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The advent of microfluidic technology as a basic tool for chemi-
cal synthesis is slowly coming of age, particularly in industrial 
settings. As with many new techniques, initial claims regard-

ing performance, uniqueness and applicability were optimistic and 
wide ranging. The field has now had time to mature and it is time to 
look back on some of these early claims and compare them to actual 
progress, with a view to predicting how and if microfluidic reactors 
can reach their full potential in the field of chemical research.

Microfluidic systems manipulate and control fluids that are 
geometrically constrained within environments having internal 
dimensions, or hydrodynamic diameters, on a scale of microme-
tres. Although the first example of a microfluidic device can be 
traced back to 1940 (ref. 1), work by Terry, describing the fabrica-
tion and testing of a chip-based gas chromatograph2, and later stud-
ies by Manz3, Mathies4 and others in the early 1990s in the field of 
chip-based separations, better define the origins of mainstream 
microfluidic total analysis systems as they are understood today. 
At a similar time, the field of microfluidic reaction technology for 
chemical synthesis was developing quickly, with notable contribu-
tions from researchers at GlaxoSmithKline (UK)5, Massachusetts 
Institute of Technology (USA)6, the Institut für Mikrotechnik Mainz 
(Germany)7 and Imperial College London (UK)8, amongst others.

The intrinsic advantages associated with performing chemistry 
in microfluidic devices have been discussed extensively elsewhere, 
but in simple terms are due to the scale-dependent processes of heat 
and mass transfer9. Small fluidic volumes dictate that regimes of low 
Reynolds number are the norm, with fluids being increasingly influ-
enced by viscosity rather than inertia. In addition, large ratios of 
surface area to volume ensure thermal homogeneity across the reac-
tor and rapid heat transfer between the device and the contained 
fluid (see Box 1). These basic properties give rise to the following 
broad advantages that have made the technology attractive (in prin-
ciple) for chemical synthesis in both industry and academia.

Advantages
Small reagent volumes. There is a distinct cost advantage in using 
small volumes of precious reagents where minimal amounts may 
be available for testing or processing. Particularly when used for 
informatics rather than for product synthesis, microfluidic reactors 
consume far less reagent than bulk systems to gather the same (and 
in most cases more) chemical information10,11.

The past, present and potential for microfluidic 
reactor technology in chemical synthesis
Katherine S. Elvira*, Xavier Casadevall i Solvas, Robert C. R. Wootton and Andrew J. deMello*

The past two decades have seen far-reaching progress in the development of microfluidic systems for use in the chemical and 
biological sciences. Here we assess the utility of microfluidic reactor technology as a tool in chemical synthesis in both aca-
demic research and industrial applications. We highlight the successes and failures of past research in the field and provide a 
catalogue of chemistries performed in a microfluidic reactor. We then assess the current roadblocks hindering the widespread 
use of microfluidic reactors from the perspectives of both synthetic chemistry and industrial application. Finally, we set out 
seven challenges that we hope will inspire future research in this field.

Selectivity. Many chemical and biological reactions generate 
more than one product from the same reactant pool depending 
on local conditions. This phenomenon is often ascribed to kinetic 
versus thermodynamic control of the reaction pathway12. In 
microfluidic reactors the degree of control over local conditions 
is such that it is often possible to select one product over another 
with high precision13.

Green credentials. Because heat transfer becomes more efficient 
as reaction volumes shrink, the amount of energy consumed per 
unit temperature rise can be made extremely small, leading to envi-
ronmental benefits14. Similarly the improved selectivity15 mentioned 
above leads to less stringent reaction clean-up, and thus simpler 
chemistry than is typical on the macroscale.

