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ARTICLE INFO ABSTRACT

Keywords: The research and applications of immobilized enzyme reactors (IMERs) have become more and more widespread
Microfluidic due to the numerous advantages like reusability, easy handling, prolonged lifetime, easy separation from prod-
Enzyme reactor ucts and substrate specificity. The miniaturized form of these reactors (microchip IMERs) received outstanding
Particle

attention due to their special features and advantages over the traditional, larger analytical systems. Large spe-
cific surface is essential for the efficient operation of the microreactors, thus these devices include one of the
several types of porous solid supports, but in this work only the particle based microchip IMERs are reviewed. A
very large variety of micro- or nanoparticles (beads) have been used in the microchip IMERs, however, incorpo-
rating these particles into microchips is still a challenge, because the common procedures used for the prepara-
tion of chromatographic columns are not well applicable at the microscopic level.

Many detection systems were applied with microchip IMERs using on-chip or off-chip arrangement. The
combination of microchip IMERs with mass spectrometry is particularly popular, because in these systems
high-throughput analysis can be achieved by which the proteomic studies can be largely accelerated. In most
chip IMER-MS systems, the chips are used for sample pretreatment including analyte (protein) digestion, precon-
centration of analyte, removal of matrix materials. Additional applications of the IMERs - like the rapid protein
digestion with proteolytic enzymes, the transformation of analytes to a more easily or more sensitively measur-
able form (detection signal amplification) and the design of microarrays/biosensors to analyze antigens based on
specific interactions in immunoanalytical studies — are also reviewed.

Enzyme immobilization
Protein digestion

discrepancy exists as IMER is considered both as an exclusively mi-
crofluidic system [2-5] and also as a larger (“macroscopic™) system
[6-8]. According to the most often used definition of microfluidics

1. Introduction

The application of enzymes in different industrial (mainly biotechno-
logical) and analytical areas has been increasing in the last few decades.
Enzymes are more and more often used in microreactors, which are a
wide range of devices built by micrometer scale capillaries or chan-
nels [1]. The enzymes can be immobilized on different supports in flow
systems, the obtained devices are termed as immobilized enzyme reac-
tors (IMERs). IMERs can be applied in many pieces of equipment built
from standard laboratory or industrial parts (e.g. tubes, reactors), but
also in microfluidic devices, when a maximum of a microliter sam-
ple/reagent volume is applied (microfluidic IMER). In the literature, a

(transporting and manipulating pL. amounts of fluid through a mi-
crochannel), reactors integrated into microcapillary devices (e.g. cap-
illary electrophoretic (CE), micro/nano liquid chromatographic (LC)
or micro flow injection analysis (uFIA) systems) should be considered
as microfluidic IMERs. When the whole microfluidic IMER equipment
is smaller than around an ID card (few tens of cm?) the microfluidic
chip-based IMER (or shortly microchip IMER) term is suggested. Microflu-
idic chips are receiving increasing attention due to their special features
and advantages over the traditional, larger analytical systems [9].

Abbreviations: AChE, acetylcholinesterase;; APTES, (3-aminopropyDtriethoxysilane; BAEE, Na-benzoyl-L-arginine ethyl ester; BSA, bovine serum albumin; CE, capillary electrophoresis;
CEA, carcinoembryonic antigen; CLEA, cross-linked enzyme aggregates; CLEC, cross-linked enzyme crystals; CPG, controlled pore glass; FEP, fluorinated ethylene propylene; FIA, flow in-
jection analysis; FITC, fluorescein isothiocyanate; GNP, gold nanoparticle; GOD, glucose oxidase; HRP, horseradish peroxidase; LBL, layer-by-layer; LIF, laser-induced fluorescence; LIGA,
lithographie, galvanoformung, abformung; MOF, metal organic frameworks;; MPTMS, (3-mercaptopropyl)-trimethoxysilane;; MSL, multilayer soft lithography; NHS, n-hydroxysuccinimide;
PDDA, poly(diallyldimethylammonium chloride); PDMS, polydimethylsiloxane;; PEI, polyethyleneimine;; PMMA, polymethylmethacrylate;; PS, polystyrene;; PSDVB, poly(styrene-divinyl-
benzene); PVA, polyvinyl alcohol; S/V, surface to volume; SPE, solid phase extraction; XOD, xanthine oxidase;; pCP, microcontact printing.
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The IMER - especially the microchip IMER technology - has a strong
interdisciplinary nature since it needs to combine and utilize natural
sciences and engineering. For the design and preparation of microchips
with enzymatic reactors, different microelectronical and micromechan-
ical technologies are needed, enzyme immobilization requires strong
chemical knowledge, special areas of physics are used for the proper
operation/control of flows in the microscopic channel system and the
IMERs are mostly applied in analytical, pharmaceutical, diagnostical,
environmental and biotechnological fields.

There are numerous advantages of using immobilized enzymes:
reusability, easy handling, prolonged lifetime, easy separation from
products and substrate specificity. Also, it was proved that immobilized
enzymes were stable and resistant to the changes in the environmen-
tal conditions [10]. The chip-type microreactors offer additional advan-
tages over the capillary-type reactors, like versatile applications and
easy control of liquid flows, and integration of several processes into
a single unit. The networks of microchannels, due to the large surface
area to volume ratios (S/V ratio), provide large specific surface for cat-
alytic reactions or extractions. There are many works where the thermal
homogeneity across the reactor and rapid heat transfer between the de-
vice and the contained liquid were utilized [3]. In microchip IMERs, the
microscale reactors require only a very small amount of (often expen-
sive) enzymes/reagents. On the other side, since only nanoliter volumes
of sample and reagents are applied in chips, the diffusion induced/lim-
ited reactions are considerably faster than those would be in larger vol-
umes with conventional batch systems. Although microchip IMERs are
not applicable to produce large amounts of products, the main goal of
chemists can often be the production of a minimal amount of compound
(e.g. for chemical informatics, identification, analysis). As in most mi-
crofluidic systems, the scale-out option by parallelization is also possi-
ble to enable high-throughput operation. Intense parallelization can be
the key approach to remedy the weakness of microchip IMERs, making
the production/synthetization of compounds possible in the mg range
or higher. In microchips, several sequential steps might be integrated,
which can either be multi-step enzyme reactors or enzyme reactors inte-
grated to other microfluidic devices (for separation, enrichment, deriva-
tization, detection, etc.). The advantages of IMERs regarding the short
reaction/analysis time, high efficiency in catalytic reactions were thor-
oughly discussed in many papers and reviews [3,4].

One of the best possible IMER designs is to use microchips as solid
supports for immobilization [5,6,11-15]. Although the microscopic
channel network possesses quite a large S/V ratio, solid supports with
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even higher specific surface area (e.g. membranes [16-19], monoliths
[20-30], magnetic microspheres/beads [31-41], silica particles (pack-
ing or column) [42-45], commercially available beads (usually
cross-linked agarose) [46-49], etc.) can be integrated into chips to fur-
ther increase the S/V ratio of the reactor. The small and highly porous
chromatographic particles provide the highest S/V parameter. The size
of the particles is in the nano- or micrometer range and those can be
used in suspension or in packing format to build microreactors. To fill
out the channels properly, spherical particle shape is the most favored.
The particles used in IMERs are made from silica [42-45,50,51], glass
[52-56], agarose [46-49,57,58] or different polymers [59-75]. Quite a
wide range of commercialized porous particles are accessible, however,
their integration into flow systems - that are retaining and preparing sta-
ble, compact and durable packings in the microscopic channels of a chip
- remains a challenge.

While non-microchip IMERs are used almost exclusively for applica-
tions in organic synthesis and biotechnology [51,56,59-63,71-73,75],
microchip IMERs are mostly used for analytical applications. These
analytical aims include the rapid protein digestion utilized in pro-
teomic related works [31-36,43,46-49,76-82], the transformation of
analytes to a more easily or more sensitively measurable form
[37-39,42,44,52-54,57,68-70,83] and the design of microarrays/
biosensors to analyze antigens based on specific interactions in immuno-
analytical studies [40,65-67].

A great potential of microchip IMERs is that - according to the
lab-on-a-chip conception - the microfluidic chip might integrate sam-
ple pretreatment [84], separation/preconcentration [85] and detection
units [86] besides the enzymatic reactor itself. Thus, in addition to the
efficient and fast enzyme operations, microchip IMERs can be hyphen-
ated with pretreatment, separation and detection systems to achieve
high-throughput analysis.

In the last 30 years, hundreds of articles have been published about
IMERs in chemical and analytical chemical journals (Fig. 1), the number
of the reviews exceeded 25. In Table 1. the recent reviews published be-
tween 2010 and 2016 were summarized. Since a very large number of
papers and reviews have been issued, in our work we have focused on
the particle-based microreactors, subsequently, the reactors incorporat-
ing monoliths, membranes, capillary/channel walls would not be cov-
ered here. Instead, recent developments of the designs, structures, fab-
rication and applications of particle based microchip IMERs are high-
lighted with illustrative examples as well as the critical comparison of
the merits and limitations of the various published approaches.

Number of publications related to microfluidic reactors

Year

Fig. 1. Number of annual publications related to microfluidic reactors (searching with Google Scholar).
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Table 1

Recent reviews of immobilized enzymatic reactors (2010-2016).

