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Microfluidics and nanofluidics have contributed much to the fields of chemistry and biochemistry. The
small sizes of micro and nanochannels provide short diffusion lengths, resulting in highly efficient reac-
tions with control over channel size, flow and temperature. In this review, progress in chemical and bio-
chemical reactors based on micro and nanochannels is summarized. Various types of reactors such as
homogeneous and heterogeneous catalytic reactors based on wall-coated, packed-bed or monolithic
column designs are examined. The ultra-small spaces provided by micro and nanochannels allow rapid
mixing and promote interactions between different phases. As such, faster reaction rates and better yields
can be obtained using systems that are easy to operate. In addition, unique reaction mechanisms can be
achieved based on the specific properties exhibited only by nanospaces. Although it remains challenging
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to balance high efficiency with a suitable production volume, new super-high-performance reactors
allowing well-controlled processes with suitable productivity are anticipated in future. This advanced
technology will represent significant progress in the areas not only of analytical chemistry and bioanalyti-
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1. Introduction

3 and nanofluidics*® have

Recent advances in microfluidics'”
greatly contributed to the fields of chemistry and biochemistry.
These technologies are unique because the small dimensions
of micro and nanochannels provide short diffusion lengths.
Typically, microchannels have characteristic widths, depths, or
diameters ranging from 1 to 1000 pm, whereas nanochannels
have corresponding dimensions on the order of 1-1000 nm. In
contrast to bulk-scale systems, this allows the rapid mixing of
different liquid phases and promotes interactions between the
surface/liquid interface and the liquid phase by providing a
high surface-to-volume (S/V) ratio. Uniform solute concen-
trations and flow conditions can also be achieved. In addition,
the minute sample volumes in micro and nanochannels
permit rapid heat transfer, allowing precise control over the
liquid temperature. Hence, these ultra-small spaces can
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cal chemistry, but also chemical and biochemical engineering.

modify the primary factors controlling chemical reactions,
such as solute concentration, reaction time and temperature.
For the purpose of controlling these parameters, it is vital
to precisely adjust the channel sizes. Many methods for the
fabrication of micro and nanochannels have been developed,
primarily using materials such as polydimethylsiloxane
(PDMS),”™® SU-8,">'" poly(methyl methacrylate)>"* and poly-
ethylene terephthalate.*"® It is often important for these
materials to withstand high temperatures and pressures and to
tolerate contact with organic solvents. Glass is typically the
most suitable material meeting these requirements and also
permits visual observations and surface modifications. The
fabrication of channels using glass substrates is relatively
difficult, but technologies for the production of glass
nanochannels'®?° and microchannels*'™** have been devel-
oped. In addition, flow control methods®*>° for adjusting con-
centrations, reaction times (that is, liquid passage durations)
and temperature**~” in micro or nanofluidic devices have all
been reported. Such technologies provide a foundation for
highly-controlled reaction processes. The volumes of microflui-
dic devices are typically in the nL to pL range, resulting in
minimized sample consumption and waste generation. In con-
trast, nanofluidic systems operate at much smaller volumes,
typically in the fL to pL range. Such ultra-small volumes have
enabled analytical capabilities that are difficult or impossible
to achieve in bulk systems, including single-cell** and
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single-molecule analyses. Owing to these -characteristics,
micro- and nanofluidic techniques have been widely adopted
in the fields of analytical and bioanalytical chemistry.

While micro- and nanofluidic reactors are advantageous for
precise reaction control and the minimization of sample con-
sumption, they inherently limit throughput and productivity,
which are critical for practical chemical and biochemical pro-
cesses. However, when these systems are interfaced with con-
ventional analytical instruments that typically require sample
volumes in the pL to mL range, such extremely small reaction
volumes become a significant limitation. This is because redu-
cing the reaction volume decreases the absolute amount of
target analyte and solution available for analysis. As a result,
there is a trade-off between good reaction control and pro-
ductivity. Therefore, the central challenge in micro- and nano-
fluidics lies in reconciling precise reaction control with scal-
able production depending on the specific application and
design context.

This review introduces and organizes recent advances in
the use of micro and nanochannels providing ultra-small
spaces to promote various reactions. For this aim, mainly two
kinds of approaches are shown in this review. One is the scale-
down method by packing with micro and/or nano structures,
which provides pL to mL reaction volume, but size control is
difficult. The other is the numbering-up method of the size-
regulated channels, which provides good reaction control, but
productivity is still a challenge. The utilization of these devices
with the trade-off between reaction efficiency and productivity
is discussed, especially with regard to production at higher
volumes. Catalytic reactors with applications to chemical and
biochemical processes based on micro or nanofluidics are
introduced, with a focus on the combination of ultra-small
spaces with catalysts.

2. Microfluidic and nanofluidic
biomolecular reactors

A bioreactor is a device in which biological processes such as
reactions, syntheses, decompositions and transformations
occur. These systems are designed to use biological substrates
such as microorganisms, cells and enzymes*®>® and typically
permit control over physical and chemical parameters such as
temperature, pressure, pH, solvent and enzyme supply. Tuning
the design and operation of a bioreactor is a crucial aspect of
optimizing the conditions for specific processes and maximiz-
ing yields and efficiency. Recently, micro and nanofluidic bio-
reactors have attracted attention with regard to analytical, bio-
logical and industrial applications along with the development
of micro and nanofabrication technologies.’*™*! Specifically,
the reaction volume, reaction velocity and mixing ratio can be
tuned by controlling the channel size, flow rate and tempera-
ture. Moreover, such devices provide several advantages,
including rapid heat and mass transfer, efficient mixing,
precise control over reaction parameters and minimized
sample volumes. The present section examines recent
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Fig. 1 . (a) Diagrams of several liquid phase bioreactors. Such reactors
are primarily categorized as parallel flow, segmented flow or microwell
reaction types. (b) Diagrams of solid phase bioreactors. These devices
are categorized as packed bead, monolithic or wall-coated types.
Enzymes are generally immobilized on the support materials.

advances in micro and nanofluidic bioreactors, including
liquid and solid phase systems (Fig. 1), with a particular focus
on channel-based reactors providing well-defined spaces,
precise fluid flows and constant temperatures (Table 1).

2.1 Homogeneous catalysts for biochemical reactors

There are several significant differences between flow-through
bioreactors and batch reactions. In a flow-through reaction
system, a continuous reactant flow is maintained through the
application of external pressure, allowing for controlled reac-
tion times. Notably, micro and nanofluidic systems enable
efficient heat and mass transfer based on the extremely small
volumes and high S/V ratios in such devices. These systems
can be combined with various flow channel and chamber mor-
phologies to generate either parallel flow or segmented
(droplet) flow (Fig. 1(a)).>®> The former is characterized by the
simultaneous flow of layers comprising different phases
whereas, in the latter, a droplet of one phase is dispersed in
another phase, which can have various sizes and shapes.
These devices permit control over both the reaction time and
mixing ratio. Combining these reaction systems can allow
micro and nanofluidic bioreactors to facilitate rapid reactions
with higher yields and greater productivity compared with con-
ventional batch processes.

