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Abstract: Microfluidic reaction devices are a very
promising technology for chemical and biochemical
processes. In microreactors, the micro dimensions,
coupled with a high surface area/volume ratio, permit
rapid heat exchange and mass transfer, resulting in higher
reaction yields and reaction rates than in conventional
reactors. Moreover, the lower energy consumption and
easier separation of products permit these systems to
have a lower environmental impact compared to macro-
scale, conventional reactors. Due to these benefits, the
use of microreactors is increasing in the biocatalysis
field, both by using enzymes in solution and their
immobilized counterparts. Following an introduction
to the most common applications of microreactors in
chemical processes, a broad overview will be given of the
latest applications in biocatalytic processes performed
in microreactors with free or immobilized enzymes. In
particular, attention is given to the nature of the materials
used as a support for the enzymes and the strategies
employed for their immobilization. Mathematical and
engineering aspects concerning fluid dynamics in
microreactors were also taken into account as fundamental
factors for the optimization of these systems.

Keywords: Microreactor, microfluidic reactor, enzyme,
immobilization, biocatalysis

1 Introduction

The first appearance of the word microreactor in a
scientific publication was most likely in 1951, in a paper by
M.A. Mosesman concerning the use of a micro-apparatus
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for the studies of gas-solid reactions by in situ X-ray
diffraction [1]. Successively, this technology was applied
in several kinds of chemical reactions with the aim to
improve the reaction rate of specific processes.

As recently highlighted by R. Wohlgemuth et al. [2],
the increasing success of microreactor technology is
principally due to the relevant advantages of micro-scaled
systems vs. large-scale reactors. These advantages include
reduced environmental impact, improved heat and mass
transfer, ease of product isolation, and energy efficiency.
In addition, microreactors offer unique possibilities for
the design of innovative industrial processes in conditions
not applicable on a large-scale [3] and for their easy
transportability to places where reagents are available
and/or products are required [2].

A microreactor can be described as a device with
narrow channels (typically with an internal diameter less
than 1 mm) constructed from stable and inert materials
(e.g., glass, silicon, stainless steel, ceramic, or polymers),
and equipped with a tunable pumping system, two or
three reservoirs for reagents, and a system for the selective
collection of the reaction products [4,5]. Fig. 1 shows the
basic scheme of a simple microreactor and the external
aspect of a typical commercial system.

In general, the choice of reactor material depends on
the operating conditions [6,7]. For example, if the reaction
mixture is a liquid under 200°C, a glass reactor can be
used, but if the reaction operates at high temperature
and pressure, reactors fabricated with silicon and steel
are required. At even higher temperatures, such as those
reached in reforming reactions, a ceramic reactor must be
used [7]. Functionalized polymers may also be effective for
this purpose [8]. Some examples of microreactors fabricated
with different kind of materials are given in Fig. 2.

Although several different commercial or handmade
models are available, the reaction volume in a typical
microreactor is about 1,000 pL or less, and the reaction
time is determined and regulated by the pump rate [9]. In
this condition, the flow is laminar with a low Reynolds
number (Section 3.2), and the mixing of reagents typically
occurs by diffusion [10].
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Figure 1: Picture of a commercial microreactor: a) External aspect of Asial20 system by Syrris; b) enlarged view of a glass microreactor; c)

Scheme of a microreactor with two input.

Reagent mixing is a crucial phenomenon in a
microreactor because it influences the flow profile and
the reaction kinetics. Therefore, several different designs
of the mixing chamber have been developed, and the
corresponding residence time distribution has been
analyzed. For example, D. Boskovic et al. [11] studied
three passive mixing structures with different serpentine
designs and their effects on the resulting flow profile and
dead volume. On the other hand, the mixing time can be
shortened by forcing the collision between reactant fluid
streams, by applying shear to the streams and enhancing
the number of channel bend, or by dividing the inlet
stream in lamellae [12-14]. Furthermore, in some cases,
active mixing has been implemented by using electrical
and magnetic fluctuant fields or inducing thermal
gradients into the microreactor [12,15].

Typically, the reagents are in the liquid phase and their
mixing is the result of hydrodynamic pumping by syringe
pumps [9], but the apparatus can also be adapted for a

biphasic gas-liquid mixture by introducing an appropriate
micromixer and a back pressure control valve (Fig. 3) in
order to regulate and maintain the reactor pressure [16,17].
Microreactors are also equipped with a system for
temperature control. This is a very important aspect of
microreactor design because the typically large surface
area/volume ratio allows for rapid heat transfer or
removal from the reaction, therefore permitting thermal
conditions that are inaccessible with other kind of
reactors [5]. Moreover, the enhancement of mass and
heat transfer optimize the reaction selectivity [18]. For
these reasons, microreactors have proven to be successful
in the production of new pharmaceutical compounds
[19] or in complex organic synthesis, such as gas-liquid-
solid hydrogenations of organic compounds [20]. Finally,
studies about micromixing phenomena allow for an
understanding of reagent mixing on a large scale [21-23].
Although many papers report in detail the properties
of the most recent generation of microreactors and
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Figure 2: Examples of microreactors fabricated from different materials: a) metal; b) ceramic; c) poly(dimethylsiloxane), d) glass; and e) f)
silicon.
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Figure 3: Typical flow reactor system for carbonylation (MFC: mass flow controller; RTU: residence time unit; BPR: back pressure regulator).
With permission from reference [17] (license number: 3701431434096).
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summarize their applications in various chemical
reactions, so far, less attention has been given to
corresponding applications in biocatalysis. To address
this need, we present an overview of the current
leading applications of microreactors in chemistry,
with particular focus on biocatalytic applications of
microreactors and their specific methodological and
technical features.