Ref. Title Keywords (max. 4)?
[173] Efficient proteolysis strategies Microfluidic chip,
based on microchip bioreactors Proteolysis, Bioreactor,
Proteomics, Protease, Mass
spectrometry
[97]1 Protein immobilization
techniques for microfluidic
assays
[174] Continuous-flow biochemical Continuous-flow
reactors: biocatalysis, biochemical reactor, Enzyme
bioconversion, and bioanalytical immobilization,
applications utilizing Microreactors, Biocatalysis,
immobilized microfluidic enzyme Bioconversion, Bioanalytics
reactors
[175] Potential applications of enzymes Nanoparticles,
immobilized on/in nano Immobilization, Biosensors,
materials: A review Biomedical applications
[2] Enzyme-immobilized reactors for Enzyme immobilization,
rapid and efficient sample Protease, Proteolysis,
preparation in MS-based Proteomics, Stability
proteomic studies
[145] Application of enzyme- Microreactor, Enzyme,
immobilization technique for Immobilization,
microflow reactor Biotransformation
[176] Microscale immobilized enzyme Proteomics, Microfluidics,
reactors in proteomics: Latest Enzyme reactor, Enzyme
developments immobilization,
Miniaturization, Monolith
[177] Review of the applications of Modify structured
microreactors microreactors,
Microchannel, Microfluidic
catalytic film
[178] Enzyme immobilization: an Enzyme immobilization,
update Biocatalyst, Enzyme reuse
[179] Enzyme-immobilized Microfluidic reactor,
microfluidic process reactors Microreactor,
Immobilization,
Bioconversion
[180] Microreactors: a new concept for
chemical synthesis and
technological feasibility
[150] Integrated microreactors for Microfabrication, Online
reaction automation: new reaction monitoring,
approaches to reaction Chemical synthesis, Reaction
development optimization
[3] The past, present and potential
for microfluidic reactor
technology in chemical synthesis
[4] Microchannel enzyme reactors
and their applications for
processing
[181] Accelerating trypsin digestion:
the immobilized enzyme reactor
[182] Enzyme nanoarchitectonics:
organization and device
application
[183] Microfluidic devices: useful tools Microfluidic devices,
for bioprocess intensification Bioprocess intensification,
Modelling and simulation
[184] Fundamentals and applications Microfluidics, Enzymes,

of immobilized microfluidic
enzymatic reactors

Biocatalysis, Kinetics,
Reactors

a The keywords were obtained from the given paper.
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2. Fabrication of particle-based IMERs
2.1. Preparation of microchips

2.1.1. Designs and materials of microchips

In microchips, many interconnected microchannels and varied
shapes of microdevices (chambers, reactors, etc.) are fabricated. The
manufacturing of microchips was adapted mainly from the microelec-
tronical industry. In the beginning, the microchannels were created in
hard materials like silicone [87], quartz or glass [46] using dry or wet
etching procedures. Later, mainly polymer-based materials like Teflon,
polymethylmethacrylate (PMMA), polycarbonate, epoxy-based SU8 or
polydimethylsiloxane (PDMS) were preferred due to their easier fabrica-
tion [88]. These polymers offer several advantages as they are transpar-
ent, non-toxic (often biocompatible) and cheap. Polymer microchips can
be manufactured by photolithography (including laser ablation [89]),
soft lithography [90], injection molding and different micromachining
techniques [91]. These technologies are often combined, as in LIGA
process [91]. In general, all polymer fabrications make replicas from a
master mold, which contains the structure of the microscopic design.

Many microfluidic chips include open channel architecture provid-
ing high S/V ratio, which is beneficial for chromatographic separations,
heterogeneous catalysis or solid-phase extraction. The microchips typi-
cally operate in flow mode, therefore their on-line coupling with high
performance separation and/or detection methods (LC, CE, MS) is rel-
atively easy to accomplish. The liquid flows in the microchannels can
be driven by pressure or electric field (electroosmotic flow), but the
electrokinetic system can be miniaturized more easily and small seg-
ments of samples or reagents can be more precisely manipulated by
time-programmed application of voltages at different positions on the
chip (e.g. transportation and injection of sample, electrophoretic sepa-
ration, destaining procedure in Bioanalyzer 2100 (Agilent) [92]).

Recently, the polymer most extensively used for fabrication of mi-
crochips is PDMS. It is a low-cost polymer and a supreme adsorbent,
which is widely used for microfluidic, optical, and nanoelectromechani-
cal structures and in low-cost replication processes such as replica mold-
ing and templating. In order to make microchips, almost exclusively the
method of soft lithography is applied, especially if biological applica-
tions are targeted (non-toxic to cells, permeable to gases, non-dissolv-
able in water) [93]. Since microchip IMERs may operate with proteins
and enzymes, the adsorption properties of proteins on the material of
the chip must be thoroughly studied. This issue is particularly important
in the case of PDMS, because proteins adsorb very strongly (practically
irreversibly) to the porous and hydrophobic surface of PDMS [15,94].
The characterization and modification of PDMS were studied and dis-
cussed in several papers [94-96]. Immobilization strategies for a wide
range of enzymes have been developed for PDMS [97]. In contrast to
the many above-mentioned advantages of PDMS, it is also obvious that
although recently PDMS is the most favorable material for microchip
preparation in research laboratories due to its simplicity and cheapness,
it does not seem to be an attractive choice for commercial manufactur-
ing (perhaps because of its low durability and easy shattering).

2.1.2. Methods of particle retention

Micro- or nanoparticles (beads) are often used in analytical systems,
particularly for chromatographic separations, immunoassays or reac-
tors. However, incorporating these particles into microchips is still a
challenge, because the common procedures used for the preparation of
chromatographic columns are not well applicable at the microscopic
level. The bead-based assays in microfluidic systems were reviewed by
Verpoorte [98].
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Firstly, Manz retained 5 um C8 particles by frits in a microcolumn
integrated onto a silicon chip in order to miniaturize liquid chromatog-
raphy [99]. Since the packing process including frit preparation was dif-
ficult (it cannot be easily fabricated within a microfluidic architecture,
formation of bubbles and band-broadening is frequently observed), the
subsequent attempts to make chromatographic chips applied open-tubu-
lar approaches [100,101]. Other devices have incorporated a physical
barrier (e.g. weir, dam, bead chamber) to localize chromatographic sta-
tionary-phase particles [102], derivatized beads for immunoassay [65]
or for heterogeneous catalysis [68]. Since the use of frits is problem-
atic, fritless columns employing tapered capillary geometries have been
used [103-105]. At the taper, the density of the particles increases and
they aggregate without the need of a frit or physical barrier. The first
particles act as keystones, blocking the other particles and allowing the
packed section to increase in length. Experiments showed that it was
only necessary to taper the capillary to approx. 10 um (inner diame-
ter) to achieve the keystone effect and to retain 3 um sized silica beads
[103]. Ceriotti et al. [105] stabilized the packing by placing the packed
capillary in an oven for overnight incubation (115 °C). They supposed
that an interparticle bonding is formed during heating, as a thin surface
layer of the particles is dissolved in water, forming a saturated solution
of polysilic acids, which redeposits as silica between the particles after
cooling [106].

We reported that even temporary tapering of the channel in a mi-
crochip [107,108] or a bottleneck shape of a short channel formed in
the chip [109,110] can lead to effective particle retention. Different re-
taining effects appearing in the packed channel due to the flexibility of
the PDMS channel wall have been observed and discussed [107]. The
chromatographic beads were pressed together by the forces of the elas-
tic strains acting perpendicularly from the wall toward the middle of
the channel (clamping-effect). Besides, the hard silica beads adjacent
to the soft PDMS wall deform and partly penetrate the wall, which act
as anchors for the packing. The packing of particles into the microflu-
idic channels was made possible by both the hydrophobic nature and
excellent elasticity of PDMS. The bulk properties of PDMS include a
low Young's modulus (E = 0.5-4 MPa depending on the curing condi-
tions) and high Poisson ratio (v = 0.5 that is essentially incompressible)

[ .
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making it a rubber-like material [111]. The simplicity of this method
made it possible to fabricate microfluidic chips incorporating
multi-channel systems packed with conventional chromatographic par-
ticles without the use of frits [110].

Huft et al. [112] reported about a low-pressure bead packing tech-
nique for the robust integration of parallel chromatographic columns
in PDMS microchips made by multilayer soft lithography (MSL) [113].
They used pneumatically operated microvalve control systems and ar-
rays of bypass channels for packing. After the packing preparation, the
control channel system should be continuously held under pressure, oth-
erwise the chromatographic particles escape from the channel, which
largely limits the long-term applicability of the packing.

Conventional 3.5- and 5-um beads were retained in the Agilent's
HPLC-chip-MS system for high efficiency chromatographic separation
[114]. The chip and the frit structures for retaining the particles were
fabricated by laminating thin polyimide layers microfabricated by laser
ablation. Both the enrichment and separation micropackings were cre-
ated from a suspension of microbeads, which was then injected through
an inclined glass capillary that has a constriction at its outlet to retain
the beads.