Microfluidic bioreactors allow for the effective capture, sep-
aration, culturing and analysis of cells based on a serial
process. These platforms have thus advanced the techniques
available for the analysis of cells, microorganisms and viruses,
which can be encapsulated in microfabricated compartments
or droplets.’® The associated methodologies are able to
process extremely small samples, such as single cells or even
individual molecules. Such systems have the ability to inte-
grate multiple operations using continuous flow in conjunc-
tion with rapid heat transfer, such that enzymatic reactions

This journal is © The Royal Society of Chemistry 2026
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can proceed more rapidly compared with conventional bulk
reactions. Prior work has shown that reactions occurring in a
microchannel proceed at twice the rate relative to conventional
bulk reactions.”” Rapid enzymatic reactions have also been
observed in nanochannels.>® Based on their ability to provide
efficient reactions with small sample volumes, micro and
nanofluidic bioreactors have become promising research tools
(Fig. 2(a)).

One of the most successful applications of bioreactors has
been as polymerase chain reaction (PCR) devices. Using state-
of-the-art microfluidics, rapid PCR can be achieved with
increased flexibility.®® PCR typically involves repeated thermal
cycling to provide the temperatures required for denaturation,
annealing and extension during each amplification cycle.
Several different rapid PCR reactors have been developed over
the past two decades.®® The first continuous flow microfluidic
PCR was fabricated by Kopp et al.>® In this device, the reagent
was introduced into a channel having distinct zones main-
tained at the different temperatures necessary for denaturing,
annealing and extension (Fig. 2(b)).

In recent years, bioreactors have often been used as
medical assay or biological analysis platforms, in contrast to
the chemical reactors employed for large-scale continuous
reactions.’® As an example, a digital integrated droplet PCR
assay was developed as a means of profiling circulating tumor
DNA (Fig. 2(c)).”® This device was integrated with microfluidic
droplet partitioning, multiplex PCR amplification and large-
volume droplet counting processes. The resulting assay was
able to detect rare cancer-specific genomic targets and pro-
vided a sensitivity 50 or 1000 times greater than those associ-
ated with standard dPCR and qPCR assays, respectively. The
incorporation of droplet or microwell structures has also
allowed the construction of portable, automated PCR reactors
for the rapid detection of viruses such as COVID-19 and for
diagnostics.’>*>%® Notably, single enzyme activity has been
assessed based on confining enzymes and substrates in micro-
wells (that is, the use of droplets).>*** The confinement of
disease-related proteins in microwells has also allowed the
enzymatic activity of individual molecules to be investigated
(Fig. 2(d)). This method can be used to monitor fluctuations in
enzyme activity or assess abnormal activity at the single
enzyme level.®> Bioreactors have thus been increasingly uti-
lized as assay and biological analysis platforms.

The analysis of enzyme kinetics is a vital aspect of evaluat-
ing enzyme-catalyzed reactions in micro and nanoreactors.
The enzyme/substrate concentration ratio, temperature, pH,
solvent and flow rate (meaning flow pressure) all play impor-
tant roles in such evaluations. Enzyme kinetics are typically
analyzed using the Michaelis-Menten model. Studies to date
have shown that enzymatic reactions in microchannels are
accelerated by factors of 2 to 20 times compared with bulk
reactions.’”’*®%” However, the mechanism by which this accel-
eration occurs remains unclear. This phenomenon can poss-
ibly be explained by the rapid mass transport, increased
diffusion rates and enhanced mixing in microchannels as sub-
strates come into contact with active sites. The greater reactiv-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5an01253h

Open Access Article. Published on 19 February 2026. Downloaded on 3/17/2026 3:39:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Analyst Tutorial Review

g Buffer Sample

#gal

Nanochannel B

Product

’8 |
I

N

Microchannel

TG-pgal

Input

Output

A 95°C - melting
B 77°C - extension
C 60°C - annealing

10 mm
00 T — T m
A BL'JIK rea_Ct'Ion : 4 (c) Droplet Generation Droplet
e Microfluidic reaction oil Collection ;CR )
R . . eaction
m Nanofluidic reaction l Target-containing ctio
300 b droplet
e T Sample P -
[ 2y
s P
= I | 469 L
2 200} : . 1 s
> o = il Imm Dichroic
S = Ss pinhole \
s £ = SN
52 -
100} - g mL Lkl = | 7l T
Longpass 500
& s ioT 00 emisonfiter 7 ﬁﬁ’é,wope et
A Time (ms) 469nm laser objective translates
1 1 1 1 1 D A I 1 R i D i
000 005 010 015 020 ataiAnalysts apid 3D Scanning
[S] (nM7)

Biosamples (e.g., serum)

[
0
©
o
>2 o
L o
Se3 200
S 1000
Sge
T e 500 Cluster 1
S X
= sz Cluster 3 150
B et w g
X  Green fluorescence increase &
(a.u.) ‘s
g 100
g £
g 2
— E 1500/ 50
e
& 5 3 wo
@3S
o Custer 1 oL s i
O 5 -
2 Healthy Cancer
. - . i I
Single enzyme activity—based protein profiling 4 Green fluorescence increase

(SEAP)

(a.u.)

Fig. 2 Liquid phase bioreactors. (a) A diagram and photographic image of a continuous-flow enzyme reaction in a nanochannel (upper). A series of
Lineweaver—Burk plots based on initial reaction rates, showing that the rate of the enzyme reaction in the nanofluidic reactor was twice that in the
bulk (lower). Reprinted with permission from Springer.>® © Springer Nature 2008. (b) Diagrams showing continuous-flow PCR on a microfluidic
device with PCR amplification based on successive heating and cooling (Reproduced with permission from ref. 59). From M. U. Kopp, A. J. d. Mello,
A. Manz, Chemical Amplification: Continuous-Flow PCR on a Chip, Science, 1998, 280(5366), 1046—-1048. Reprinted with permission from AAAS. (c)
A diagram showing DNA profiling by digital droplet detection. The reaction platform shown allows the partitioning of pL-sized droplets with thermal
cycling to amplify specific fluorescence signals. This system can also detect and quantify droplets that are positive for one or more specific target
analytes. Reproduced from ref. 53 with permission from the Royal Society of Chemistry. Copyright 2019 The Royal Society of Chemistry. (d) A
diagram of a microwell bioreactor for the analysis of single molecule enzyme activity. The reactivities toward differentially colored and structured
substrates are used to characterize the enzyme species in each well. Enzyme activity can be profiled at the individual enzyme level, revealing differ-
ences in enzyme activity between healthy donors and cancer patients at the single-molecule scale (Reproduced with permission from ref. 54). From
S. Sakamoto, T. Komatsu, R. Watanabe, Y. Zhang, T. Inoue, M. Kawaguchi, H. Nakagawa, T. Ueno, T. Okusa K. Honda H. Noji, Multiplexed single-mole-
cule enzyme activity analysis for counting disease-related proteins in biological samples, Science Advance, 2020, 6, eaay 0888. Reprinted with per-
mission from AAAS.