In contrast to conventional reactors, microreactors
display peculiar fluid dynamics. Fast endothermic or
exothermic reactions with huge mass and heat transfer
is strictly attributed to the microdimensions and design
of the reactor. For this reason, this review also provides
a general treatment of the physical and mathematical
aspects of microreactors and a chemical engineering
approach to their fluid dynamics.

2 Microreactors in chemistry

The most significant application of microreactor
technology in chemistry is organic or polymer syntheses
of a variety of products. For example, microreactors have
been used to prepare enantiomerically pure products
[24,25], fluoro-organic compounds [26-29], B-peptides [30],
tetrahydroisoquinolines [31], and 2-aminothiazoles via the
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Hantzsch reaction [32]. The Koch-Haaf carboxylation of
adamantanols is also described [33].

Furthermore, several polymer chemistry applications
are described in the literature, such as the synthesis of
linear and branched polymers with different structures,
including beads, microcapsules, and fibers [34]. As
reviewed by A.Kirschningetal.[35], the use of microreactors
in combination with other synthetic techniques, such
as microwaves and ionic liquids or other new solvents,
permits the development of new synthetic platforms for
more efficient and rapid processes (Fig. 4). Two interesting
examples are the synthesis in a tubular microreactor of
branched polymers [36] and the production of polymer
nanoparticles by photopolymerization of methacrylates
in a borosilicate microreactor [37]. In the first case, the
molecular architecture is controlled by the flow rate,
while in the second case, the use of a microreactor leads
to a higher reaction yield with a lower irradiation power.

Photochemical applications of continuous-flow
microreactors were also recently reviewed by Y. Su et al.
[38], taking into account, in particular, the engineering
aspects of flow photochemistry, the advantages related to
the microreactor technique, and the problems related to
scale-up to the industrial level. Technical aspects, such as
light sources, reactor materials, and appropriate solvent
choice, were also examined and discussed.

immobilised
catalyst in
continuous
. flow applications
solid phase new reactor
assisted design
catalysis
immaobilised o
catalyst under tagged ionic
microwave liquids in

irradiation for
rate acceleration

microwave
assistance

solution phase
synthesis in biphasic
systems under
microwave irradiation

membrane reactors

new solvent
systems

Figure 4: Enabling techniques and selected proposals of possible combinations for developing new synthetic platforms (with special focus
on solid-phase assisted catalysis). With permission from reference [35] (license number: 3701440393200).
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The final area of application for microreactors in
chemistry is energy production. Different strategies
have been developed for the synthesis or processing
of fuels, where the most notable is the production of
molecular hydrogen for fuel cells. Research in this field
was extensively reviewed by G. Kolb [39], who focused on
the processing of fuels as hydrogen sources for fuel cells
and hydrogen storage and methods for the production of
methanol, ethanol, and biodiesel.

3 Mathematical and engineering
aspects

Microdevices have very different dimensions from
conventional equipment. Because the length is on a
micrometer scale, the surface term prevails and mass and
heat transfer are enhanced. Therefore, the fluid dynamics
of microsystems is different from those of industrial- and
laboratory-scale equipment, but the same fundamental
principles may be applied.

In modeling and simulation in general, a prototype
combined with a mathematical model permits a better
understanding of a piece of equipment. Therefore, the
goal here is to describe, in mathematical terms, a model
that may aid in the comprehension of the physical
phenomena that occur inside a microreactor. We present
a mathematical treatment of homogeneous flow starting
from a simple scale analysis, which is sufficient to cover
the basic principles of microreactor phenomena. However,
more in-depth issues are also described, with examples
from the literature.

3.1 Preliminary analysis

Clearly, microreactors have microdimensions. For
instance, the volumes of commercial Syrris glass
microchips are 62.5, 250, or 1000 pL. The channel depth is
from 85 pm to 1,240 pm; the width, in the reaction section,
is about 400 pm; and the total length is 2 m. In contrast
to industrial and laboratory equipment, the channel
cross sections are not necessarily circular. Because of the

N
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technology, the channel cross sections can be different
shapes, such as rectangular, “oval track” (from oval track
racing), and half-oval track (Fig. 5).

The flow rate usually ranges from 1 pL min? to
10 mL min? and depends on both the microreactor
dimensions and the injection system properties. From
the microreactor volume and the flow rate, the residence
time can be calculated as a volume-to-flow ratio. The
residence time, or time scale, is the fundamental measure
for studying kinetics in microreactors [21,40] because they
can be considered as flow reactors [41,42].

To study the flow properties, a very simple analysis
can be done with dimensionless numbers [12,43,44].
The Reynolds number (Re), as defined by the equation
Re = p v d/p, is the relation between the inertial and the
viscous forces, where p is the viscosity in Pa s, p the density
in kg m?3, v is the velocity based on the actual cross section
area of the channel, and d is the diameter of the channel.