Instead of making a compact packing in a microchip, particles can
be retained on the surface of the channels various ways. One way to
capture a monolayer (or a few layers) of beads can be performed by at-
tracting magnetic beads with magnetic forces onto the surface [115].
With the externally positioned magnets, magnetic beads can be freely
manipulated within the microchannels, but this technique can even be
used to form packings in the channels and not only at the wall (Fig.
2). There are a number of other ways to retain particles exclusively
on the surface of capillary channels. Layer-by-layer (LBL) modification
can be carried out by depositing a charged polymer (e.g. poly(diallyl-
dimethylammonium chloride) (PDDA)) and gold nanoparticles (GNPs)
alternatingly onto the channel surface [78]. Another way is to retain
particles in a microchip when a layer of self-assembled beads is formed.
By microcontact printing technology (uCP) a pattern of different sur-
face functionalities can be generated and beads with different func-
tional groups are then self-arranged onto the pattern. For instance, a bi-
otin-labeled albumin is printed, and then the beads with complementary
compound (streptavidin) can be self-arranged as a monolayer on the

Fig. 2. Packing formation in a microchannel from magnetic nanoparticles. (a)-(d) Obtained after 10, 30, 45, and 60 min of continuous magnetic bead feeding. Flow rate of mobile phase:

1 mL/h. (Adapted from Ref. [35]).
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printed pattern [116]. The self-assembled beads were stable within the
chip channels against the liquid flow. A similar method is called parti-
cle entrapment, which can be accomplished if the surface of a microflu-
idic chip is gel-derived [81,117]. Silane functional groups are first intro-
duced to the surface and a stable gel matrix is further formed by silicon
— oxygen - silicon bridges. Furthermore, entrapment of silica particles
on the surface of a PDMS chip can be carried out by simply casting the
PDMS to a dried portion of silica particles deposited on the mold during
the microchip fabrication [118,119].

2.2. Particles

The notable advantages of using particles integrated into microflu-
idic systems should not be ignored. Particles usually provide an elevated
specific surface area, for example 1 g of microbeads with a diameter of
0.1 um has a total surface area of about 60 m? [120]. This property can
be well-utilized in heterogenic reactions, mostly when the enzyme is at-
tached to a solid surface, while its substrate is in the liquid phase. On
the one hand, the smaller the particles are, the larger the total surface
becomes. On the other hand, in this way more densely packed packings
are obtained, consequently, thinner fluid layers are formed between the
neighboring particles (smaller dead volume), leading to faster transport
[98], which is essential for rapid heterogeneous reactions. Another con-
tributor to rapid heterogenic reactions is porousness, as porous particles
possess even higher specific surface.

The following classification of particles used as solid supports in
IMERs is based on the sizes of the applied particles, as we want to em-
phasize the role of particles in these systems. For easier understanding,
Fig. 3 sums up the most widely used particles. As can be seen, there are
overlaps between these categories (meaning that a certain particle can
vary in size), in which case particles are listed under the more charac-
teristic group.

2.2.1. Nanoparticles

As nanotechnology enters almost all branches of scientific research,
medicine and industrial applications, the immobilization of enzymes
onto nanomaterials or nanostructures (spheres, tubes, rods, wires, fibers
etc.) becomes more and more widespread. Nanoparticles are particles
between 1 and 100 nm in at least one dimension; they are usually made
of inorganic materials like silica, gold (GNPs) or iron oxide (Fe30,).
As the microscale particles, channels, liquids often behave differently
than the conventional, macroscopic systems, it is particularly true for
the nanoparticles (colloidal properties). In this subchapter, nanozeolites,
GNPs and metal organic frameworks (MOFs) are discussed in detail.
2.2.1.1. Gold nanoparticles The application of GNPs has the advantage
of relatively easy preparation and straightforward surface chemistry
(proteins can be bound directly onto its surface). The interaction be-
tween protein and gold can either be hydrophobic, ionic or covalent
(dative) bond through the cysteine residues [121]. It was also shown,

Talanta xxx (2017) xxx-xxx

that cysteine-tagged proteins are more likely to maintain their original
conformation, therefore their application can be advantageous [122].

L-asparaginase was adsorbed on GNPs that were bonded to the
surface of a glass microchip [123]. In this setup, (3-mercapto-
propyl)-trimethoxysilane (MPTMS) was used for the surface modifica-
tion of the capillary channel and the GNPs were bonded to the surface
by the dative bond between gold and sulfur. The purpose of this study
was to examine the enzyme kinetics of L-asparaginase.

Although nanoparticles are typically nonporous, they possess large
specific surface area due to their nanometer scale size. However,
nanozeolites and MOFs are porous nanomaterials, which furtherly in-
crease their specific surface area.
2.2.1.2. Nanogeolites Nanozeolites are aluminosilicate nanoparticles/
crystals with different structure codes (LTL, Beta, Silicalite-I), usually
formed hydrothermally [124-126]. The less than 100 nm crystals pos-
sess excellent adsorptive properties, proteins readily adsorb on their
surfaces. From the aforementioned types, LTL provides the highest ad-
sorptive capacity towards trypsin, probably due to the highest specific
surface area [81], the adsorption occurs according to the multilayer ad-
sorption mechanism. These particles were entrapped into a sol-gel ma-
trix and they were used for proteolytic digestion in a PMMA microflu-
idic chip [81,82].
2.2.1.3. Metal organic frameworks Recently metal organic frameworks
(MOFs) are being developed and used to immobilize enzymes for mi-
croreactors, however, microfluidic applications have not yet been
demonstrated. MOFs are coordination polymers consisting of metal
ions and organic linkers providing a wide variety of shapes, pore sizes
and applications, including enzymatic catalysis with immobilized en-
zymes [127,128]. The main hindrance of using MOFs is their very
small pore size, as enzymes are unable to diffuse into them to be ad-
sorbed. Consequently, some attempts were made to immobilize fluores-
cein isothiocyanate-tagged (FITC-tagged) trypsin, when FITC was
bound in the pores [127]. Another approach is to form a complex be-
tween trypsin and the metal atom (Zn?") of the MOFs or to introduce
amino functionalities onto the surface of the MOFs during the synthesis
and covalently couple trypsin to these [129]. However, these attempts
did not integrate the particles into microfluidic chips.

An intriguing outlook of these works would be the use of hybrid
monoliths with embedded nanoparticles or MOFs in microfluidic chips.
Although there are attempts to create such systems [129,130], they ap-
ply capillary reactor formats. The integration of these reactors into a mi-
crochip platform would not only be impressive, but would also supply
additional advantages derived from the characteristics of these systems.
2.2.1.4. Emulsion A refreshing ‘particle-based” microfluidic reactor was
described by Pohar et al. [131]. Lipase enzyme catalyzed the formation
of isoamyl acetate in a glass microchip. The enzyme was not immobi-
lized in a classical manner, but an ionic liquid/n-heptane emulsion was
created, the enzyme was added to this liquid system and it acted as a
surfactant. It was located at the interfacial area due to its amphiphilic

gold NPs

cross-linked
enzyme crystals/
aggregates

nanozeolites

metal organic
frameworks
(MOFs)

magnetic
particles

Nanoparticles
(1-100 nm)

silica beads

polystyrene beads

PSDVB beads
(Poroszyme®)

Microparticles
(0.1-100 pm)

agarose beads
(e.g. Pierce®)

Novozyme 435
(lipase acrylic resin)

controlled pore
glass beads

polyelectrolyte LentiKats®

capsules

Millimeter-sized particles
(>0.1 mm)

Fig. 3. Classification of different particle types based on their sizes.



A. Kecskemeti, A. Gaspar

property, thus, catalysis occurred on the surface of n-heptane liquid
‘particles’. The reaction was considerably faster than in the case of
batch reactions with vigorous mixing in test tubes.

2.2.2. Microparticles

Microparticles are particles between 0.1 and 100 p {\displaystyle
\mu } um in size. Such particles can be made from several materials
(e.g. glass, silica, metals, polymers, etc.) and those are often commer-
cially available. Micrometer-scaled particles are favorably applied in mi-
crochips for their extremely large variety and ease of retention by frits,
bottlenecks, wires or dams. It is interesting to compare, that micropar-
ticles are usually used in a packing format, while nanoparticles are pri-
marily used in an entrapped format, at the channel wall.
2.2.2.1. Cross-linked enzyme crystals/aggregates (CLECs or
CLEAs) CLECs are the ordered form of CLEAs, which can either be
nano- or microparticles with very high catalytic activity, because the
crystals contain no support for immobilization, the whole particle is
constituted of enzyme molecules (Fig. 4). There are numerous works in
this field, an exhaustive review was published by Sheldon [132], how-
ever, only a few applications can be found in the field of microfluidics
[133,134]. The cross-linked enzymes can form membranes on the inner
surface of channels [135], unordered aggregates (CLEAs) [136] or
CLECs [133,134] that can be used in microreactors. However, only the
last 2 examples from Conejero-Muriel et al. applying the CLECs are
truly related to microchips [133,134]. They managed to create a mi-
crochip platform for protein crystallization by enzyme cross-linking
and to implement enzymatic reactions [134]. Theoretically, this plat-
form is applicable to any protein that can be crystallized; lipase [133],
lysozyme and formamidase [134] were used as model proteins. The
CLECs provided a reusable reactor with long shelf-life. It was also sug-
gested that this platform can be used even as a sensing platform once
coupled to a detection unit.