ity in micro and nanochannels can also be explained by exter-
nal factors. That is, kinetic parameters may be changed due to
variations in the flow rates in the channels,°®® and the
mechanisms involved with efficient reactions involving so-
called free state enzymes have been investigated. The flow state

constant) also decreases as the flow rate in the channels is
increased, indicating more efficient complex formation
between the enzyme and substrate. Evidently, the enzymes are
used more efficiently in these channels compared with the
bulk reaction.

in microchannels is typically laminar because, at least theoreti-
cally, the associated Reynolds number (Re) is very small.
Under flow-through conditions, the value of K, (Michaelis

This journal is © The Royal Society of Chemistry 2026

On going from the micro to nanoscale, both thermal con-
ductivity and molecular diffusion are promoted while sample
losses are reduced. However, rather than simply scaling down,
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the different liquid properties that appear on the nanoscale
may affect reaction activity. As an example, increased turnover
values, k., have been reported in nanospaces.”® This enhance-
ment can be explained by two factors. Firstly, nanochannels
provide a confined environment for enzymes that mimics the
crowded conditions in living systems. The confinement of an
enzyme in a nanospace could increase the thermodynamic
stability of the molecule, similar to the mechanism that stabil-
izes protein folds in a cell.”! Thus, higher enzyme activity may
be achieved. Secondly, a nanochannel can provide an ideal
space for homogeneous enzyme reactions based on the
increased diffusional mixing of biomolecules.
Nanoconfinement increases the rates of enzyme reactions and
accordingly provides larger k., values. In prior experiments,
enzymatic reactions were accelerated in nanochannels with
dimensions on the order of 100 nm®® and the k. values
obtained in these nanoreactors were found to be twice those in
microreactors or under bulk conditions. Biomimetic nano-
channels’ have been demonstrated to greatly affect both K,
and V. (maximum reaction rate value) depending on the
channel size and shape. Reaction rates in nanochannels are
evidently increased because the proton (H') exchange rate is
increased approximately tenfold as a result of the specific pro-
perties of water under such conditions. It is thought that
hydrolysis reactions are promoted by the abundant proton
supply in such systems. Assuming that micro and nanoreactors
may have differing characteristics, such as varying mass trans-
port and mixing properties, this may lead to different kinetic
laws. Therefore, in future it will be important to assess the
mechanisms by which enzymatic reactions are accelerated in
such systems.

2.2 Heterogeneous catalyst for biochemical reactors

Micro and nanofluidic reactors incorporate solid supports
having high S/V ratios, and so immobilizing enzymes on these
supports can lead to highly efficient enzymatic reactions.”
Specifically, immobilized enzyme reactors operated in micro-
and nanofluidic formats can achieve markedly shorter reaction
times, ranging from minutes to seconds rather than many
hours, together with increased sample throughput. These
enhancements arise from improved mass transfer under flow
conditions, including reduced diffusion distances, convective
transport of substrates, and high local concentrations of
immobilized enzymes. An immobilized enzyme reactor can
provide advantages such as convenience in handling, ease of
separation of enzymes from the reaction mixture, high stability
and reuse.”*”” These reactors can generally be categorized into
three types’® (Fig. 1(b)). The first of these is known as the
packed bead column, in which the enzyme is immobilized on
a support material made of particles or beads that can be
homogeneously packed into the microfluidic system. Typically,
this configuration provides S/V ratios on the order of 10*-10°
m™", and is widely used because the particle size (ranging
from 100 nm to 100 pm) and material can be readily tailored.
Recently, rather than developing new bead reactor architec-
tures, disposable cartridge-type packed-bed reactors have been
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commercialized”” and applied mainly in analytical fields such
as proteomic analysis. The second type comprises the mono-
lithic column, in which the enzyme is immobilized in a
network of micro- and nanoscale pores (ranging from 100 nm
to 100 um) within a monolithic material. Such sponge-like
structures are often fabricated via bottom-up approaches, and
generally exhibit S/V ratios on the order of 10*-10° m™". More
recently, hydrogel-based supports with strong enzyme affinity
and extremely high S/V ratios (on the order of 10° m™") have
been increasingly reported.*>”® However, when the pore size of
the gel approaches ~10 nm, macromolecular substrates may
no longer be able to penetrate the porous network, necessitat-
ing careful control of pore size to ensure accessibility of pro-
teins and other large biomolecules (e.g., polysaccharides,
nucleic acids).”® Finally, in a wall-coated column, the enzyme
is directly attached to the inner surface of a flow path compris-
ing a capillary or micro/nanochannel. Unlike packed-bed and
monolithic reactors, this approach avoids porous structures;
therefore, it is expected to mitigate reproducibility issues
arising from sample carryover. In bead and monolith systems,
the porous and structurally heterogeneous architecture can
lead to unstable flow profiles and local stagnation, while mole-
cular trapping within pores has also been reported, potentially
causing significant carry over.”® To overcome these limitations,
wall-coated nanofluidic reactors with characteristic dimen-
sions of 10-100 nm offer S/V ratios on the order of 10°-10’
m™'. Furthermore, numbering-up of nanochannels is expected
to enable both highly efficient reactions and improved
productivity.

An immobilized enzyme reactor platform is a useful means
of accelerating enzymatic reactions. The optimal design and
configuration of an immobilized enzyme reactor are selected
depending on the support material (such as natural polymers,
glass or metals) and immobilization method (adsorption,
covalent bonding, affinity interactions or entrapment).”®%°
Herein, the focus is on the optimal immobilization methods
and latest applications for efficient biological reactions.