Rapid reactions. It has often been claimed that microfluidic reac-
tors produce ‘faster reactions’ than those performed on the macro-
scale16. Specifically, space–time yields (product formed per reactor 
volume and time) in microfluidic reactors are consistently reported 
to be higher than those in bulk reactors17. It is, however, difficult to 
make direct comparisons, as bulk reactions are rarely optimized 
to terminate exactly at the final equilibrium position of the reac-
tion (reaction completion or endpoint), but often incorporate extra 
time to ensure completion has been reached. Reactions in micro-
fluidic reactors are rarely run for longer than required to reach the 
reaction endpoint, as they can be closely monitored to determine 
reaction completion. Accordingly, reaction times from literature 
syntheses are almost always incompatible with times associated 
with microfluidic formats. Also, there is no reason to expect the 
intrinsic rate of rate-limited reactions to increase within a micro-
fluidic device compared with a similar ‘bulk’ reaction unless a wall-
mediated mechanism is invoked. This is simply because reaction 
kinetics do not rely on large-scale diffusion. Despite this issue, the 
rate of mass-transfer limited reactions (that is, reactions operating 
in the diffusive domain) will typically be increased by the small 
characteristic dimensions of microfluidic reactors, because in 
mass-transfer-limited systems diffusive effects are significant with 
respect to the overall rate18.

Small footprints. Flow reactors almost always have a smaller foot-
print per kilogram of product than macroscale reactors19. Adoption 
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of microfluidic formats allows this scale to be further reduced, 
because more efficient heat transfer means that requirements for 
heat-exchange equipment are minimized20.

Safe reactions. Microfluidic reactors have intrinsic properties 
that make them safe environments in which to perform dangerous 
chemistry. The small instantaneous volumes mean that reactions 

involving reactive, toxic or explosive intermediates can be carried 
out in safety21. Furthermore, the high surface-area-to-volume ratios 
within the channel allow the rapid transport of heat during exother-
mic reactions22 and the enhancement of wall quenching in radical-
mediated systems23.

That said, scientists are not prophets. The predictions made and the 
hype generated around early-stage technology have often been wide 
of the mark. Accordingly, some of the initial predictions relating to 
the development of chemical microfluidic systems bear inspection. 
Below are a few of the standout predictions that have been made, or 
questions that have been posed, around microfluidic reaction tech-
nology, together with the current answer to these questions.

Predictions and questions
Will microfluidic technology replace the flask? This was a ques-
tion posed often enough to become a review title24. The notion was 
that a microfluidic reaction system could be used for as wide a range 
of chemical operations as the venerable round-bottomed flask. To 
be fair, most people asking this question came to the same conclu-
sion: there are areas where the application of microfluidic reaction 
technology makes sense, and others where the flask will remain the 
best choice.

Numbering up not scaling up. It has long been suggested25 that 
the way to transform microfluidic chemistry into an industrial 
tool is to use parallel reactor systems (numbering up or scaling 
out) rather than to increase the characteristic dimension of the 
channel (scaling up). There have been numerous examples of both 
approaches using microfluidic reaction technology. As with most 
things a balance of factors must be considered. Scale out requires 
complex flow distribution and elaborate reaction monitoring 
methods26, whereas scale up, as we will show, gives a limited 
accessible reaction phase space that is comparable to microfluidic 
reactor performance.

Point-of-use production. It has been suggested27 that chemicals, 
particularly drugs, could be produced in miniature factories at the 
point of use rather than in large central facilities. In some cases this 
has been accomplished28, but it is best applied to the production of 
high-value materials with limited shelf lives.

The product of microfluidic synthesis will be information. 
Given the low volumetric throughput of individual microfluidic 
channels, but the rapid throughput of reaction conditions within 
the same channels, it has been argued that the true product from 
microfluidic chemistry will be chemical information8,29. This has 
certainly proved to be the case given the interest in reaction opti-
mization systems and discovery flow systems in general, as will be 
discussed below. Whether it is the main use of microfluidic reaction 
technology remains to be seen, as this may represent only the most 
obvious benefit in applying laboratory methodology commercially.