STEP1

L -
N
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2.2.2.2. Magnetic particles The magnetic feature of particles provides
additional advantages, like the recovery of expensive proteins or sim-
plifying the purification of the mixture obtained after the enzymatic re-
action. As can be seen in Fig. 3, these particles vary in size between
nano- and microparticles, but the majority of them are microparticles.

The difficulty of creating packings in microfluidic chips was always a
major concern. From practical experience, many researchers may know
that substantial expertise and practice are needed to reproducibly create
packings in microfluidic chips. This is partly due to the difficulty of re-
taining particles. In theory, the use of a properly sized and shaped phys-
ical obstacle is enough for retention due to the keystone effect, however,
many parameters should be well controlled to properly retain the par-
ticle. This might be the motive behind the expanded use of magnetic
particles to form microfluidic packings (Fig. 2). There are several exam-
ples to show their applicability, but problems regarding robustness are
not fully solved, because magnets should be positioned accurately to get
properly compressed packings without liquid streams.

Microparticles made of nonmagnetic substances (e.g. silica) can be
made magnetic by coating the silica with ferrous material (e.g. Fe;0,).
For example, fine (approx. 7 nm) y-Fe,O5 particles were deposited onto
5 um silica particles to make them magnetic [38].

Magnetic particles are widely utilized in proteomics related topics,
there is ample literature available about immobilized tryptic microreac-
tors applying magnetic particles as solid supports [31-36,79,80]. Their
application for proteomic-related studies is covered later.

Magnetic particles can be retained conveniently with constant mag-
netic field; however, another possible utilization of their magnetic prop-
erty is mixing. Mixing patterns can be generated with the application
of oscillating magnetic fields. Such an experiment was conducted by
Jussen et al. [41], who used this oscillating mixer to optimize the para-
meters of an enzymatic synthesis in a microchip IMER.

STEP2 //‘__}"

Cross-
linker

STEP4

Absorbance

‘Wavelength

Fig. 4. Schematic representation of three major steps performed to prepare CLECs in a microfluidic chip. Step 1 shows the crystallization process inside the device and examples of
lysozyme crystals are depicted. Step 2 displays the cross-linking process showing the cross-linked crystals. Finally, steps 3 and 4 respectively show the operation of the chip as an enzymatic

reactor and the final spectrophotometric detection for the product of the reaction. (Adapted from Ref. [134]).
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2.2.2.3. Silica beads For an analytical chemist, the simplest source of
microparticles is the chromatographic packing materials (silica and its
surface-modified versions). The high variety of surface modifications
commercially available enables the application of almost any kind of
immobilization strategy. Alternatively, different functionalities can be
introduced by silanization. (3-aminopropyl)triethoxysilane (APTES) is
most frequently used to introduce amino-functionalities.

The most general covalent coupling techniques will be discussed
later, but silica allows not only covalent coupling, but even enzyme en-
capsulation into the particles. Spain et al. encapsulated nitrobenzene ni-
troreductase in silica particles with polyethyleneimine (PEI) mediator
in a microcolumn and its activity was tested with three substrates: ni-
trobenzene, CB1954 (an anticancer prodrug) and nitrofurazone [51].
The same group reported the synthesis of a complex natural substance
(2-aminophenoxazin-3-one) from a simple substrate (nitrobenzene) with
metallic zinc, encapsulated hydroxylaminobenzene mutase and soybean
peroxidase integrated into three different PDMS microchips and serially
connected for continuous flow synthesis [45].

(A) . nM Glucose 1 M Ample
a -
A
_— N
4
- ” AR
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Agilent's commercial HPLC-chip system with two other polymeric
chips were constructed and applied for glycoprotein deglycosylation,
protein removal, glycan capture, LC separation and nano-ESI (to
TOF-MS detection) by Bynum et al. [42]. In their study, PNGase F was
immobilized covalently on 5 um silica particles previously silanized by
(3-glycidyloxipropyDtrimethoxysilane.
2.2.2.4. Polystyrene beads 15.5 pm PS beads were retained by a
7-12 pym deep weir in a PDMS microchip [68]. In this work, an enzy-
matic reactor was created, but more importantly, it was proven that
the packed beads have an important role not only in providing in-
creased surface area but also in mixing the laminar fluid streams. The
mixing efficiency is dependent on the flow rate, bead size, channel di-
mensions and bead bed length [68] (Fig. 5). More works related to PS
beads are to be mentioned in chapter 3.
2.2.2.5. Agarose beads Another commercialized bead type is the
cross-linked agarose bead containing various enzymes (e.g. trypsin, pa-
pain, pepsin) sold by Pierce (Rockford, IL). Lately, the size of such
beads is not specified by the manufacturer, however, formerly it was
40-60

- e AR Sk ——

-

e

Fig. 5. (A) Schematic illustration of a microchip IMER used to demonstrate multiple, sequential reactions (GOD/HRP system) producing fluorescent product. (B) Fluorescence micrograph
of the inlet stream just before it enters the HRP microreactor (region 1 in (A)). (C) Fluorescence intensity line scans at the locations indicated by the dashed line in (B). (D) Fluorescence
micrograph of the outlet stream just after exiting the HRP microreactor (region 2 in (A)). (E) Fluorescence intensity line scans at the locations indicated by the dashed line in (D). Excitation
wavelength: 563 nm; maximum emission wavelength: 587 nm. The flow rate was 0.5 pL/min in all cases. (Adapted from Ref. [68]).
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[46,48] or 45-165 pum [137]. This size is considerably larger than most
of the aforementioned microparticles, but they were originally manu-
factured to be used for in-gel digestion of proteins and the larger solid
supports applied can be separated from the products more easily.

In spite of the original manufacturer's recommendations, several
groups applied these commercial beads as packing material in inte-
grated reaction chamber of microchips [46,48,49]. It is advantageous
that the application of these larger particles results in lower backpres-
sure, as high backpressure might have a negative influence on microchip
robustness. The disadvantage of these beads is that the generally used
microscopic channel (which is usually less than 100 ym in width and
height) should be enlarged, otherwise the particles would not fit into
them. It is also questionable, if the porosity of the agarose beads can
compensate the lower surface-to-volume ratio, which is the result of the
larger particle size. All the following works cited apply the agarose par-
ticles in a packed bead format.

It was shown that protein digestion with immobilized trypsin on
agarose can be accomplished in a simple reaction chamber, by using
pressure [46] or electroosmotic flow [49] to transfer the protein sam-
ple through the packings. The integration of the beads into microchips
enables protein digestion on agarose beads, solid phase extraction on re-
versed-phase beads), on-chip CE separation and electrospray MS analy-
sis [48]. Liuni et al. integrated pepsin agarose particles (Sigma) into a
microchip reactor format, which enabled electrospray ionization for MS
coupling [47].

Non-commercial agarose beads were also presented in the literature.
These were not produced with the immobilized enzymes by default, but
the immobilization is very easy and straightforward. Ni-NTA agarose
beads were used to capture a PikC hydroxylase enzyme in a PDMS-based
microfluidic channel [138]. They used a small sol-gel frit at the end of
the microchannel to withhold the particles. Immobilization was carried
out by allowing PikC to flow through the Ni-NTA bead using centrifugal
force, the enzyme was bonded through 6-His tag. The immobilized PikC
was used for the hydroxylation of the macrolide YC-17 in the presence
of ferredoxin-NADP* reductase, ferredoxin and NADPH.
2.2.2.6. Poly(styrene-divinylbenzene) (PSDVB) particles Another type of
widely-used, commercial particles with immobilized trypsin is
Poroszyme® beads [139]. These are 20 um beads made from
cross-linked PSDVB with immobilized trypsin. These particles contain
large pores that allow solutes to perfuse through the particles and small
pores that make diffusion possible. Poroszyme® is widely used in bulk
and cartridge format, but only a few applications can be found in
on-line systems [140] and even fewer, if any of the works were made
in microchip format.
2.2.2.7. Glass beads Glass beads possess a relatively larger diameter,
but the particles can either be porous or nonporous. Porous glass beads
are usually referred to as controlled pore glass (CPG), which can be
used for enzyme immobilization [52,55,56]. Their 120-200 mesh size
(approx. 80-120 um) is somewhat larger than the smaller micro- or
nanoparticles, however, its porous character provides a S/V ratio unex-
pectedly high considering its particle size. The pore size of CPG must
be well-selected, because only the smaller enzymes can be immobilized
in smaller pores, but the smaller pores are those that provide the
higher specific surface area essential in these heterogeneous reactions.

The immobilization of alkaline phosphatase, xanthine oxidase (XOD)
[52] and sucrose phosphorylase [56] was carried out with the use of
CPG for the microfluidic assays of p-nitrophenyl phosphate and hy-
poxanthine and for the production of 2-O-(a-D-glycopyranosyl)-sn-glyc-
erol, respectively. These works applied 3 different immobilization tech-
niques for the different enzymes, which proves that i, immobilization
techniques affect enzymatic activity, different enzymes may have dif-
ferent responses on the immobilization reaction (i.e. if the covalent
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attachment occurs in the enzyme's active site) and ii, CPG is a very ver-
satile tool for enzyme immobilization, many surface modifications can
be carried out on its surface.