In terms of flow in a cylindrical channel, laminar flow
occurs if Re is less than 2,100. It is necessary to consider
the shape of the channel because secondary flow may
also occur, for example, in a sinusoidal channel [45] or
in a T-shaped microreactor [22]. A low Reynolds number
indicates laminar flow, where the viscous forces prevail
over inertial forces. In other words, the diffusion prevails
over the convection.

Diffusion may be represented by Fick’'s law,
J,¥ = -DVC,, where ], * is the molar diffusive flux of the
A component, D is the diffusion coefficient or diffusivity,
and VC, is the gradient of the molar concentration of
A [46]. The coefficient of diffusion has the dimension
L?/time (where L is a characteristc length) and can be
viewed in terms of a characteristic dispersion time
(t,), which is the ratio between the square of L and the
coefficient of diffusion, ¢, = L*/D.

For example, the diffusion coefficient in liquid is
about 10~ cm?/s, and if a characteristic length of 250 pm is
used, the characteristic dispersion time is about 1 minute.
However, if a characteristic length of 1 cm is used, ¢, will
be equal to 100,000 seconds, or approximately 27 hours.
Because microreactors are flow reactors, the flow must
be considered. The time associated with convection is

(c)

Figure 5: Channel cross section of different Syrris glass microchips (a) 62.5pL: half oval track; (b) 250pL: oval track; (@) 1000pL: rectangular.
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the average residence time (¢,), which is calculated by
dividing L by the velocity (U). The Fourier number (Fo)
is defined as Fo = t /  iving? and values that fall within the
range 0.1 < Fo < 1.0 are considered to be good (i.e., there is
good mixing for Fo > 0.1 and complete mixing for a value of
about 1.0) [47]. The Peclet number (Pe) also takes diffusion
into account in the relationship: Pe = u d,, /D, where u, d,,
and D denote the average velocity, the hydraulic diameter
or the transverse diffusion distance (which are assumed
to be of the same order of magnitude), and the diffusion
coefficient, respectively.

Other dimensionless numbers, like the Bond or Weber
numbers, are commonly used in multiphase flows. The
Bond number is used to characterize the shape of bubbles
and drops, and the Weber number is the ratio of inertia to
surface forces. In addition, multiphase microflows may be
characterized by the ratio of viscous to surface forces, also
known as the capillary number (Ca) [48].

The use of dimensionless numbers in the analysis
is sufficient for understanding the fluid dynamics of
microdevices. From this analysis, it is possible to identify
the best design, or even think about a new design.

3.2 Fluid dynamic characterization

A quantitative study of fluid dynamic behavior may be
done through tracer response tests, as first defined by PV.
Danckwerts [49]. Basically, the tracer, a substance that
does not interact with the reaction medium, is added at the
entrance of the device. At the same time, the concentration
of the tracer is monitored at the end of the device. The
tracer may be added with three more common types of
perturbation: pulse, step, and sinusoidal modification
of the tracer feed concentration. The response to the
pulse perturbation is the Residence Time Distribution
(RTD), which is the distribution of times that each volume
element spent in the reactor [50].

The plug flow reactor (PFR) and the batch reactor
are the only models in which all the volume elements
spend the same time in the reactor. In other reactors,
each volume element remains in the reactor for a different
period of time, and several distributions of properties can
be defined [50].

The tracer perturbation approach may also be applied
to microdevices, but a pulse in a microvolume has to be
a micropulse and requires special techniques. F. Trachsel
and coauthors [51] injected 100 nL of fluorescence-labeled
tracer liquid by a piezoelectric actuated injector and
monitored the response for the tracer pulse perturbation
by means of fluorescence microscopy measurements.
In contrast, S. Lohse et al. [52] proposed a non-intrusive
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technique involving optical activation of a caged
fluorescent dye. Because it is an optical injection, the
perturbation can be performed at arbitrary positions
in transparent microstructures. Finally, D. Boskovi¢ et
al. used a spectroscopic technique to measure tracer
quantities [11]. In this case, the tracer concentration was
calculated by measuring the absorbance simultaneously
at the inlet and outlet of the microdevice with two
miniature spectrometers.

3.3 Modeling and simulation

Fluid dynamics is the area of physics that covers
fundamental principles related to the movement of fluid
and its properties. The starting point is the basic equations
of transport phenomena (i.e., mass, momentum, and
energy balances) [46)].

The simplest equation that represents fluid dynamics
in tubes is the plug flow (i.e., all elements spend the same
time inside the volume),

o dz

where C, is the molar concentration of species A
and v_is the velocity vector along the z-axis (the initial
conditionsarez=0and C,=C, ).

It is very common to apply this relationship in
chemical reactor engineering to tubular reactors,
including the plug flow reactor (PFR). Although the
PFR is a very simple model, it can well-represent the
experimental data. For example, S.R. Deshmukh et al.
compared PFR, continuously stirred tank reactor (CSTR),
and computational fluid dynamics (CFD) simulations
methods in the Ru/AlO.-catalyzed decomposition of
ammonia in an integrated microchemical device [53].
The results show the best approximation of experimental
data by the PFR approach. Similarly, G.N. Jovanich et al.
studied the dechlorination of p-chlorophenol on a Pd/Fe
catalyst in a microreactor system, and the ideal plug flow
represented the experimental conversions well [54]. On
the other hand, V. Burkle-Vitzthum et al. used an annular
flow microreactor to study reactions at high temperature
(873-1273 K) and very short residence times (10-100 ms),
and they found that the fluid dynamics very closely
resembled the plug flow reactor [55].

