraldehyde necessary for nano-
particle surface activation (φglutaraldehyde), and process time (t) of
enzyme immobilization were investigated. Surface activation time
(tsurface activation = 2 h), pH (pH = 9), temperature (T = 25 °C), and
the amount of nanoparticles (mnanoparticles = 5 mg) were kept
constant during the immobilization procedure. Optimal operat-
ing conditions for the immobilization process were determined
to be γADH = 0.08 mg/mL, 2% glutaraldehyde for surface
activation, t = 28 h. In such conditions, the specific activity
of S.A. = 118 ± 6 U/mg (0.068 mg of immobilized enzyme on
5 mg nanoparticles) and immobilization efficiency of η = 84.97 ±
3.67% were achieved. Compared to the native enzyme, the

immobilized ADH retained 66.45 ± 3.66% of the initial activity
which is the highest retained activity published in the literature.
Namely, the binding of ADH to the surface of superparamag-

netic nanoparticles (Fe3O4) has been performed by Liao and
Chen [13], via carbodiimide activation in which, compared to
the free enzyme, the immobilized ADH retained 62% of the
activity. When immobilization of ADH on MNPs was per-
formed by Shinkai et al. [14], a residual activity of only 12%
was obtained. Recently, Goldberg et al. [16] employed ADH
from Rhodococcus ruber for immobilization on porous glass
beads, nanodiamonds, and magnetic nanoparticles via glutaral-
dehyde cross-coupling. Immobilization on the magnetic carriers
had about 89% of yield and obtained the residual activity of
about 49%. Li et al. [15] performed covalent immobilization of
ADH to Fe3O4 MNPs via glutaraldehyde coupling reaction, and
in their study, the immobilized ADH retained 48.77% of its
initial activity.
After optimization of the immobilization process, the stability of

the immobilized enzyme was monitored. Two different buffers
were chosen, 0.75 mmol/L, pH 9, glycine–pyrophosphate buffer
(used in the coenzyme regeneration process), and 0.1 mol/L, pH 9,
glycine–pyrophosphate buffer with excess ammonium sulfate, c =
2.4 mol/L (usually used for long term enzyme storage). The
stability of the immobilized enzyme was investigated at two differ-
ent temperatures, T = 25 °C and T = 4 °C. The results are shown in
Figure 4.
As in the case of the suspended enzyme, deactivation constant is

much higher for glycine–pyrophosphate buffer (kd (T = 25 °C) =
0.0080 ± 0.0007/h; kd (T = 4 °C) = 0.0022 ± 0.0002/h) in compar-
ison with glycine–pyrophosphate buffer with excess ammonium
sulfate, c = 2.4 mol/L (after 25 days kd (T = 25 °C) = 0.0043 ±
0.0002/h; after 42 days kd (T = 4 °C) = 0.0032 ± 0.0003/h). As it
could be observed, ADH immobilized on nanoparticles and sus-
pended in glycine–pyrophosphate buffer with excess ammonium
sulfate, c = 2.4 mol/L retained its initial activity for 1023 h
(42 days).
According to literature [30], a decrease in the stability of the

suspended biocatalyst during storage could be overcome by
using an immobilized biocatalyst. The comparison of stability
of the suspended (Figure 4) and the immobilized enzyme for the
same conditions (T = 25 °C and identical buffer) indicated that
enzyme stability was significantly increased by the immobiliza-
tion procedure.
3.4. NADH Oxidation in Microreactor. Once the immobi-

lization procedure was optimized, NADH oxidation was per-
formed. Acetaldehyde (ci,acetaldehyde = 40 mmol/L) was used as a

Figure 3. Stability of suspended enzyme in different buffers (T = 25 °C,
γADH = 0.4 mg/L): ( ) 0.75 mmol/L glycine–pyrophosphate buffer, ( )
50:50 solution of 0.75 mmol/L glycine–pyrophosphate buffer and
0.1 mol/L glycine–pyrophosphate buffer with 2.4 mol/L ammonium
sulphate, ( ) 0.2 mol/L sodium-potassium phosphate buffer, (●)
0.1 mol/L potassium-potassium phosphate buffer, and (○) 0.1 mol/L
glycine–pyrophosphate buffer with 2.4 mol/L ammonium sulphate; (─)
model prediction