Immobilization methods providing the greatest efficiency
and reusability have been studied. Typically, enzymatic activity
is linked to the stability of the enzyme structure. However,
there are several specific challenges associated with enzyme
immobilization, related to controlling the enzyme density and
orientation, the interactions between the enzyme and the
support material, and adjusting pore size. A combination of
enzyme and support material that undergoes strong inter-
actions must be selected because enzymatic activity will vary
depending on the affinity between the biomolecule and the
support material.”® In most cases, interactions between the
enzyme and the support will lead to some enzyme distortion
having negative effects on activity due to steric hindrance.
These interactions may involve reactive groups on the support
(such as multipoint covalent immobilization) or interactions
with the matrix.*" Secondly, the immobilized enzyme density
must be optimized. At high densities, the apparent enzyme
activity is generally increased, whereas excessive densities can
decrease the activity as a result of steric hindrance.®’* As an
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example, the digestive enzyme protease is known to exhibit
self-digestion so that it is necessary to immobilize this com-
pound on the surface at a specific density.*® Thirdly, in the
case that the immobilized enzyme is in the incorrect orien-
tation, the substrate molecule is prevented from accessing
active sites on the immobilized molecule as a consequence of
pore size or steric limitations. This steric problem can be
solved using protocols that enable specific enzyme orien-
tations.®* Specifically, a method of controlling orientation
using affinity peptide tags has been devised® and has been
used to control the orientation of biomolecules. In this
process, the desired orientation is selected by screening for
peptide sequences exhibiting high affinity for the solid
support. In this manner, it becomes possible to orient the
target moiety in a desired direction while avoiding undesired
interactions between the target moiety and the solid surface.
This technique has been shown to increase the activity of the
immobilized enzyme by up to tenfold in specific systems.®>

An additional steric issue arises when the substrate size
exceeds the pore size of the support on which the enzyme is
immobilized.”® In this scenario, in which a large macro-
molecule (e.g., large proteins, polysaccharides, nucleic acids)
much larger than the enzyme is employed, the substrate is
unable to access the immobilized enzyme in the porous space.
It is important to provide well-defined spaces and regular
immobilization patterns so that the substrate can diffuse freely
in the small nanochannels. A method of directly immobilizing
reactants in confined nanochannels has been developed® in
which some silanol groups on the glass surface of the nano-
channel are replaced with amino groups via silane coupling,
after which the enzyme (an antibody) is grafted to these sur-
faces using a cross-linker. Although this is a standard tech-
nique for surface modification, it has proven useful as a
means of achieving stable liquid flows and regulated immobil-
ization in well-defined spaces. Such work has allowed micro
and nanochannels to function as suitable reaction platforms
while overcome diffusional limitations in narrow spaces. The
following Sections (2.2.1-2.2.3) describe the structural charac-
teristics, operating principles, and advantages of each reactor
type. Subsequently, Sections 2.2.4 and 2.2.5 introduce repre-
sentative applications of these reactors in proteomics and diag-
nostic assays, respectively.

2.2.1 Packed-bed microreactors. Packing microchannels or
capillaries with functionalized particles are versatile tools for
fabricating microreactors. In typical chip-based or capillary
packed-bed systems, the reactor volume is on the order of
0.5-5 pL and the structured packing provides surface-to-
volume ratios on the order of 10°-10* ecm® mL™', which
enables high biocatalyst loads, enhances mass transport and
significantly shorter reaction times. However, defining the
optimal operating window requires a critical understanding of
the interplay between convection and diffusion at varying flow
rates. This characterization is often non-trivial; accurately
simulating solute transport within packed-bed microreactors
remains a challenge, and is particularly difficult in systems
where the molecular diffusivity of the solute is very low.®® This
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efficiency is demonstrated in applications such as rapid
protein digestion, where complex proteins that normally
require 2-16 h in solution can be digested within about
2-10 min at flow rates of roughly 0.5-5 pL min~", without
sacrificing sequence coverage.*>®” Other applications include
enzymatic assays, inhibitor screening and immunotrapping,
which similarly exploit high enzyme loadings in microliter-
scale packed-beds.®®%°

Two primary strategies are used to retain beads within the
microreactor. The first is physical trapping, in which particles
are contained by micromachined structures, including weirs or
pillar-type filter arrays, that are often incorporated into silicon
or polymer chips. However, scaling up these devices based on
widening the channels can lead to non-uniform flow, necessi-
tating the addition of flow distributors such as triangular pre-
chambers to maintain performance and prevent channeling,
especially in reactors with multiple particle layers.**°° The
second strategy for capillary-based systems is the magnetic
bead microreactor. In this setup, a small plug of enzyme-
coated superparamagnetic particles (typically forming a bed
volume of <1 pL inside a capillary of a few tens to a few hun-
dreds of micrometers in diameter) is injected into the capillary
and held in place by an external magnet.®®#%°! This design is
simple, automatable and allows the bead plug to be easily
replaced after each run, eliminating the need for solid-phase
regeneration. This platform has been extended to create
advanced systems, such as dual-enzyme microreactors in
which two distinct plugs of enzyme-coated beads are immobi-
lized in series within a single capillary to perform sequential
reactions or simultaneous multi-substrate analyses.*>**

One of the key challenges related to these systems is the
need to achieve uniform flow distribution to prevent fluid
channeling, which can otherwise reduce efficiency and catalyst
accessibility.®¢°° Sample carryover is another concern, requir-
ing robust washing protocols between analyses.*>®” In the case
of magnetic systems, the degree of reproducibility also
depends on the consistent injection of a uniform bead suspen-
sion and ensuring that the quantity of beads does not overload
the magnetic trap.®®

2.2.2 Monolithic column microreactors. Monolithic micro-
reactors feature rigid, continuous macroporous polymer sup-
ports prepared by in situ polymerization within capillary or
microfluidic channels. A representative design is a 0.59 pL
porous polymer monolith in a fused-silica capillary with a
porosity of ~75%, corresponding to ~0.44 pL pore volume for
convective flow and ~0.15 pL solid phase for enzyme anchor-
ing.”” This method creates a highly permeable structure that
offers low back pressure, enabling high flow rates and rapid,
convection-dominated mass transport that is not limited by
diffusion.”®* Enzymes such as trypsin can be immobilized on
the monolith via covalent interactions at loadings of the order
of low- to mid-nmol per pL of monolith, providing extremely
high local concentrations that suppress self-digestion and dra-
matically accelerate proteolysis. In such systems, protein diges-
tion times can be reduced from hours to seconds or minutes;
for example, myoglobin digestion in a chip-based monolithic
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reactor at 0.5 pL. min~" (residence time ~11.7 s) has yielded
~60-70% sequence coverage in a single pass.”” As such, these
reactors are well-suited to high-throughput, automated appli-
cations such as on-line peptide mapping when coupled with
mass  spectrometry*®®  or capillary electrophoresis.”
Photolithographic techniques can also enable the creation of
integrated, dual-function devices that combine processes such
as solid phase extraction and enzymatic digestion within a
single unit.**

Despite the advantages of this technology, the performance
that can be achieved is highly dependent on operational para-
meters. The flow rate, which dictates the substrate’s residence
time, is the most significant factor affecting the extent of
digestion; systematic studies varying residence times from ~5
s up to several minutes show that higher flow improves mass
transfer but eventually reduces the contact time needed for
near-complete digestion.’*® Furthermore, the inherent hydro-
phobicity of some polymer monoliths can lead to the non-
specific adsorption of proteins and peptides. This often
necessitates the addition of organic solvents like methanol to
the mobile phase, a modification that can also improve diges-
tion efficiency.”