Nonporous glass beads with considerably large dimensions (50 and
70 um) were used for glucose sensing by amperometry and fluorescence
[53,54]. As mentioned previously, with larger bead size comes smaller
specific surface area, which is disadvantageous in these heterogeneous
systems, resulting in less bound enzyme and fewer encounters between
enzyme and substrate. However, a major advantage of this system is the
lack of (or only negligible) backpressure, which is usually formed when
smaller particles are packed. High backpressure can cause problems in
microfluidic chips, as it decreases their robustness.

2.2.3. Millimeter-scale particles

In the past decades, miniaturization has become a rapidly develop-
ing trend, particularly in the manufacturing of electronic devices. Minia-
turization in analytical chemistry is also a growing field, aiming at the
integration of numerous analytical processes into a small microfluidic
chip. However, there are a few cases when scaling these devices up is a
logical solution for problems when larger dimensions are required (e.g.
synthesis). This field is only loosely related to microfluidics, thus only
a short description of applicable particles with millimeter-scale sizes is
provided.

Millimeter-sized particles (0.5-10 mm) can be obtained when
polyvinyl alcohol (PVA) (LentiKats®) [141] or polyelectrolytes [74] are
gelled, in which enzymes can be encapsulated.
2.2.3.1. Lentikats® Lentikats® are the largest particles involved in this
review with approx. 4 mm diameter, therefore they cannot be inte-
grated into a ‘classical’ microfluidic chip, only into its upscaled ver-
sion. The particles are made of polyvinyl alcohol into a lens shape, im-
mobilization of many enzymes including cyclopentanone monooxyge-
nase [75] and o-transaminase [71] were conducted by encapsulation in
these particles. Due to its larger dimensions, the S/V ratio is not as
high as in a microfluidic reactor with smaller particles, but their porous
character can somewhat amend this drawback.
2.2.3.2. Polyelectrolyte capsules Polyelectrolyte capsules are formed by
the complexation of sodium-alginate, cellulose sulfate and poly(methyl-
ene-co-guanidine) [74]. Although there are several examples in which
enzymes are encapsulated in alginate [73], only a few works combine
the alginate encapsulation and microfluidics, in which case whole cells
are encapsulated in the microchip [142,143].
2.2.3.3. Novozyme 435 Novozyme 435 (also known as lipase acrylic
resin from Candida antarctica) particles are macroporous polyacrylic
resin beads with a diameter of 0.3-0.9 mm, containing physically im-
mobilized lipase by the manufacturer. The particle size of Novozyme
435 suggests that the channels/capillaries used are considerably larger
(d = 1.65 mm [59]) than the usual microfluidic chip channels, which
might be advantageous, as these particles can be used for synthetic re-
actions. Isoamyl alcohol acylation [60,72], butyl butyrate [61,62] and
caffeic acid phenethyl ester synthesis [63], polymerization reaction of
e-caprolactone to polycaprolactone [64], continuous esterification of
organic acids with methanol [59] were all carried out in similar, lipase
immobilized microreactors. The typical dimensions of such reactors
are: 0.45-1 mm (height), 1-50 mm (width) and 75-260 mm (length)
for channels or 1-5 mm (diameter) and 30-100 mm (length) for capil-
laries. The mass of the packed particles were 50-105 mg, with only one
exception with 635-660 mg [62] packed particle (the latter reactor had
the largest internal volume).

2.3. Immobilization of enzymes

For the immobilization of enzymes onto solid materials, several
methods have been shown in the last decades (Fig. 6). These immobi-
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Fig. 6. Schematic representation of different enzyme immobilization strategies: (a) direct
adsorption, (b) LBL adsorption; covalent coupling (c) directly (e.g. EDC/NHS coupling),
(d) through a short spacer (e.g. glutaraldehyde), (e) through a large spacer (e.g. BSA);
(f) coupling by bioaffinity interaction (e.g. avidin-biotin interaction); (g) entrapment into
a gel matrix, (h) encapsulation into polyelectrolyte capsules; cross-linking to form (i) or-
dered crystals (CLECs) or (j) unordered aggregates (CLEAs).

lization strategies were reviewed [97,144,145], therefore only a short
description is provided herein.

The main enzyme immobilization strategies are adsorption, covalent
bond, bioaffinity linkage, encapsulation and enzyme cross-linking (see
Table 2 for references). In some cases, the application of a spacer is
mentioned as another class, however, spacers are used to provide bet-
ter enzyme stability and they do not affect the immobilization strategy.
For example, LBL adsorption includes the adsorption of several layers
before the final enzyme layer is adsorbed. These layers are usually not
called spacers, yet they prevent the direct contact between the enzyme
and the solid surface. Similarly, avidin and biotin are also spacers when
bioaffinity interaction is applied, and several spacers from the smaller
glutaraldehyde to the large bovine serum albumin (BSA) can be used for
covalent coupling.

The simplest technique for immobilization is adsorption. It can be
accomplished by simply making a contact between the immobilization
surface and the enzyme solution. Adsorption occurs based on either hy-
drophobic or electrostatic interactions. The use of Z; .., a positively
charged small protein (spacer), enables the adsorption of a negatively
charged enzyme onto a negatively charged surface [56,146]. Adsorption
is especially preferred if the surface lacks reactive functional groups,
when covalent coupling would be complicated. The simplicity of the
technique might be suppressed by its major drawback, which is the de-
crease in enzyme activity. When the enzyme becomes immobilized, it
must come into contact with the surface (if there is no spacer) and in-
teract with it. These interactions tend to alter the conformation of the
enzyme, as more and more interacting side chains get located at the
interface. Finally, the enzyme spreads on the surface and the distorted
conformation will possess lower or no activity.

Covalent coupling is the most widely used strategy, offering a more
stable surface than adsorption. The reactions used are necessarily more
complex, but the majority of the works (Table 2) apply glutaraldehyde
coupling of two amine groups (thus forming a Schiff base, which can
be further reduced to an amine) or carbodiimide activation of a car-
boxyl group, which is further reacted with an amine (thus forming
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amide bond). The required reagents are low-cost and the reactions
are straightforward. Immobilized enzymatic reactors obtained this way
might have outstanding stability (typically several months without ac-
tivity decrease).

Bioaffinity interaction is a very specific technique, requiring the de-
rivatization of the enzyme and the surface. Enzymes are to be firstly bi-
otinylated and the surface is to be coated with streptavidin or avidin.
The interaction is formed between these functionalities. Some pro-
ducers offer precoated particles, like streptavidin-coated microspheres
from Bangs Laboratories, Inc., which is a popular material of choice
[69,70,147]. The specific character of bioaffinity offers prolonged en-
zyme stability and excellent control of the immobilization. Biotin and
avidin are also spacers preventing enzyme spreading, however, the high
price of the derivatization agents makes this technique the most expen-
sive. Enzyme immobilization through 6-His tag (to Ni- or Co-ion con-
taining resins) can also be listed into bioaffinity interactions [41,138].

Entrapment of a substance means an immobilization, when the sub-
stance gets trapped/surrounded by an insoluble matrix, which is mostly
a gel-like structure. If this gel-like matrix fills the whole channel, in
which particles or enzymes [148] can be entrapped, monoliths are ob-
tained. Entrapment can also be carried out if the insoluble matrix does
not fill the whole channel, but located near the wall, as a coating. In
this case, entrapped enzymes or particles can be obtained, as well, but
they are not called monoliths. In this review, we only take the entrapped
particles into consideration, which were mostly zeolite nanoparticles en-
trapped into sol-gels, and were described in Section 2.2.1.

Enzyme cross-linking can result in different products: membranes,
aggregates (CLEAs) or crystals (CLECs). There is no need for particles
or immobilization surfaces, the crystallized enzyme possesses outstand-
ing activity. The reaction itself — glutaraldehyde cross-linking of enzyme
molecules - is simple, but the reaction circumstances of crystallization
need to be carefully optimized, therefore much experience is needed to
produce enzyme crystals.

2.4. Coupling with detectors

For microfluidic devices, many different detection methods have
been applied although the accurate and sensitive detection of the
minute volumes of analytes achievable in microchips generally still
counts as a great challenge. The main requirements for the optimal de-
tector applied to microchips are the reduced diffusion length between
the chip and the detection cell and the ability to operate only a few mi-
croliters or less sample. Obviously, most detection systems applied with
microchips can be used with microchip IMERs. Based on the arrange-
ment of the microchip and the detector, on-chip and off-chip detec-
tion options should be distinguished. In several cases when the detector
cannot be miniaturized to the scale of the microchips (e.g. mass spec-
trometers, NMR) only off-chip arrangements can be accomplished. How-
ever, several optical and electrochemical detectors can be effectively in-
tegrated into the chip and in some cases (e.g. contactless conductivity
detectors, MALDI) the microchip can be reversibly placed onto the de-
tector plate. Two main trends can be seen in the research on microchip
IMERs: completely integrated detection in a chip (on-chip) and high ef-
ficiency MS detection on-line connected with a chip (off-chip). There
are several reviews published about the applicability of electrochemical
[149], optical [150] and mass spectrometric [151] detection methods.

The most effective and popular on-chip sensing method is the fluo-
rescence - mainly laser-induced fluorescence (LIF) - detection, because
of the high sensitivity, the need of minimal analyte amount and its ease
of implementation [152]. In LIF detection the requirement for a fluo-
rophore group in the analyte molecule is relatively easy to satisfy since
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Table 2

Comparison of immobilized enzymatic reactors.