Figure 4. Relative stability of immobilized enzyme in different buffers:
0.75 mmol/L glycine–pyrophosphate buffer at T = 25 °C ( ) and T = 4 °C
(○); glycine–pyrophosphate buffer with ammonium sulphate in excess, c =
2.4 mol/L at T = 25 °C (●) and T = 4 °C ( ); (─) model prediction
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substrate for oxidation (ci,NADH = 5.5 mmol/L) because of its
low price and high specificity of the ADH toward it. As men-
tioned, in one of the previous studies [20], the same reaction,
using ADH-loaded MNPs, was performed in a batch reactor (V =
1.5 mL) and in a poly(tetrafluoroethylene) (PTFE) tubular mini-
reactor (length : diameter = 330:1 mm with internal volume of
0.27 mL). The results obtained indicated that the ADH-loaded
MNPs could be efficiently used in the NADH oxidation process.
Microreactors offer several advantages in comparison with larger
systems [1–3]. The advantages of the microreactor and MNPs are
combined, and better results, in terms of NADH conversion, were
expected than in case of same reaction performed in a batch
reactor and in a PTFE tubular reactor.
In order to introduce ADH-loaded MNPs into the micro-

channel, they were injected into the microreactor using a
syringe pump and retained in the microreactor utilizing the
magnetic force of the magnet. Microscopic observation at mag-
nifications of 40× and 100× confirmed that the particles were
successfully fed into the microchannel (Figure 5a). Likewise,
during the injection observed by microscope, the formation of
MNPs agglomerates larger than microchannel diameter was
noticed (clogging of the entrance). Mustapić et al. [31] claim
the agglomeration to be a characteristic of MNPs systems
governed by their magnetic interactions, and that some prob-
lems with the agglomeration of particles will arise when the
reacted solution is left for a longer time. This was the main
reason why it was possible to introduce only 0.1–0.25 mg of
MNPs into the microchannel whereas others were too large.
Mustapić et al. [31] also claim that coated particles seem to
cluster as a consequence of undirected and weak interactions,
which makes it easier to prevent their agglomeration. Therefore,
prevention of agglomeration is proposed for further study.
After introducing the particles into the microchannel, NADH

oxidation was performed using two different reactor configura-
tions for magnetic field formation. The first configuration was a
microreactor equipped with permanent square magnets
(Figure 1a), and the second was a microreactor equipped with
an electromagnet and an oscillating magnetic field developed to
enable magnetic particles movement in the microreactor
(Figure 1b). When working with permanent magnets, nanopar-
ticles were attached just onto one side of the microchannel.
Thus, the amount of the enzyme available to substrate was not
absolutely exploited. Therefore, the electromagnet with an
oscillating magnetic field was developed. According to Derks
et al. [32], in magnetic bead motion within a fluid, the magnetic
and drag forces dominate the bead motion, since at the

micrometer scale, effects of gravity and inertia become very
small. Therefore, a bead will almost instantaneously accelerate
to its terminal velocity at which the magnetic and drag force are
exactly at balance with each other. Using this concept, it was
possible to actively move or restrain the particles across the
channel (Figure 1b).
When working with tubular minireactor [20] equipped with

electromagnet that generates oscillating magnetic field, the par-
ticles align themselves along the lines of magnetic flux. In this
way, beads cover the whole channel cross-section in an almost
parallel way. Additionally, if the magnet is previously magne-
tized, then turned off particles remain in that form. On the other
hand, if the oscillating magnetic field is applied constantly,
particles will move towards both the north and south poles.
Particle oscillation is obtained by switching the poles on and
off. When one pole is active, the particles are attracted to it.
When the field is switched and the other pole is activated, the
beads will be attracted towards it. Comparing the results for
tubular minireactor, best results (highest conversion in shortest
residence time) were obtained in reactor with oscillating mag-
netic field.
Despite expectation after the reaction was performed in