2.2.3 Wall-coated microfluidic reactors. Wall-coated micro-
reactors, also known as open-tubular microreactors, are
created by attaching enzymes to the inner surfaces of narrow-
bore fused-silica capillaries or nanochannels. These devices
offer significant advantages over homogeneous solution
methods, including enhanced enzyme stability, reusability and
the suppression of enzyme autolysis, which simplifies
analysis.*>®” A key aspect of these systems is the maximization
of the S/V ratio based on using capillaries having small inner
diameters of 10-50 pum, which drastically reduces substrate
diffusion times to allow digestion in minutes or seconds.’® For
example, an i.d. 50 pm x 140 cm trypsin capillary operated at
1-5 pL min~" provides residence times of ~30-160 s and can
completely digest model proteins such as cytochrome c in
<5 min total analysis time.’® Various immobilization strategies
are employed in conjunction with such devices, including
covalent attachment via linkers such as glutaraldehyde,””
highly specific non-covalent binding using the strong biotin-
avidin interaction,'® immobilization with genetically engin-
eered tags such as the Zbasic2 module for oriented
attachment'®"'%* and electrostatic adsorption via renewable
layer-by-layer assembly.'®® These reactors are widely used for
rapid protein digestion and peptide mapping. They are also
often coupled directly to separation techniques such as capil-
lary electrophoresis and mass spectrometry for the automated
analysis of minute sample volumes and can even function as
electrospray needles.*>'®* These wall-coated reactors provide
highly controlled reaction environments with minimal dead
volume and excellent reproducibility. Based on these structural
platforms, various micro- and nanofluidic enzyme reactors
have been implemented in analytical and diagnostic appli-
cations, as discussed in Sections 2.2.4 and 2.2.5.

2.2.4 Applications in proteomics. In a typical proteomics
procedure, proteins are digested to generate peptide fragment
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by a protease (generally trypsin) prior to analysis using liquid
chromatography - mass spectrometry.'® This process is per-
formed in conjunction with a low enzyme concentration and a
long incubation time (12-24 h) to prevent self-digestion of the
free trypsin. However, the free trypsin in solution is unstable
and so there is a gradual decrease in activity due to self-diges-
tion. Over the last few decades, these issues have been
addressed through the development of immobilized enzyme
reactors allowing highly efficient proteolysis in conjunction
with proteomics.”®

Enzymes are often immobilized on the surfaces of mono-
lithic or beaded support materials to increase the apparent
enzyme concentration. In fact, these reactor types have
become the most common immobilized enzyme systems.?*'®
However, the nonuniform spaces in such devices do not allow
stable fluidic control, resulting in poor reproducibility and
carry-over.’®” This problem becomes more significant when
using large substrates such as polysaccharides, proteins and
nucleic acids. In such cases, the active sites must be perfectly
oriented towards the outside of the support surface for the
immobilized enzyme to fully catalyze the substrate reaction.
Even so, if the substrate is larger than the enzyme, the enzyme
activity may be decreased whereas small substrates may be
trapped within the pore, leading to carry-over.”” Open channel
enzyme reactors have been devised as a means of mitigating
these concerns. In such systems, the enzyme is directly
attached to the inner walls of a channel or capillary. This struc-
ture solves the problems of reproducibility and carry-over
based on the regular construction of micro and nanoscale
spaces.

Recently, it has become possible to perform advanced ana-
lyses such as single-cell proteomics owing to the miniaturiza-
tion of reactions and well-defined spaces. Building on these
advances, an ultra-fast pL-scale enzyme reaction system in
which trypsin is immobilized on a nanochannel surface was
developed.*® This device was found to increase the enzyme
reaction rate by a factor of 25 times compared with a conven-
tional bulk method (Fig. 3(a)). A protein analysis device has
been demonstrated that is integrated with an enzyme reactor
to allow protein digestion, chromatography for peptide separ-
ation and UV detection in a single system (Fig. 3(b)).*” This
device enables rapid protein analysis together with multiple
other processes on the fL-pL scale and can be used for the
evaluation of extremely small volumes, such as in the case of
single-cell analysis. It is evident that immobilized enzyme reac-
tors based on nanofluidics have contributed to the develop-
ment of systems involving novel protein digestion mechanisms
and analyses based on extremely small volumes. These techno-
logical advances have not only expanded the applicability of
immobilized enzyme reactors to nanoscale and single-cell ana-
lyses but have also prompted a deeper investigation into their
underlying reaction mechanisms and kinetics. In addition, a
recent nanochannel numbering-up technology was realized to
increase the reaction volume in the nanochannels from pL-
scale to nL-pL. As a result, the digested sample in the nano-
channels was analyzed by conventional LC-MS, and 12-178
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Fig. 3 Solid phase bioreactors for proteomic analysis. (a) A diagram showing the concept of an immobilized enzyme reactor in a nanofluidic device
(left). Data indicating that the enzyme reactor accelerated the analysis by a factor of 25 times compared with the bulk reaction (right). Reproduced
from ref. 46 with permission from the Royal Society of Chemistry. Copyright 2020 The Royal Society of Chemistry. (b) A concept for an integrated
device for proteomic analysis involving pL to fL-scale channel volumes. The integrated device performs protein digestion, peptide separation and
peptide detection in a volume of 1 pL within a single device (left). This device accelerated the enzyme reaction by a factor of 24—48 times compared
with the bulk reaction (right). Reproduced from ref. 47 with permission from the Royal Society of Chemistry. Copyright 2022 The Royal Society of

Chemistry.

times faster reaction was shown.*® This technology enables
more detailed analysis by conventional analytical instruments,
and further clarification for reaction mechanism in the nano-
channel can be expected.