3.3.1 Laminar flow

Microdevices can be seen as microtubes. Assuming a
laminar flow for a Newtonian fluid flowing in a cylindrical
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tube, the fluid dynamics can be represented by the
following equations:

P,—-P
T, = (Mjr
_(B-P)R

i .1—(%)2
4u. @)

As previously mentioned, microreactors may have
other cross-sectional tube shapes. A rectangular cross
section is one example, and an approximate solution for
velocity is as follows [56,57]:

vz(x,y)zvml—[fj 1—@
a b 3)

In Eq. 3, v, is the maximum velocity, the width of
the channel is equal to 2a, and the depth of the channel is
equal to 2b, while r and s are parameters that depend on
the geometry. A rectangular reactor can be better modeled
using the fundamental balances of mass, momentum, and
energy. The component of the Cartesian coordinates of the
equation of continuity for species A is as follows:

oC oC oC o’c, o°C
Ly —2L4ry —2L=D 4y 4L1-R,
ot ox oy ox’ oy*

v, ()

(4)

Where C, is the concentration of species A, x and y are
the Cartesian coordinates, D is the diffusion coefficient,
and R, is the reaction rate. The first term on the left side is
the transient term; the second and third are the convective
terms of directions x and y, respectively; the term in
parentheses on the right-hand side is the diffusional
contribution (i.e., the molecular transport); and the last
term is the source one. M. TiSma et al. studied the laccase-
catalyzed L-DOPA oxidation in a y-shaped continuous flow
microreactor [58]. By using this model and the Michaelis-
Menten approach to enzyme kinetics, they obtained good
agreement between simulations and experimental data.

3.3.2 Non ideal reactor model: Axial dispersion model

The model for a real reactor with one parameter is the
axial dispersion model. It considers a plug flow velocity
distribution, but some dispersion is added in the direction
of the flow. The representative equation is similar to Fick’s
law:
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Although the model appears to only consider
deviations by axial mixing, the axial dispersion parameter
encompasses non-idealities related to radial mixing,
molecular diffusion, and non-ideal velocity profile
deviations [59,60].

The axial dispersion model is a good model for low
Reynolds numbers [60]. The parameter D ., which is
usually obtained experimentally, may be calculated from
molecular diffusion and reactor characteristics from
Eq. 6, where d_ it is the molecular diffusion of the species
A, \72 is the average velocity in direction z, and R is the
reactor radius.

+R, (5)

—2 p2
d,+ v, R (6)
48d

The model is largely used to represent the RTD
curves of tracers (i.e., the fluid dynamics of tracers in
reactors). In this case, the tracers should be inert, so
the term R, in Eq. 5 is equal to zero. D. BoSkovi¢ and S.
Loebbecke [61] used an axial dispersed model to fit the
measured RTD data. The influence of the ratio of channel
depth/channel width in RTD curves and axial dispersion
parameters was also studied [62]. S. Schwolow et al. [63]
studied the scale-up of a Michael addition reaction in
the lab to small-scale commercial production. They used
microreactors and the axial dispersion model to evaluate
the RTD.

D

axial ~—

3.4 CFD studies

Computational fluid dynamics (CFD) is a computational
tool that solves the balances of mass, momentum,
and energy in complex geometries. Mesh generation,
turbulence, and system of equations solver are
components of CFD. Computational fluid dynamics is a
very powerful tool because it can be applied to the study
of different phenomena, and the number of papers and
patents concerning CFD has significantly grown in recent
years [64].

Computational fluid dynamics has been applied
to microreactors. For example, Y. Yamaguchi et al. [65]
investigated laminar flow in the typical hairpin curves
of microreactors, revealing the presence of secondary
flow using the software FLUENT; C. Amador et al. used
CFD calculations to analyze flow distribution in the mesh
microreactor [23]; and X. Li et al. studied the feasibility
of a pressure-based recycle flow for the micro-mixing of
molecular oxygen in bio-microreactors [66].
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A similar approach was used by K.I. Sotowa et
al. to evaluate the fluid behavior in two types of deep
microchannel reactors and toinvestigate their performance
in the hydrolysis of o-nitrophenylgalactopyranoside by
B-galactosidase [67]. In addition, W.K. Bodla et al. used
CFD analysis to evaluate the biocatalytic transamination
for the production of a chiral amine, which revealed that
substrate and product diffusion rates were considerably
different and depend on the reactor configurations [68].

3.5 Enzyme kinetics

Enzyme Kkinetics are usually analyzed by starting from
a model which takes into account the formation of an
enzyme-substrate complex before the formation of the
reaction product. Because a differential equation may be
used to resolve the rate for each reaction step, a complete
analysis of the process results in a system of ordinary
differential equations with an initial-value problem; this
problem can then be solved by different approaches,
such as the Runge-Kutta or Adams-Bashforth-Moulton
methods, or Backward Differentiation Formulas (BDF),
also known as Gear’s method [69].

As in other catalytic processes, the enzyme is
not consumed during the reaction. Therefore, the
total concentration of the enzyme may be used in the
model and if a steady state hypothesis for the enzyme-
substrate complex ES is assumed, the classic equation
proposed by Michaelis-Menten (and later revised by
Higgs and Haldane) can be applied, and the enzyme
affinity for the substrate can be evaluated by the
Michaelis constant (K,,).