microreactor, it was noticed that the system with the oscillating
magnetic field performed slightly better (X = 100%, τ =
3.5 min) than the system with the permanent magnet (X =
100%, τ = 6 min) (Figure 5b). The reason for this is probably
the configuration of the microchannel (width : height =
250:50 μm) in which the small height did not allow any sig-
nificant particle movement. For further investigation, a new
configuration of the microchannel with larger dimensions of
height and width is proposed. In addition to better particle
movement, a new configuration should also enable introduction
of a larger amount of the ADH-loaded MNPs.
Another important factor, when working with immobilized

biocatalyst, is biocatalyst long-term activity and possibility to
reuse it again. In one of our previous work [20], ADH-loaded
MNPs long-term was tested for t = 7 days at a total flow rate of
Φ = 5 μL/min. Obtained results indicated that biocatalyst could
be used for continuous operation, but constant decrease of
conversion was observed practically from the start of the experi-
ment. Around day 2.5, biocatalyst activity decreased for about
50%. Similar results were observed for reaction performed in a
microreactor (data not shown).
The productivities, as well as enzyme consumption, are impor-

tant when choosing the optimal reactor type [33, 34]. If cheap
biocatalyst is used, it is appropriate to choose the best reactor

Figure 5. a) MNPs trapped in the microchannel and b) NADH conversion within a glass microreactor using ADH-loaded MNPs as a function of
residence time (● reactor configuration with permanent square magnets and reactor configuration with electromagnet and oscillating magnetic field)
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mode on the basis of the volumetric productivity. On the other
hand, if an expensive biocatalyst is used, it is appropriate to choose
between reactors according to the turnover number and enzyme
consumption [35]. In order to propose best reactor type, turnover
numbers (TON; kcat (/s)) were calculated for reaction performed in
different reactor types and results were compared (Table 1).
As expected the highest turnover number was achieved in a

microreactor with oscillating magnetic field that was working
constantly, where the enzyme consumption was minimal. The
lowest turnover number was achieved in a batch reactor (Table 1).

4. Conclusion

The characteristics of magnetic nanoparticles of maghe-
mite (γ-Fe2O3) were improved by their synthesis in a stirred
tank batch reactor placed in oil bath. Enzyme immobilization
on MNPs was experimentally optimized using the evolution-
ary operation method (EVOP), resulting in a specific activity
(S.A. = 118 ± 6 U/mg) and immobilization efficiency (η =
84.97 ± 3.67%) higher than those published in literature. Addi-
tionally, long-term stability of the immobilized ADH was
improved in comparison with the native enzyme. The applic-
ability of the obtained ADH-loaded MNPs was investigated for
NADH oxidation, resulting in successful biotransformation for
longer residence time in comparison to reaction catalyzed by
free enzyme. It is necessary to introduce into the microchannel
more ADH-loaded MNPs in order to perform reaction with same
efficiency for shorter residence time. In this way, the system
could be used as part of an integrated system making the whole
process more sustainable.
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Table 1. Comparison of turnover numbers for immobilized ADH in different reactor types (MrADH = 146.8 kDa)

Reactor Type of magnet mADH (mg) vmax (mol/s/mg) kcat (/s) Reference

Batch reactor (V = 1.5 mL) – 0.08 7.94 � 10−5 1.46 � 102 20
Minireactor (V = 0.25 mL) Permanent cylindrical magnet 0.08 9.07 � 10−4 1.66 � 103 20

Permanent square magnet 0.08 1.19 � 10−3 2.18 � 103 20
Electromagnet with stationary particles 0.08 1.96 � 10−3 3.59 � 103 20
Electromagnet with oscillating particles 0.08 2.79 � 10−3 5.12 � 102 20

Microreactor (V = 6 μL) Permanent square magnet 0.0016 1.19 � 10−3 1.09 � 105 This work
Electromagnet with oscillating particles 0.0016 1.62 � 10−5 1.49 � 105 This work
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