Talanta xxx (2017) xxx-xxx

Type of Enzyme
immobilized Type of solid immobilization Coupled detector/ Particle
enzyme Reactor type support strategy analyzator Application size Ref.
GOD PDMS Agarose bead Covalent Amperometry Glucose [57]
microchip determination
TPCK-trypsin Glass Agarose bead Commercial ESI-MS Protein 40-60 pm [46]
microchip immobilized digestion
beads (covalent)
TPCK-trypsin Glass Agarose bead Commercial ESI-MS Protein 40-60 pm [48]
microchip immobilized digestion
beads (covalent)
TPCK-trypsin Glass Agarose bead Commercial CE, Protein [49]
microchip immobilized digestion
beads (covalent)
MALDI-TOF-MS
pepsin PMMA Agarose bead Commercial ESI-MS Protein [47]
microchip immobilized digestion
beads (covalent)
trypsin Cartridge Agarose bead Covalent HPLC Protein [58]
digestion
LC-MS
PSDVB
particles
sepharose
bead
lipase PDMS CLEC Cross-linking Spectrophotometry Biosensor, [133]
microchip synthesis
formamidase PDMS CLEC Cross-linking Spectrophotometry Synthesis [134]
microchip
alkaline phosphatase PDMS CPG Covalent Spectrophotometry p-nitrophenyl [52]
microchip phosphate and
hypoxanthine
assaying
XOD
TPCK-trypsin Capillary CPG Covalent CE Protein 80-120 [55]
digestion pm
sucrose - CPG Adsorption HPLC Synthesis [56]
phosphorylase
lipase Gglass Emulsion Amphiphilicity GC, CCD Synthesis emulsion [131]
microchip
trypsin PMMA Glass fiber Covalent MALDI-TOF-MS Protein [76]
microchip (glutaraldehyde) digestion
trypsin PMMA Glass fiber Covalent MALDI-TOF-MS Protein [77]
microchip (glutaraldehyde) digestion
L-asparaginase glass GNPs Covalent LIF L-glutamine [123]
microchip hydrolysis
trypsin PET GNPs Adsorption LC-MS, Protein [78]
microchips digestion
MALDI-TOF MS
diaphorase PDMS Magnetic bead Covalent Fluorescent image [37]
microchip (carbodiimide) (CCD)
GOD FIA system Magnetic bead Covalent Amperometry FIA 5-10 pm [38]
(glutaraldehyde)
GOD PDMS Magnetic bead Covalent Amperometry Glucose [39]
microchip, (glutaraldehyde) determination
fused silica
capillary
IgG antibody Plexiglass Magnetic bead Covalent Electrochemical Immunoassay [40]
microchip (glutaraldehyde) detection
TPCK-trypsin Glass Magnetic bead Adsorption MALDI-TOF MS Protein 200 nm [34]
microchip digestion
trypsin Glass Magnetic bead Adsorption MALDI-TOF MS Protein [36]
microchip digestion
proteinase K PDMS Magnetic bead Covalent SDS-PAGE Protein 500 nm [79]
microchip (carbodiimide) digestion
TPCK-trypsin PDMS Magnetic bead Covalent CE, Protein 626 nm [32]
microchip (carbodiimide) digestion
MALDI-TOF-MS
trypsin PDMS Magnetic bead Covalent SDS-PAGE, Protein 0.29-10 [35]
microchip (carbodiimide) digestion pm
TPCK-trypsin HPLC, CE,
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MALDI-FT-
ICR-MS

trypsin PDMS Magnetic bead Covalent ESI-MS Protein 500 nm [31]
microchip (carbodiimide) digestion

TPCK-trypsin capillary Magnetic bead Covalent CE-MS Protein 100 nm [168]

(carbodiimide) digestion
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Table 2 (Continued)
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Type of Enzyme
immobilized Type of solid immobilization Coupled detector/ Particle
enzyme Reactor type support strategy analyzator Application size Ref.
TPCK-trypsin Glass Magnetic bead Covalent MALDI-TOF MS Protein 300 nm [80]
microchip (glutaraldehyde) digestion
TPCK-trypsin Glass Magnetic bead Covalent MALDI-TOF MS Protein 50 nm [33]
microchip (glutaraldehyde) digestion
benzoylformate Glass Magnetic bead His-tag HPLC Synthesis [41]
decarboxylase microchip
acetylcholinesterase PDMS Magnetic Adsorption Amperometry Pesticide [83]
microchip nanocomposite determination
trypsin PMMA Nanozeolite Adsorption MALDI-TOF MS Protein [81]
microchip digestion
trypsin PMMA Nanozeolite Encapsulation MALDI-TOF MS Protein [82]
microchip digestion
PikC hydroxylase PDMS Ni-NTA His-tag Spectrophotometry Functional [138]
microchip agarose beads group
introduction
GOD Pyrex wafer Nonporous Covalent Amperometry Glucose 50 pm [53]
chip glass bead (glutaraldehyde) determination
GOD PDMS Nonporous Covalent Fluorescent image Glucose 70 pm [54]
microchip glass bead (glutaraldehyde) (CCD) determination
lipase Packed bed Polyacrylic Adsorption GPC Polymerization [64]
reactor resin beads
lipase Packed bed Polyacrylic Adsorption GC Synthesis [59]
capillary resin beads
reactor
lipase Packed bed polyacrylic Adsorption GC Synthesis [60]
reactor resin beads
lipase H-Cube™ Polyacrylic Adsorption GC Synthesis [72]
resin beads
X-Cube™
lipase Packed bed Polyacrylic Adsorption GC Synthesis [61]
reactor resin beads
lipase Packed bed Polyacrylic Adsorption GC Synthesis [62]
reactor resin beads
lipase Packed bed Polyacrylic Adsorption LC-MS, NMR, HPLC Synthesis [63]
reactor resin beads
GOD Batch Polyelectrolyte Encapsulation spectrophotometry Functional [73]
capsules group
conversion
cis-epoxysuccinate Batch Polyelectrolyte Encapsulation HPLC, ESI-MS, Hydrolysis [74]
hydrolase cells capsules optical rotation
GOD PDMS PS beads Bioaffinity fluorescent image Glucose 15.5 pm [68]
microchip (CCD) determination
HRP
GOD PDMS PS beads Bioaffinity fluorescent image Glucose [70]
microchip (CCD) determination
HRP
IgA antibody Glass PS beads Adsorption Laser-induced Immunoassay [65]
microchip thermal lens
microscopy
anti-CEA antibody Glass PS beads Adsorption Laser-induced Immunoassay [66]
microchip thermal lens
microscopy
anti-interferon Glass PS beads Adsorption Laser-induced Immunoassay [67]
antibody microchip thermal lens
microscopy
p-galactosidase PDMS PS beads Bioaffinity Fluorescent image Lactose [69]
microchip (CCD) determination
GOD
HRP
trypsin Commercial PSDVB Commercial SEC Protein [140]
cartridge particles immobilized digestion
beads (covalent)
-transaminase Packed bed PVA particles Encapsulation HPLC, GC Synthesis [71]
reactor
cyclopentanone batch PVA particles, Encapsulation GC Functional 3.65 mm [75]
monooxygenase cells polyelectrolyte group
capsules conversion
0.82 mm
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n¥trobenzene Microcolumn Silica Encapsulation HPLC Functional [51]
nitroreductase
group
conversion

PNGase F Commercial Silica Covalent LC-MS Glycan analysis 5 pm [42]

microchip

polyimide

microchip

Table 2 (Continued)
Enzyme
Type of immobilized Type of solid immobilization Coupled detector/ Particle
enzyme Reactor type support strategy analyzator Application size Ref.
trypsin PDMS Silica Covalent CE, LC-MS Protein 5 pm [43]
microchip (carbodiimide) digestion
hydroxylaminobenzene PDMS Silica encapsulation HPLC Synthesis [45]
mutase microchip
soybean peroxidase
XOD Glass Silica Covalent Fluorescent image Xanthine [44]
microchip (glutaraldehyde) (CCD) determination

HRP

a large variety of fluorescent dyes for labelling biomolecules are avail-
able and widely used. In addition, the most popular commercialized
microfluidic systems use LIF detection (e.g. Bioanalyzer® from Agilent,
Labchip® from PerkinElmer).

One of the most widely applied detection methods of analytical
chemistry is UV absorption spectrometry, which can be miniaturized,
but unfortunately poor detection sensitivity can be achieved in mi-
crochips due to the very short optical path length. The spectrometric
detection used for microchip IMERs incorporates either optical fibers
[153] or waveguides [154] integrated into the chip. Besides UV ab-
sorption, other optical spectrometric detection methods like IR or Ra-
man were also used for microchip IMERs [155]. The integration of
electrochemical detectors into chips was also intensively studied in re-
search laboratories, but the integration and operation of these detec-
tors need significant microfabrication expertise [151]. Even large instru-
ments, like NMR was hyphenated to microchip IMER through a minia-
turized NMR coil and applied it for measuring reaction kinetics [156].
The simplest and most comfortable way of hyphenation is when the mi-
crochip is placed onto the surface of a sensor, but there is no direct
contact between the fluid and the sensor. This is the case with capaci-
tively coupled contactless conductivity detectors, where the microchip
can be reversibly placed or removed onto/from the detector and the de-
tection site on the chip can be varied freely [157]. Also the traditional
separation methods (HPLC, UHPLC, GC, CE) were on-line coupled with
microchip IMERs, as samples were transferred from the microreactor to
the chromatographic units via proper microsyringes and valves [158].
In these systems, a high speed and efficient enzymatic reaction occurred
typically in the microchip and the separated components were trans-
ferred into the mass spectrometer.