Despite the numerous modifications proposed in order
to take into account reversible processes or the presence of
more than one substrate and inhibitor, this approach it is
still largely used to represent enzyme kinetics and is also
applied to microreactor systems [58,70,71]. Furthermore,
it has been successfully used to compute the steady
and laminar mass transfer rates produced by enzymatic
reactions [72].

4 Bio-microreactors

One of the advantages of using microreactor technology is
the minimum amount of catalyst that is normally required
to allow the reaction to occur; this aspect is particularly
important when the catalysts are enzymes. Therefore,
the possibility of obtaining excellent results using
small amounts of enzymes is one of the reasons for the
increasing interest in bio-microreactors.
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In agreement with the scheme proposed by M.
Miyazaki and H. Maeda [73], the fundamental techniques
for bio-microreactors can be divided into two main groups:
the first includes all continuous flow microreactors with
enzymes in solution, and the second pertains to systems
containing enzymes immobilized on the microreactor.
Because construction features, technical problems, and
experimental methods are quite different for the two
groups of systems, they are treated separately.

4.1 Bio-microreactors with free enzymes

Some significant examples of bio-microreactors using
free enzymes are listed in Table 1. The simpler method
consists in continuous flow reactions performed on chip-
type commercial microreactors composed of materials
like glass or polymers. The reaction begins by introducing
both substrate and enzyme solutions from separate
inlets, typically by syringe pumps, and proceeds with a
continuous flow of reagents for the entire measurement
time.

In stopped-flow microreactors, a similar mechanism
permits the mixing of reagents, but the reaction rate
depends on an applied chemical or physical field, and
the flow can be stopped by removing the applied field. An
interesting example of this technique is the application
of a photothermal laser control system by using an IR
diode laser in the near-infrared absorption wavelength
of water. In this technique, a direct-radiation heating of
the reaction mixture occurred without any effect on the
solute’s absorption [74,75].

An improvement of the original method is the two-
phase flow microchannel system reported by T. Maruyama
et al. [76]. In this case, the surface of a glass microchannel
was chemically modified with octadecylsilane groups
in order to obtain a hydrophobic surface. Then, a two-
phase reaction was performed by degrading an isooctane
solution of the substrate p-chlorophenol by means of
laccase dissolved in aqueous buffer. The experimental
data show that the glass surface properties and the
microchannel dimensions are essential for obtaining a
stable two-phase flow. Furthermore, a theoretical model
confirms that the substrate is enzymatically degraded at
the organic-aqueous interface, and substrate diffusion
is the rate-limiting step of the process. This model was
an extension of Eq. 4 because the authors considered
the mass balance in three dimensions. A similar method
was also reported for the synthesis of isoamyl acetate
catalyzed by lipase in the organic solvents n-hexane and
1-butyl-3-methylpyridinium-dicyanamide [7778]. Lipase-
catalyzed hydrolysis of soybean oil was recently addressed
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Table 1: Examples of bio-microreactors with enzymes in solution.
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Enzyme(s) Device material(s)

Results

Alcohol dehydrogenase  Poly(tetrafluoroethylene)

Glass microchannels

Benzoylformate decarbo- Glass microchannels
xylase

B-galactosidase Poly(methylmethacrylate)

High productivity and easy phase separation are obtained for the
enzymatic conversion of 1-heptaldehyde to 1-heptanol in a liquid- liquid
phase system [84].

Hexanol oxidation has a 30-fold higher maximum reaction rate in a
microreactor than in a cuvette without product inhibition and reverse
reaction [85].

Synthesis of (S)-2-hydroxypropiophenone is studied in three microreac-
tors, obtaining higher productivity compared to an enzyme ultrafiltration
membrane reactor (seven-fold) and a batch reactor (five-fold) [86].
Enzymatic hydrolysis of p-nitrophenyl-B-D-galactopyranoside is five
times faster than in batch. The inverse reaction of transglycosylation is
also enhanced [87].

Enzymatic degradation of p-chlorophenol is carried out in a two-phase
system with different flow rate and channel shape [76]. In another case,
L-DOPA and catechol oxidation are obtained with good reaction rates
and high efficiency [88].

Synthesis of isoamyl acetate is much faster in a two-phases microreactor
than in other systems [77, 78].

Hydrolysis of soybean oil was studied in a continuous microfluidic reac-
tion system. Conversion rate is similar to other published results, but

energy consumption is significantly lower [79].

Laccase Glass microchannels

Lipase Glass microchannels
Poly(dimethylsiloxane)/plexiglass

Peroxidase Glass chip or microchannels

Enzymatic reactions in microchip with ultrafast heating and cooling

rates show higher reaction rates and parameter control [74,75,89].

Transketolase Poly(methylmethacrylate) /
poly(dimethylsiloxane)

Trypsin Poly(methylmethacrylate)

Modular microfluidic reactors with in-line filtration systems are highly
efficient in the synthesis and separation of L-erythrulose [82,83].
Hydrolysis of benzoylarginine-p-nitroanilide has reaction rate 20 times

greater than in batch [90].

by modifying a microreactor in order to generate a water—
oil emulsion in a hydrodynamically controlled slug
flow [79]. At the end of the reaction, two microfluidic
separators, the first consisting of an array of hydrophobic
microchannels and the second using the force of gravity,
permit separation of the oil phase from the water solution
to recover the products. The results were analyzed using
only dimensionless numbers, capillarity, and Reynolds
numbers.