Such reactors accelerate enzymatic reactions by increasing
the apparent enzyme concentration.'®® However, quantitative
evaluation of catalytic performance has been difficult due to
nonuniform pore structures and unstable liquid transport. In
other words, it can be challenging to determine the number of
enzyme molecules per unit surface area if the spaces are nonu-
niform and the nanoporous material contains cracks.
Moreover, it is difficult to accurately define reaction times
because the liquid flow may not be stable. These issues have
been addressed through the development of platforms allow-
ing control over reaction volume, surface density and flow
velocity.®*'°° Based on the fabrication of well-defined nanos-
paces combined with stable pressure-driven flow, such systems
have been used to perform the first-ever investigations of the
kinetics of immobilized enzymes in nanochannels. Using

This journal is © The Royal Society of Chemistry 2026

these devices, values for the Michaelis-Menten constant, K,
maximum reaction velocity, Viax, and turnover rate, k., have
been experimentally determined. In such trials, the V., value
was found to be proportional to the apparent enzyme concen-
tration in the immobilized enzyme reactor, whereas the K,
value decreased as the channel size was decreased. It should
be noted that the evident decrease in K;,, may have resulted
from the effects of flow rate, enzyme immobilization and space
size. The k., values associated with the immobilized enzyme
were decreased compared with those for the free enzyme,
although these values were approximately equivalent between
immobilized enzyme reactors having different channel sizes.
The decreases in k., may have resulted from various confor-
mational changes as well as the effects of enzyme orientation
and steric hindrance.'"® Data such as these have helped to elu-
cidate the mechanisms by which immobilized enzyme reactors
provide accelerated kinetics. Further kinetic analyses will
deepen the understanding of reaction acceleration in immobi-
lized enzyme reactors.
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Alongside these kinetic advances, recent progress in minia-
turization and ultrafast reactions has significantly improved
proteomic workflows. However, achieving full protein coverage
remains a major challenge. Parallel digestion with multiple
proteases and improved separation or ionization performance
are promising strategies to expand proteome coverage and
enhance single-cell proteomics.*> Furthermore, the integration
of proteomics and multi-omics analyses will enable biological
phenomena during development, regeneration, and aging at
the single-cell level."""

2.2.5 Applications in diagnostic assays. Besides proteo-
mics, immobilized enzyme platforms in micro- and nanoflui-
dic formats have also been adapted to immunoassays. The
enzyme-linked immunosorbent assay (ELISA) technique has
been used for the quantification of various target molecules.
In a typical ELISA method, an antibody is immobilized on the
surface of a support material, after which a target antigen is
captured and detected based on highly specific antibody-
antigen interactions. Bioassays using this principle in conjunc-
tion with small reactor array systems have now become avail-
able. The most important benefit of bioassays in micro and
nanoreactors is the ability to detect target molecules at extre-
mely low concentrations. Historically, bead-based ELISA has
been performed by packing microchannels with beads on
which the antibodies are immobilized.''> However, the
channel sizes in such systems are limited by the bead diameter
and so it has not been possible to continually reduce the
reactor size. It is also difficult to achieve a stable liquid flow
because air bubbles can be trapped in the packed beads'" or
carry over may occur.''* It has been suggested that antibody-
immobilized nanofluidic systems could mitigate these chal-
lenges. A micro or nanofluidic ELISA system would be able to
integrate chemical processes such as mixing, separation and
detection in parallel or in series, similar to an electric circuit.
An ELISA device in which antibodies are partially immobilized
on the nanochannel surfaces has been developed® and has
demonstrated the capture of antigens for the immobilized
antibodies with an efficiency close to 100%. As such, an extre-
mely small amount of analyte can be captured in the nano-
channel without sample loss, providing a high sensitivity five
orders of magnitude greater than that achievable using a
micro immunoassay. A single device for quantitative analysis
was fabricated by integrating this ELISA methodology with
other units."*® This new system was then used for the analysis
of a secreted cytokine (the target protein) produced by a single
cell (Fig. 4(a)).*> More recently, a novel ELISA device with
switching valves has been reported as a means of implement-
ing complicated fluidic manipulations.'*®

Although nanofluidic devices can be powerful tools for the
analysis of ultra-small volumes including single cells or mole-
cules, their direct application to clinical diagnostics remains
challenging. For example, in the context of liquid biopsy
samples such as saliva or urine, practical considerations
become critical. These include the need to handle sufficiently
large and manageable sample volumes, as well as the require-
ment to avoid clogging during assay operation. In this context,
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thin-layer ELISA has been proposed as an alternative strategy
to enhance target capture efficiency. This concept relies on
spatial confinement of analytes in the depth direction, which
shortens diffusion distances and increases the collision fre-
quency between target molecules and surface-immobilized
capture antibodies, while also providing high effective surface-
to-volume ratios. At the same time, clinically relevant sample
the nL-uL range can be maintained
(Fig. 4(b))."*”"'*® Thin-layer reactors can have mm-scale widths
and pm-scale depths and so provide high S/V ratios. These
reaction systems have shown increased reaction efficiency in
conjunction with nL volumes.

Digital bioassay systems represent a novel means of quanti-
fying target molecules by combining an immobilized enzyme
with microcompartments.’*® The main principle of such pro-
cesses is the compartmentalization of the assay solution as a
means of stochastically encapsulating individual target mole-
cules within a reactor in a well or droplet, resulting in signal
binarization with responses of “one” or “zero”. Several pre-
vious studies have demonstrated highly sensitive detection
based on encapsulating antibody-coated microbeads in wells
or droplets. These methods have achieved sensitivities three to
four orders of magnitude greater than those obtainable using
conventional ELISA methods. Furthermore, single molecule
studies using micro or nanofabrication technologies have
enabled the preparation of well-defined fL or aL-scale reactors
(Fig. 4(c)),”* allowing single-molecule quantification and
revealing enzyme heterogeneity that is obscured in ensemble
measurements. Such developments are bridging the gap
between analytical technology and fundamental molecular
science, enabling direct observation of molecular behaviors at
the single-enzyme level. Recent studies of single-molecule
enzymatic reactions have revealed that individual enzymes can
adopt multiple structural and functional states. With the
advancement of Al-based structure prediction,"”***? these
findings have contributed to drug discovery and molecular
diagnostics. However, although heterogeneity among single
enzymes is becoming increasingly evident, its impact on
overall biological function remains largely unexplored. In the
future, miniaturized bioreactor technologies are expected to
move beyond device engineering and serve as powerful tools
for elucidating new aspects of molecular function.

volumes in

3. Microfluidic and nanofluidic
chemical reactors
3.1 Homogeneous catalysts for chemical reactors

Homogeneous catalysis using transition metal complexes has
transformed synthetic chemistry by enabling highly selective
reactions under mild conditions in solution. Classic examples
include Wilkinson’s RhCl(PPh;); catalyst, which can promote
the rapid and stereospecific hydrogenation of alkenes, Grubbs’
Ru-benzylidene (N-heterocyclic carbene) catalyst that mediates
olefin metathesis across a broad substrate scope and Shvo’s
bifunctional diruthenium complex, which allows the hydro-
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genation of carbonyl compounds without the use of an exter-
nal H, source."”"** Iterations of these techniques that have
tuned the electronic and steric environments, most notably
through the use of chelating NHC ligands, have delivered turn-
over numbers exceeding 10° and enabled a high degree of
control over E/Z selectivity (Table 2).'*°

However, the very solubility that confers a high level of
activity on homogeneous catalysts also generates enormous
practical challenges. Specifically, the separation of products
from the catalyst is intrinsically difficult. Even state-of-the-art
organic solvent nanofiltration and scavenger resins struggle to
lower residual rhodium or palladium levels below the sub-ppm

This journal is © The Royal Society of Chemistry 2026

concentrations required by pharmaceutical regulations and
the attendant losses of precious metals remain economically
significant.”*>"*' Air- and moisture-sensitive complexes also
require the use of inert atmospheres, while ligand dissociation
or metal center oxidation can shorten the catalyst lifetime and
complicate scale-up."*> Membrane-assisted recycling mitigates
but rarely eliminates leaching, and so homogeneous catalysis
largely confined to high-value, small-volume
processes.'*?