The combination of microchip IMERs with mass spectrometry is par-
ticularly popular because in these systems high-throughput analysis can
be achieved by which the proteomic studies can largely be accelerated.
In most chip IMER-MS systems, the chips are used for sample pretreat-
ment including analyte (protein) digestion, preconcentration of analyte,
removal of matrix materials. A number of strategies for coupling on-chip
separation and digestion techniques with MS analysis have been devel-
oped [31,150,159,160]. The efficient hyphenation of microchips with
mass spectrometers is the major target of recent microfluidic research.
Electrospray ionization (ESI) and matrix-assisted laser desorption/ion-
ization (MALDI) are the two most often applied ionization techniques
for proteomics, and since the IMERs are often used as protein digestion
reactors, those are typically used for microchip IMERs. The ESI interface
utilizes either pressure driven (Fig. 7)
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[31,161] or electric field driven (electroosmotic) [162,163] flow. Since
applied flow rates in IMERs do not exceed the uL/min range, nano-ESI is
the most often used interface towards MS. Generally, the ESI needle is a
fused silica tip positioned at the end of the channel system on the chip.
In the case of MALDI-MS, the hyphenation with microchips is accom-
plished typically by depositing the effluents of the chip onto the MALDI
target plate [164,165].

3. Applications of particle based IMERs
3.1. Protein digestion

Accelerating protein digestion is probably the hottest topic in mi-
crochip IMER technology, which is notably attributed to the relevance
of this field. Proteomics is a rapidly developing field of study, aiming
to characterize the whole protein content of cells in different organiza-
tions [166]. The method behind protein identifications — namely pep-
tide mass mapping/fingerprinting — includes protein digestion, which is
the rate determining step of the analysis. Although the concept of shot-
gun proteomics provided a boost in accelerating the whole analytical
process [167], time-consuming protein digestion is still involved. This
is due to the necessity to apply trypsin in low concentration (protein:
trypsin = 20-100:1) in free form, to hinder its autolysis. Typical diges-
tion times range from 2 to 30 h. When trypsin is immobilized on a solid
support, it cannot encounter another (immobilized) trypsin molecule,
thus autolysis is prevented. This is the extra motive — apart from the
small sample requirement, ease of separation from product and reusabil-
ity — behind using immobilized proteolytic microreactors.

In these protein digestion systems, proteolytic enzymes (usually
trypsin) are immobilized on particles integrated into microfluidic chips.
Protein digestion occurs in the chip, digestion times are in the range of
10 s to 10 min. The chip can be coupled online to the separation/detec-
tion unit (e.g. MS), or else the effluent sample is collected for further
(offline) analysis (Fig. 8). Table 2. contains the detection techniques ap-
plied for the analysis of the peptide products.

For proteomic studies, magnetic particles [31-36,79,80,168] and
agarose particles [46-49,58] are the preferred types of solid supports,
because packings can be formed conveniently from magnetic particles
and because trypsin coated agarose beads are commercially available.
An elegant microfluidic device was shown by Harrison's group [47]
as they made multifunctional protein processing possible through two
serially connected channels. The channels were packed with agarose
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beads containing immobilized trypsin and reversed-phase beads to cre-
ate an enzyme reactor and an SPE microcolumn, respectively (Fig.
9). Magnetic particles — either magnetic themselves (e.g. magnetite)
or magnetically coated particles — with sizes typically in the range of
50 nm to 5 pm are packed into the channel of a PDMS or glass microflu-
idic chip with the help of constant magnetic field generated close to
the channel. In each case, trypsin is immobilized covalently (with car-
bodiimide activation or glutaraldehyde coupling). Commonly, standard
protein solutions are digested to confirm the activity of trypsin and the
digests are analyzed. This very general description is valid to most sys-
tems, but there are some exceptions. Immobilization can be carried out
by copper-ion chelation [34] or by trypsin encapsulation in the pores
of a mesoporous silica-Fe;0, hybrid particle, the latter enabling size-se-
lective protein digestion (only smaller proteins are digested, that can
penetrate into the small pores where trypsin is located) [36]. Although
trypsin is mostly used for digestion, alternatively, proteinase K can be
immobilized [79] on magnetic particles for the same reason.

As an alternative to magnetic or agarose particles, PSDVB particles
[58,140], gold nanoparticles [78], nanozeolites [81,82], sepharose [58],
silica [43] and CPG [55] beads and glass fibers [76,77] can also be used
for trypsin immobilization.

To compare the activity of the tryptic (or more generally any en-
zymatic) reactor versus free enzyme digestion - thus estimating the re-
actor efficiency - enzyme kinetic studies can be carried out. These are
complementary measurements contributing to the full characterization
of the reactor. In the case of trypsin, N,-benzoyl-L-arginine ethyl ester
(BAEE) is generally used for activity determination in continuous flow
mode [20,169,170]. BAEE dissolved in 50 mM Tris (pH = 8) is trans-
ferred through the reactor and the effluent is measured spectrophoto-
metrically to determine the amount of digested substrate. The reaction
time can be calculated from the applied flow rate and the volume of
the reactor and thus the activity can be calculated. This activity can be
considered per the given amount of enzyme (if the amount of enzyme
in the reactor is known), the given amount of particle (if the mass of
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Fig. 9. Schematic of a protein preparation chip, with integrated tryptic digestion and SPE
beds, a double-T injector for CE and an electrospray tip. The lower drawings show the de-
tail of the 150 um deep, 800 um wide “fat channels” in which 40-60 um diameter beads
are trapped. The remaining channels are all 10 pm deep and are 230 um wide near each
of the fluid reservoirs, narrowing to 30 um wide for the majority of their length. (Adapted
from Ref. [48]).

15

Talanta xxx (2017) xxx-xxx

used particle in the reactor is known) or the reactor itself. The activity
value gives an estimation of reactor efficiency, however, they should be
handled carefully, because these substrates undergo digestion much eas-
ier than the large proteins.

3.2. Engymatic operation for signal amplification

On-chip quantification/detection of analytes is a rather unsolved is-
sue, however, some detection methods for specific substances can be ap-
plied-H,0, has a central role in these detection techniques: it can either
be detected amperometrically or can be used to oxidize a non-fluores-
cent compound (e.g. luminol) to produce a fluorescent product. The use
of multiple enzymes integrated into the same chip is common in these
cases, including mostly the use of glucose oxidase (GOD), which gener-
ates H,0, and horseradish peroxidase (HRP), which can produce fluo-
rescent compound by oxidation using the H,0, as an oxidizing agent.

3.2.1. Amperometry

As the simplest reactor, GOD was immobilized by glutaraldehyde
coupling after silanization with APTES and the particles were used for
glucose analysis by FIA [38]. A very similar microfluidic chip was de-
scribed [39] and it was shown that the sensitivity of the device towards
glucose depends on the length of the packing, as more glucose can be
oxidized if a longer packing containing the immobilized enzyme is used.
In another example, GOD was covalently immobilized on n-hydroxysuc-
cinimide (NHS)-activated agarose [57]. In this work, the particles were
retained by the reduction of the channel height at the end of the chan-
nel, without using frits. Glass beads of 50 um containing covalently im-
mobilized GOD were retained with the help of a dam structure [53]. All
these microchips were used for enzymatic oxidation of glucose to pro-
duce H,0,, which was detected amperometrically.

Graphene oxide — magnetic nanocomposites with adsorbed acetyl-
cholinesterase (AChE) were packed into a PDMS chip for pesticide de-
tection [83]. AChE activity is inhibited by dimethoate, which is usually
used for the modelling of organophosphorus pesticides. This nanocom-
posite has a mean diameter of only 8 nm. Acetylthiocholine (the sub-
strate of AChE) is added to the inhibitor (which is the measured pes-
ticide-like sample) and is converted by the enzyme into thiocholine,
which is an amperometrically detectable electroactive compound. The
extent of inhibition is proportional to the concentration of dimethoate.

3.2.2. Fluorescent detection

A creative application of immobilized enzymes is the form of
multi-enzyme packings, when a packing contains 2 or more types of en-
zymes. This process can be a co-immobilization, when multiple enzyme
types are located on the same bead (multi-enzyme bead) or single en-
zyme immobilizations, when 2 or more types of enzyme modified beads
(single-enzyme beads) are retained stepwise or as a mixture. During the
application of such multi-enzyme packings, some critical aspects should
be considered: i, proper enzyme compartmentalization format (spatial
distance between different enzymes) is essential due to the mass trans-
port/diffusion loss of intermediates; ii, the product of a reaction can in-
hibit or completely deactivate other enzymes in the system; iii, different
enzymes are likely to have different pH optima; iv, different enzymes
may have different activity, there might be a slow — rate determining —
step in the enzymatic pathway.