The problem of how to separate the reaction mixture
components in the final step is an important aspect of
microreactor technology. This issue has been resolved in
multistep chemical syntheses, where the use of a network
of microreactors and separators allows for efficient,
continuous synthetic systems [80,81]. The recovery and
reuse of enzymes has been achieved using bio-microreactors
with immobilized enzymes, a topic discussed later in this
paper. Nevertheless, some interesting results were also
obtained for continuous flow systems, as in the case of
the synthesis of a chiral compound using transketolase
[82], where the separation of the enzyme from the other
substances was achieved by coupling a tangential flow
filtration system to a microfluidic reactor.

Another interesting problem concerning the efficiency

of continuous flow microreactors has been encountered in
the transketolase reaction. A lower yield with respect to a
typical chemical synthesis was observed with high substrate
concentrations, which was attributed to inhibition and
denaturation effects induced by the presence of an excess
of substrate molecules in the proximity of the enzyme
[82]. To overcome this problem, an interesting strategy
incorporating a multi-input microfluidic reactor, capable
of substrate feeding at multiple points, was designed
and successfully applied to the transketolase-catalyzed
synthesis of L-erythrulose [83].

4.2 Bio-microreactors with immobilized
enzymes

Immobilization of enzymes confers particular
advantages in biocatalysis. The possibility of enhancing
control of the reaction by separating the catalyst from
the reagents and products, preventing contamination of
the products by the enzyme, suppressing undesirable
side reactions, and reusing the catalyst result in
more consistent performance and lower costs in
comparison to those previously described. Moreover,
miniaturization offers the opportunity to improve
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the kinetic performance of enzymes, making these
devices particularly attractive for analytical and
biotechnological applications [91].

Different kind of materials (e.g., polymers, glass, and
silica) have been used as solid supports for enzymes,
and the final result depends on the particular material
properties, engineering studies, and micro-precision
techniques used. All these factors are crucial for improving
the system efficiency and contribute to the development
of an optimal system, as well as improving the extension
of the contact area between enzyme and reagents. In
fact, increasing the specific surface of a microreactor
is necessary, and techniques such as sol-gel synthesis,
electrochemical anodization, zeolite production,
membrane deposition, and plasma processes have been
used. The ultimate goal is to obtain regular structures
without defects in order to improve reaction rates and to
avoid the presence of zones that can inhibit the regular
flow of substances in the microreactor [92].
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In Table 2, examples of bio-microreactors containing
immobilized enzymes are summarized. Despite the
differences among methods, materials, and enzymes, the
most common types of bio-microreactors can be divided
in four main categories:

(a) Surface-immobilized enzymes: enzymes are linked
to the surface of a pre-constituted microreactor (e.g., by
activating the inner channels of a capillary) and exposed
to the flow of reagents;

(b) Enzyme activated beads: an appropriate amount
of porous beads, previously functionalized with
enzymes, are packed together to fill the chamber of a
microreactor;

(c) Enzyme-containing monoliths: meso- or macro-
porous monoliths are coated with a resistant layer or
directly prepared in a microchannel and functionalized
with enzymes; and

(d) Membranes: enzymes are immobilized onto a
selective ultrafiltration membrane.

Table 2: Significant examples of bio-microreactors with immobilized enzyme(s).

Enzyme(s) Solid support

Methods of enzyme immobilization

Acetylcholinesterase
on poly(dimethylsiloxane)

Alcohol dehydrogenase Fused-silica capillary

Alcohol oxidase Aminopropyl glass beads
Alkaline phosphatase

Fused-silica capillary

Amino acylase

Poly(glycidyl methacrylate-co-ethylene

dimethacrylate)

Cytochrome P450 hydroxylase Ni-NTA agarose beads

Fumarase Glass microtubes

B-Galactosidase

Glyoxal-agarose on low temperature co-

fired ceramics
Silica nanosprings

Multi-walled carbon nanotubes
B-Glycosidase

oxide on stainless steel plate

Glucose oxidase Porous silicon

Magnetic microparticles

Graphene oxide/Fe,0, magnetic particles

Polycarbonate and polyethyleneimine

Silica streptavidin-coated microspheres

Poly(dimethylsiloxane) or y-Aluminum

Adsorbed on graphene oxide previously functionalized with
Fe,0, by chemical deposition. The system was then packed
into a poly(dimethylsiloxane) micro-chip by using an external
magnetic field [115].

Covalently bound to the inner surface of the capillary by using
APTES and GA [130].

Bound to the beads by reaction with GA and then packed in
an acrylic microreactor [109].

Adsorbed or bound to a polyethyleneimine layer coated on a
polycarbonate surface [98].

Adsorbed on the capillary wall previously coated with polyb-
rene [128].

Poly-L-lysine cross-linking on silicon wafer Cross-linked with poly-L-lysine to generate an enzyme-poly-

meric membrane on the inner wall of the microchannel [135].
Covalently bound to the polymer previously formed inside the
microreactor channel by photoinitiation [116].

Immobilized by reaction with Ni-NTA surface [111].

Covalently bound to the inner surface of a microtube by the
APTES/GA method [95].