On the basis of the above, the use of heterogeneous mole-
cular catalyst systems within micro- or nanofluidic channels
has become of interest. Immobilizing catalytic films, nano-
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Fig. 6 Photographic images showing (a) a catalytic static mixer fitted
inside a tube. Reproduced with permission from ref. 143, Copyright
2017, American Chemical Society. (b) Monoliths having different cell
densities/sizes Reproduced from ref. 144, S. Govender et al., Catalysts,
2017, 7, 62, https://doi.org/10.3390/catal7020062, under CC BY 4.0. (c)
Illustrations of (i) a stacked catalytic membrane microreactor, (i) an
independent perforated microchannel and microchamber and (iii) a
PDMS membrane having two holes in different patterns Adapted with
permission from ref. 138, Copyright 2020, American Chemical Society.

or membranes™*® (Fig. 6(c)) are frequently found in micro and
milliscale reactors. In such devices, extreme S/V ratios, short
diffusion paths and precise residence-time control can inten-
sify reactions while allowing the active phase to remain fixed
and recoverable. Rapid heat removal can also suppress the for-

This journal is © The Royal Society of Chemistry 2026
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mation of hot spots and opens new process windows.
Furthermore, lower transport resistance and narrow residence
time distributions allow detailed analyses of kinetics. The
minimal holdup associated with fixed catalysts allows the safe
handling of hazardous gases such as H, and CO while also
reducing work-up and catalyst losses and simplifying down-
stream separations. Finally, the use of modular hardware with

inline  analytics  can  accelerate  design-make-test
Cycles. 135,139-142
3.2.1 Wall-coated  catalyst microchannel reactors.

Immobilizing films of catalytic materials such as metals,
oxides, zeolites and carbon directly on channel walls can
permit near-plug-flow behavior at low pressure drops while
providing diffusion lengths equal to approximately half the
channel gap. These factors are advantageous when performing
reaction rate studies under differential conversion
conditions.’**™*” There are robust methods for the deposition
of uniform zeolite/oxide coatings on metals, silicon or glass
(including the deposition of single-layer ZSM-5 on stainless
steel and the formation of sol-gel/washcoats with controlled
porosities) and static-mixing inserts can be integrated to raise
interfacial areas without using fine packings."*>'*” A represen-
tative demonstration is a Pd-immobilized glass microchannel
reactor for gas-liquid-solid hydrogenation."*® The device
(200 pm x 100 pm x 45 cm channel) enabled quantitative
hydrogenation and deprotection within 2 min under ambient
conditions, leveraging exceptionally large gas-liquid-solid
interfacial area and diffusion paths on the order of
micrometers. No Pd leaching was detected by ICP, and space-
time yields exceeded conventional batch reactors by over 10>
fold, highlighting how wall-coated catalytic microchannels can
realize both rapid kinetics and intrinsic cleanliness in continu-
ous multiphase synthesis."*® The use of photocatalytic films,
typically comprising TiO,, can generate micro-scale optical
paths that suppress internal filtering. The resulting large inter-
facial areas can increase the quantum efficiency of volatile
organic compound abatement and aqueous organics degra-
dation processes under UV/visible light.'*®'*® Recent micro-
fluidic designs have allowed the quantification of photonic
and hydrodynamic impacts on conversion, providing helpful
guidance for scale-up and the development of light delivery
strategies.'*’

3.2.2 Packed-bed catalyst microreactors. Packing short
capillaries or cartridges (typically 0.5-3 mm i.d., yielding
effective channel widths of 20-160 pm) with catalyst particles
can concentrate the active surfaces and provide exceptional
gas-liquid-solid mass transfer with minimal modest foot-
prints. Hence, such systems have been applied to hydrogen-
ation, hydrogenolysis and reductive amination
reactions.'**'*11*> An example is the H-Cube® system, which
allows on-demand H, generation via electrolysis and can be
combined with CatCart® packed cartridges and controlled T,
P, Q. This approach enables screening and small-scale syn-
thesis within minutes under contained, cylinder-free
conditions."””'** However, these systems are subject to critical
failure modes that limit their robust operation. Uneven fluid
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distribution can create zones of varying reaction rates and
localized ‘hot spots’, particularly in exothermic hydrogenation
reactions; these thermal gradients not only reduce selectivity
and shorten catalyst lifespan but can also trigger reactor
runaway. Furthermore, a fundamental trade-off exists between
mass transfer and hydrodynamics: while reducing catalyst par-
ticle size enhances the interfacial area, it leads to significant
pressure drops that restrict fluid flow and increase energy con-
sumption. This limitation is exacerbated by high-viscosity sol-
vents or complex multiphase flows, which further hinder gas-
liquid mass transfer rates. Long-term operational stability is
another challenge, as the formation of solid by-products (e.g.,
coke or humins) can deposit on the catalyst, causing irrevers-
ible channel clogging. Finally, scaling up presents difficulties;
increasing reactor diameter complicates thermal management
due to radial temperature gradients, while parallelizing reac-
tors risks inconsistent catalyst loading and flow maldistribu-
tion across channels."*%'%?