Boehm et al. used 15.27 um streptavidin coated PS microspheres as
packing material, onto which 3 types of enzymes were immobilized
(B-galactosidase, GOD, HRP) through biotin-streptavidin bioaffinity in-
teraction [69]. This multi-enzymatic system was used for lactose detec-
tion. Different types of enzyme compartmentalization strategies were
studied, namely immobilization of individual enzyme species (single-
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enzyme bead), immobilization of a mixture of the 3 enzymes (multi-en-
zyme bead) or coating the PDMS channel with enzymes using a differ-
ent immobilization procedure [69]. It was found that the highest spe-
cific substrate conversion efficiency was obtained when the single-en-
zyme beads were used in 3 sequential steps.

In a similar study, Heo used 3 types of packed reactors in which bi-
otinylated GOD and HRP were immobilized onto 9.95 pym avidin-coated
PS microspheres [70]. It was proved that co-immobilization of the 2 en-
zymes onto the same bead was a more efficient reactor format than cre-
ating single-enzyme beads and packing them as a mixture of beads or as
2 individual packings successively. The reason for its higher efficiency
is the lack of diffusion loss of the intermediates in the case of co-immo-
bilized enzymes due to shorter diffusion length.

The latter two examples might seem controversial, as the same en-
zymes were used in almost identical systems, however, the system of
Boehm et al. contained a third enzyme — p-galactosidase — which could
have made the difference. More importantly, Heo mentioned that H,0,
inhibition of GOD could have been eliminated, if it had been rapidly
converted to the final, non-inhibiting product, which only happens in
this co-immobilized, multi-enzyme reactor format. These publications
may shed light on the fact that if one attempts to miniaturize multi-en-
zymatic pathways into microfluidic chips, there is no general rule to
choose an optimal enzyme compartmentalization technique, but the
thorough knowledge of the enzymatic reaction pathway and of the prop-
erties of each involved enzymes are essential to choose the correct com-
partmentalization strategy.

5 um silica beads were used as solid support for covalent XOD and
HRP immobilization and these particles were trapped in a reaction
chamber of a glass microchip [44]. The packing process of the beads
was not performed with the use of pressure, but by injecting the parti-
cles electrophoretically. With the help of this device, a non-fluorescent
analyte, xanthine, was transformed with the multi-enzyme reactor into
a fluorescent substance and detected. Similarly to GOD, XOD produced
H,0, from xanthine, which reacted with luminol in the presence of HRP,
resulting in chemiluminescence.

70 um nonporous glass particles with immobilized GOD were re-
tained by bottlenecks created at the end of a reaction chamber for glu-
cose quantitation. The produced H,0, entered a second — detection —
chamber, where HRP was immobilized in a hydrogel microarray giving
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a fluorescent product (resorufin) from a non-fluorescent compound (am-
plex red) [54]. In a similar work, the same enzymes (GOD and HRP)
were immobilized with bioaffinity linkage to streptavidin coated PS mi-
crobeads [68].

Diaphorase was immobilized covalently onto 2.7 um magnetic beads
integrated into a PDMS chip for the conversion of non-fluorescent re-
sazurin to fluorescent resorufin in the presence of NADH [37].

3.2.3. Immunoassays

Immunoassays can utilize the advantages offered by microbeads act-
ing as solid supports with high surface area. With other words, the en-
zyme reactions of immunoassays can be carried out in a smaller volume.
A large variety of biomolecules often used in immunoanalysis (e.g. pro-
teins, antibodies, antigens, DNA, RNA) can be attached to the beads.

Human serum IgG antibodies were quantified in a microfluidic sys-
tem with non-competitive immunoassay [40]. The Plexiglas microchip
used in the experiment contained magnetically retained beads with co-
valently immobilized antigens from Helicobacter pylori, which can in-
teract with human IgG antibodies. Then, an alkaline phosphatase en-
zyme-linked antibody specific for human IgG was applied, this enzyme
converted p-aminophenyl phosphate to p-aminophenol, which was de-
tected amperometrically in the chip with an integrated gold electrode.

PS beads (45.6 um diameter) were retained in a glass microchip to
integrate immunosorbent assay into chip platform [65]. After bead re-
tention by a dam structure, IgA was adsorbed on the PS beads and
it came into contact with colloidal gold conjugated anti-IgA. Laser-in-
duced thermal lens microscopy was used for the detection. The same
group used similar techniques to determine carcinoembryonic anti-
gen (CEA) [66] and interferon-y [67]. In the latter two sandwich im-
munoassay systems, the PS beads (41.7 um diameter) were coated with
anti-CEA antibody (or anti-interferon), which bonded CEA (or inter-
feron). After washing out the matrices, a second antibody (anti-CEA
or biotinylated anti-interferon) was injected, then after another wash-
ing, colloidal gold with anti-IgG (or streptavidin) functionalities were
introduced to obtain the final complexes: PS bead - anti-CEA antibody
(anti-interferon) — CEA (interferon) - anti-CEA (biotinylated anti-inter-
feron) - anti-IgG (streptavidin) — colloidal gold (Fig. 10).

Washing Second reaction

q_________.h

W -

—

Rabbit anti-CEA

Detection

Washing

Fig. 10. Schematic illustrations of a microchip-based immunosorbent assay for the detection of carcinoembryonic antigen in human sera. (Adapted from Ref. [66]).
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3.3. Synthesis, functional group conversions

Synthesis — the process of the production of a given chemical sub-
stance - is usually not mentioned amongst the advantages or applica-
tions of microfluidic chips. However, it was shown in some cases that
it has a valid position in the microreactor technology, usually when the
reagents or the synthesized compounds are expensive and only a small
portion is required to be synthesized (e.g. the microfluidic synthesis of
fluorodeoxyglucose [171]), when the parameters of the synthesis are to
be optimized [41] or when the applied particles are millimeter-scaled
[59-64,71,72]. Also, several works can be found on different functional
group conversions (hydrolysis [74,123], reduction [51], hydroxylation
[138] and oxidation [73,75]).

Jussen et al. [41] synthesized (S) — 2-hydroxy-1-phenylpropan-1-one
in a microchip IMER. Benzoylformate decarboxylase was immobilized
through its 6-His tag at the C-terminal. The authors propose the system
to be a great biocatalyst modelling system for parameter optimization.

Although not a microchip IMER, Ni-NTA agarose particles were used
as solid supports for transketolase and transaminase immobilization
via 6-His tag [172] in a 500 um (inner diameter) fluorinated ethylene
propylene (FEP) tube. These two enzymes synthesized a diastereomer
of 2-amino-1,3,4-butanetriol, which is regularly used in pharmaceutical
syntheses. The work would have proven the potential importance of mi-
crochips in de novo (or other organic) syntheses, if this system was in-
tegrated into a chip.

4. Conclusions and outlook

There is a large number of reviews about the different aspects of con-
struction and application of IMERs, which show the growing importance
of these devices and technology. Here we focused on microfluidic en-
zyme reactors including particle-based supports. Particles play a major
role in the miniaturization of enzymatic reactors since a large variety
of particles (some containing already immobilized enzymes) are com-
mercially available. Microchip IMERs have been widely used in the past
20 years, in this period various and creative methods have been intro-
duced for both the immobilization of enzymes on the solid/liquid in-
terface and the localization of particles within the microfluidic channel.
Although these particles with enzymatic activities can be used in batch
format, their integration into microfluidic flow systems is beneficial for
high specific surface and for the possibility of simple parallelization.

Lately, the development of microchip IMERs has been a hot scien-
tific topic amongst microfluidic research groups, but the use of parti-
cles in microchips - mostly in packing format — is still a challenge. The
spreading of microchips will presumably increase in the future, there-
fore, particles will necessarily be used either in microchip IMERs or in
microchip chromatographic/SPE systems. There is an ongoing argument
whether particles would be exchanged by monolithic packings/columns
in the future, but both monoliths and particles possess several advan-
tages. A novel approach would be the combination of these two station-
ary phases in the form of hybrid monoliths with entrapped particles in
microfluidic channels.

It has been shown that the application of several different enzymes
has great potential in executing multiple step enzymatic reaction paths,
however in almost every work, the same enzymatic reactions were stud-
ied (GOD — HRP system). Other reaction paths - with analytical or syn-
thetic importance - might arise in the future, as well. If the product vol-
ume is a concern in synthetic reactions, it is questionable if extensive
parallelization would solve productivity issues.
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The manufacturing costs are essential to select the material/fabrica-
tion technology of microchips and the immobilized enzyme. A frequent
approach is to apply inexpensive enzymes (e.g. trypsin) in microchips
made from vulnerable, but low-cost polymers (e.g. PDMS) or glass.
These chips can be considered disposable and should not be reused, thus
cross-contamination of samples can be precluded. Immobilization offers
the advantage of increasing enzyme stability/IMER reusability, but this
feature is not utilized with these cheap microchip IMERs. Reusability
and durability should only be a concern, when the employed enzyme is
worth it (e.g. PNGase F).

Presently, microchip IMER development is mainly performed in re-
search groups, unfortunately without any widespread pharmaceutical
or industrial application of the IMERs. The reason behind this is that
microchip technology still needs to improve chip robustness to obtain
utile devices primarily for analytical tasks, where a large number of
small-volume samples are analyzed with high throughput.
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