Conjugated to biotin via amide coupling of aminocaproyl
spacer, and then bound to the microbeds [110].

Directly immobilized on activated glyoxal-agarose gels [112].

Immobilized by disulfide linkages with SiO, nanosprings,
previously activated with APTES, succinimidyl-pyridildithio-
propionate and ditiothreitol [136].

Coupled to pre-activated nanotubes by reaction with a carbo-
diimide [137].

Bound by the APTES/GA method to stainless steel microstruc-
turated plates with different surface layers [104, 138, 139]
Immobilized by the APTES/GA method on anodized silicon
reactors [140, 141].

Bound by the APTES/GA method to silica particles previously
magnetized by treatment with iron(lll) salt [113].
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Table 2

continued
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Enzyme(s)

Solid support

Methods of enzyme immobilization

Glucose-6-phosphate dehydro-
genase

Glutamate dehydrogenase

Invertase

Laccase
Lactate dehydrogenase

Lipase

Organophosphorous hydrolase

Peroxidase

Transaminase
Transketolase

Threonine aldolase
Trypsin

Tyrosinase

Urease

Fused-silica capillary

Poly(methyl methacrylate)

Silica-based hydrogels

Fused-silica capillary

Silica monoliths

Enzyme-polymeric membrane

Fused-silica capillary

Silica micro structured fiber, monolithic
network of fused silica capillary, and meso-
porous poly(methyl methacrylate)
Poly(ethylenimine) and
poly(styrenesulfonate) on silicon

Silica streptavidin-coated microspheres

Controlled pore glass
Gold layer on silicon wafers

Magnetic nanoparticles

Silica capillary or agarose beads

Silica capillary or agarose beds

Silica nanosprings and Eupergit CM
Poly(glycidyl methacrylate-co-ethylene
dimethacrylate)

Poly(methyl methacrylate)
Poly-(4-styrenesulfonate)/B-zeolite mul-
tilayer

Silica monoliths

Controlled pore glass

Magnetic beads

Fused-silica capillary
Poly(dimethylsiloxane)
Polymer-activated silicon wafer

Low temperature co-fired ceramics

Poly(acrylonitrile)

Entrapped in a polyacrylamide-based mixture and bounded
to the capillary surface previously activated by y-methacryl-
propyl-trimethoxysilane [119].

Immobilized by GA coupling to polyethyleneimine covered
PMMA [101].

Immobilized in a hydrogel obtained by sol-gel method from a
mixture containing precursors, APTES and the enzyme [142,
143].

Immobilized together with a transaminase by the APTES/GA
method [131].

Immobilized on silica rods previously activated by GA [144].

Entrapped on the inner surface of microtubes by reaction with
poly-L-lysine and cross-linkers [145].

Bound to the inner surface of electrophoretic capillary by the
APTES/GA method [130].

Immobilized by the APTES/GA method applied to different
structures: microstructured fibers [146,147], silica capilla-
ries [148,149], or polymers [150,151].

Immobilized on silicon microchannels by layer-by-layer
technique [152].

Conjugated to biotin via amide coupling of aminocaproyl
spacer, and then bound to the microbeds [110].

Coupled to alkylamine glass beads by means of GA [96].
Covalently immobilized to the surface previously activated by
reaction with 11-mercapto undecanoic acid [153].

Bound by the APTES/GA method to micro and nano-magnetic
particles [127].

Immobilized on capillary glass by the APTES/GA method
[131] or on Ni-NTA agarose beds [97,154]

Covalently bonded to Ni-NTA agarose beds successively
packed in glass vials or tubes [97,154,155].

Covalently immobilized by different methods [156].

Coupled to the polymer by reaction with GA [125, 157], or by
using commercial TPCK-trypsin [100].

Encapsulated in silica gel anchored to the polymer surface as
such [99], or modified by zeolite [102].

Introduced in a layer-by-layer multistrate polymer/zeolite
structure [103].

Immobilized on silica monoliths by reaction with GA
[117,120], or by a thiol-ene strategy [118].

Covalently immobilized on aminopropylated beads via
1,4-diisothiocyanatobenzene [107].

Bound to magnetic nanoparticles by carbodiimide activation
[126].

Immobilized by ionic binding technique with hexadimethrine
bromide [129].

Entrapped in a mono- [105,158,159], or multi-layer [106]
polymeric matrix

Bound by a multilayer technique with poly(dimethyldiallyl
ammonium chloride) and poly(styrenesulfonate) [106].
Immobilized on commercial glass beads and introduced into
the microreactor [108,160].

Immobilized on poly(acrylonitrile) supports produced by
phase inversion method [161].
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In each type of bio-microreactor, enzymes are
immobilized onto a solid support by methods such as
adsorption, covalent immobilization, or entrapment
[93,94]. Some of these procedures are the result of methods
previously used in macro-apparatuses, while others have
been specifically developed for microstructures and take
into account the unique problems related to the small size
of these systems.

In the case of surface-immobilized enzymes, each
material requires opportune modifications in order to
bind a protein. In silica microreactors, the most frequently
used method requires activation by (3-aminopropyl)
triethoxysilane (APTES) and glutaraldehyde (GA), but
analogous reactions with imides or epoxides have also
been reported [94-97]. Similar methods were also used to
functionalize polycarbonate with a carbodiimide [98] and
poly(methyl methacrylate) with several copolymers [99-
101].