3.2.3 Magnetic particles as catalyst carriers: batch/on-chip
actuation. Magnetic solids can enable catalyst retention and
on-chip manipulation on small scales. In prior studies, amphi-
philic  Fe;0,@SiO, nanospheres bearing quaternary
ammonium/phosphotungstic acid complexes have functioned
as multifunctional microreactors for oxidative desulfuriza-
tion'*® (Fig. 5(e) and (f)). Using these spheres, dibenzothio-
phene can be oxidized by H,O, under mild conditions, after
which the magnetic catalyst is simply retrieved and reused.
This process has been found to reduce sulfur levels from 487
to <0.8 ppm under optimized conditions.**®

Magnetic particles undergoing microfluidic flow can be
trapped, transported, assembled into beds or deployed as
mobile catalytic carriers. Some review summarizes the force
landscapes, device concepts (such as magnetophoresis or on-
chip capture/release) and early catalytic case studies, and
explains the manner in which magnetic control promotes sep-
aration and overcomes mixing limits intrinsic to laminar
microflows.">® As an alternative to static trapping, time-depen-
dent magnetic actuation allows control over the motion of
catalytic particles. Experiments and modeling have shown that
mass transfer coefficients depend on both the mean particle
velocity and the variance in this velocity. An untuned periodic
trajectory can decrease the mass transfer coefficient by up to
7.6% relative to the value associated with steady motion at the
same mean speed. Such results highlight the need to optimize
actuation protocols.™*

3.2.4 Other types of heterogeneous catalytic microreactors.
Catalytic static mixers'*® (Fig. 6(a)) are three dimensional
printed or machined mixers whose surfaces are wash-coated
with metals or oxides. These devices can deliver high k;, values
and near-plug-flow at low pressure-drop values. There have
been numerous demonstrations of the use of these systems in
continuous hydrogenation reactions to produce fine chemicals
and they have been found to remain durable throughout clean-
ing cycles, suggesting industrial applications.!?%43153:136
However, the fabrication of these complex geometries via 3D
printing remains cost-intensive, and the long-term stability of
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the washcoat layer under high-shear flow is a critical failure
mode, where delamination can contaminate downstream
processes.™”’

Structured/monolithic microreactors'** (Fig. 6(b)) can be
produced with honeycomb or foam units subjected to catalytic
washcoats. These systems provide very low pressure drops at
high flow rates while maintaining short film diffusion dis-
tances, although the two-phase distribution and coating
adhesion must be carefully engineered.'** A primary limitation
of monoliths is their tendency towards laminar flow, which
results in poor radial mixing compared to packed-beds; this
can lead to broad residence time distributions (bypassing)
unless segmented flow (Taylor flow) is strictly maintained."”®

Catalytic membrane microreactors'*® (Fig. 6(c)) incorporate
ceramic, zeolite, Pd alloy or polymeric membranes that
combine reactions with selective permeation such as distribu-
ted H, dosing or in situ product removal. These devices can
shift equilibria and improve selectivity. As an example, stacked
micro-membrane designs have shown stable nitrobenzene
hydrogenation with uniform gas delivery.'*®'*° Nevertheless,
these systems are prone to concentration polarization and
membrane fouling (pore blocking), which can rapidly degrade
flux rates. Furthermore, the mechanical fragility of ceramic
membranes and the difficulty of reliable sealing at high temp-
eratures pose significant hurdles for industrial scale-up."®

Metal organic framework (MOF)/zeolite hybrid membranes
can be tailored to provide specific pore chemistries and, in
some cases, concurrent separations. Prior works have studied
Ag-loaded MOF microreactors for exothermic oxidations and
the continuous-flow growth of ZSM-5 inside capillaries with
controllable thickness and adhesion. Long-term mechanical/
thermal stability remains the bottleneck to scaling up such

systems. 1162

4. Conclusions and perspectives

This review summarized advances in catalytic reactions utiliz-
ing microfluidics/nanofluidics involving ultra-small spaces
and short diffusion lengths. These channels provide rapid
mixing and promote interactions between different phases. As
such, improved performances with quick reactions, better
yields and facile operation can be achieved. The development
of new and unique reaction systems based on micro- or nanos-
paces is expected to have many benefits in the fields of chem-
istry and biochemistry. Moreover, as discussed, various unique
reaction processes have been reported in such systems*®”* as a
consequence of the distinct properties of nanospaces. These
unusual phenomena include higher conductivities, >
greater proton mobility,'%1? modified
potentials,'®”'7%'"! varied chemical equilibria’”> and lower
dielectric constants.”’""'”>'7* These factors can possibly
change reaction conditions and even the reaction mechanism
such that certain reactions may only be realized in nanochan-
nels. The need to increase the productivity of such systems
remains challenging. Wall-coated micro or milliscale channel

zeta
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reactors can provide relatively high productivity levels based on
higher flow rates. Even so, such units exhibit lower S/V ratios
compared with nanochannel devices and so show lower per-
formance. Obtaining suitable S/V ratios together with high pro-
ductivity levels could be possible using micro or milliscale chan-
nels packed with structures having nm-sized gaps. Such devices
could permit pL or mL-scale flow rates. Despite this, the use of
packing would lead to high operating pressures close to the
MPa level as well as challenges in controlling the reaction con-
ditions due to the unregulated gap sizes between the packed
material. Especially, the concentration of the catalyst/enzyme in
the nm-sized gap and the contact time of the liquid to the cata-
lyst/enzyme on the surface in the nm-sized gap are still difficult
to measure. Therefore, it is difficult to design the reactor with
the packed material, and currently, reaction conditions are
explored by trial and error. More advanced methods allowing
the fabrication of uniform gaps and/or processes for the simu-
lation of concentrations and reaction times are required.
Another approach involves the numbering-up concept. In this
case, size-regulated nanochannels could be fabricated as a
means of improving performance. For example, reaction time is
possible to control by controlling the flow rate of the nanochan-
nels. The catalyst/enzyme concentration is possible to control by
controlling the density and area of immobilized catalyst/enzyme
and the volume of the liquid that contacts the catalyst/enzyme.
These regulated and controlled nanospaces realize the design of
the reactors by controlling reaction time, concentration, and
temperature. Productivity can be enhanced by parallelizing
nanochannels with dimensions comparable to, or smaller than,
the nanopores found in bead- or monolith-based reactors. By
increasing the number of such reactors, reaction throughput
can be scaled up while maintaining regulated-nanoscale con-
finement. Unlike approaches based on packed structures, the
numbering-up strategy preserves well-defined channel geome-
tries, allowing nanoscale effects to be retained while increasing
overall throughput. A remaining challenge lies in identifying
approaches to improving productivity. This may involve new
technologies for the numbering-up of nanochannels, especially
along with improved fabrication methods for large areas and
large numbers of nanochannels,*®'**'> and nanofluidic
control techniques to achieve uniform flow among the paralle-
lized nanochannels.'®*®17>17¢ These approaches allow us to
move away from scale-down-based reactors, which have been
developed through repeated trial and error without any estab-
lished design. The numbering-up of size-regulated nanochan-
nels will provide the basic design of the reaction (concentration,
reaction time, temperature), the advantages of the nanochannel
by extremely high S/V, and a breakthrough within the fields not
only of analytical chemistry and bioanalytical chemistry, but
also chemical and biochemical engineering.
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