Poly(methyl methacrylate) was also used as a
microchip surface in the immobilization of trypsin after
modification with zeolite nanoparticles and sol-gel
synthesis [102]. In another case, trypsin was successfully
adsorbed onto a poly-(4-styrenesulfonate)/B-zeolite
multilayer [103].

Furthermore, poly(dimethylsiloxane) has been
used in a different application, that is, as a material for
microreactors. M.S. Thomsen and B. Nidetzky developed
a microstructured plate for lactose hydrolysis by
immobilizing B-glycosidase via APTES/GA activation [104],
while F. Jones at al. affixed polydimethylsiloxane/urease
bioplastic on a silicon wafer [105,106]. Bio-microreactors
with enzymes immobilized on beads have been prepared
by filling the reaction chamber with enzyme-immobilized
particles. In this case, various materials were used, such
as controlled pore glass [96,107-109], microspheres [110],
activated agarose [111,112], and different types of magnetic
beads [113-115]. Both covalent immobilization and physical
interactions have been used in these systems with good
results.

The third type of bio-microreactor concerns inorganic
or organic monoliths formed in situ from different types of
precursors with immobilization strategies similar to those
previously described for the production of borosilicate
glass [116], silica [117118], poly(acrylamide) [119] or
poly(glycidylmethacrylate-co-ethylenedimethacrylate)
[120].

Finally, microreactors that couple enzymatic reactions
with membrane separation have been developed. Strictly
speaking, in enzymatic membrane microreactors, protein
immobilization is not mandatory [86]. In general, however,
the immobilization of the enzyme onto the membrane
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surface or inside the porous structure is preferred in order
to ensure its complete retention and to avoid loss of activity
over time [121]. Recently, interesting results were reported
for the transesterification of triolein with methanol,
catalyzed by lipase in a membrane microreactor with an
asymmetric membrane of poly(ethersulfone) [122]. In this
example, lipase was immobilized in the sponge layer of
the membrane by using an adsorption technique with
pressure-driven filtration through the thin layer. The
result was a system where the membrane does not act as
a selective barrier but rather as a microreactor containing
lipase, which enabled the reaction rate to be three times
higher than that of native free lipase.

Enzymes play an important role in modern clinical
research and diagnosis; therefore, many miniaturized
systems have been developed and used in recent years
for bioanalytical purposes. The most important example
in this field is the use of immobilized enzyme bio-
microreactors in capillary electrophoresis [123,124], a
well-known analytical technique where an electric field
is applied to induce the separation of analytes on the
basis of their electrophoretic mobility. Bio-microreactors
for capillary electrophoresis are discussed separately
in this paper because their preparation requires special
approaches. In this case, the main challenge is to optimize
the coexistence of the enzymatic reaction with efficient
separation of the reaction products.

As recently reviewed by J. Igbal et al. [123], this
problem was solved in two different ways. First, the
microreactor and separation capillaries exist as two
distinct objects, while in the second, they are united in a
single structure. When the two components are separated,
both the reaction and separation conditions can be
optimized independently, but the correct alignment of the
microreactor with the separation capillary is critical. These
types of system are mainly used in proteomics research
using trypsin or pepsin for protein analysis and peptide
mapping [107,125,126] and other appropriate enzymes for
nucleic acids studies [123].

Integrated micro bio-reactors were developed by
immobilizing the enzyme in the first part of the capillary
with the appropriate technique. Despite the increased
complexity of construction, this kind of structure is
advantageous because it does not have the problems
typically associated with the multiple microreactor
assembly, such as fluid or electric leakage. These systems
have typically been used for kinetic or inhibition studies
[1271129] and quantitative determinations of metabolites
[119,130,131].

Although different immobilization techniques
can lead to good results, some problems remain in
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the characterization of the best operative conditions,
depending both on the physical effect of mass transfer
and the insufficient development of analytical methods
[132]. However, new and interesting systems have been
proposed for the in operando characterization of bio-
microreactors, such as opto-chemical sensors for pH
and O, measurements based on the co-immobilization of
luminescent dyes in the microreactor [132], or the so-called
“luminescent multiple optical chemical sensors” [133].

Furthermore, from a general perspective,
microreactors containing immobilized enzymes can be
considered heterogeneous biocatalysts. In agreement with
J.M. Bolivar et al. [134], these systems can be studied with
convenient techniques (i.e., spectroscopic, opto-chemical,
and electrochemical methods) in order to evaluate protein
distribution and conformation, and in operando stability,
activity, and sensing [134].

5 Conclusions

As demonstrated in this review, bio-microreactors
represent a very interesting and diverse area of research.
They offer many different solutions for chemical and bio-
chemical problems, with the underlying goal to enhance
the selectivity and yield of complex reactions.

Nevertheless, as pointed out by ]J.M. Bolivar and B.
Nidetzky, some significant challenges remain [162]. In
particular, the development of selective and reversible
enzyme immobilization may allow for more versatile
systems permitting potential reuse of the unit after the loss
ofenzymaticactivity. Furthermore, improved integration of
microreactors with fluid handling and analytical systems
could result in fully-automated microreactors. Finally,
microreactors could be the solution to the exploitation
of the catalytic potential of enzymes in biphasic systems
(gas/liquid) and multi-step processes [163].
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