In the remaining discussion, we will examine how microfluidic 
chemistry has performed relative to these initial predictions and 
set out some of the challenges that still prevent the technology 
reaching its full potential. For the interested reader, Supplementary 
Tables S1 and S2 provide a comprehensive directory of chemical 
and nanomaterial syntheses performed in microfluidic reactors. 
This list is not exhaustive, but contains pertinent and representa-
tive references for each reaction, which highlight the wealth of 
synthetic reactions that have been undertaken in microfluidic 
environments. Against this backdrop, we focus on two additional 
research areas currently driving microfluidic reactor technology, 
namely industrial research and reaction optimization. We will then 
highlight the current barriers that are detrimental to microfluidic 

What is a microfluidic reactor? 
Chemical reactions performed within microfluidic reactors 
should take advantage of the unique characteristics of fluid flow 
on the microscale. The advantages of downsizing are guaran-
teed when the characteristic dimension of a microfluidic reac-
tor is below 500  μm, generally accepted as the definition of a 
microfluidic reactor. A more flexible definition for a microflu-
idic reactor is one that operates at Reynolds and thermal Péclet 
numbers below 250 and 1,000 respectively (see Supplementary 
Information). With this in mind, it is also possible to define a 
transitional regime corresponding to reactors with a character-
istic dimension between 500 and 1000 μm where, dependent on 
the flow rate, some flow characteristics may be termed microflu-
idic. This regime overlaps the definition of ‘mesofluidic’ reactors, 
which are generally considered to have characteristic dimensions 
between 500 μm and a few millimetres. It is important to note, 
however, that when microfluidic reactors have a characteristic 
dimension above 1 mm it is difficult to maintain a microfluidic 
regime without using extremely low flow rates.

Reynolds number 
The Reynolds number (Re) is a dimensionless number used to 
quantify the relative importance of inertial and viscous forces 
within a fluid:

Re = (inertial forces)/(viscous forces) = ρdv/μ

The Reynolds number accounts for characteristics of both the 
fluid (density, ρ, and dynamic viscosity, μ) and the environment 
in which the fluid is manipulated (fluid velocity, v, and charac-
teristic dimension, d). Fluid flow in microfluidic devices is char-
acterized by low Reynolds numbers (generally below 250) and 
is located in the laminar flow regime. When chemical reactions 
are performed in microfluidic reactors, low Re ensures that there 
is no turbulence and hence no back-mixing within the reactor.

Thermal Péclet number
The thermal Péclet number (PeL) is a dimensionless number 
often used to characterize the microfluidic regime. It describes 
the ratio between heat transport due to advective and diffusive 
transport, that is:

PeL = advective/diffusive = dvρCp/k

Here, d is the channel diameter, v is the fluid velocity, ρ is the 
density of the fluid, k is the thermal conductivity of the fluid 
and Cp is its specific heat capacity. The thermal Péclet number is 
especially relevant for chemistry in a microfluidic environment 
as it describes the relative importance of heat transfer due to 
bulk fluid motion and conductive heat transfer. For example, in 
a microfluidic channel where heat is applied to the channel wall, 
the thermal Péclet number will define how rapidly heat is carried 
by the moving fluid relative to how fast it is transferred from the 
channel wall to the centre of the fluid flow.

Box 1 | The importance of scale.
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reactor research, and we will conclude by posing seven challenges 
that aim to inspire research crucial to the future of microfluidic 
reactor technology.

Microfluidic reactors in industry
Although much microfluidic reactor research has been in academia, 
industry has also taken an inquisitive interest in this technology. 
Successful microfluidic reactor chemical research has inevitably 
become linked to industry, as the industrial adoption of academic 
research provides a direct measure of the commercial importance 
of microfluidic technology and its relevance to the wider world. 
Generally, it has been in the context of continuous-flow synthesis 
that microfluidic reactor technology is attractive to industry, owing 
to inherent properties such as cost reduction, efficient heat transfer 
and rapid mixing30–32. In addition, the greater control of reaction 
conditions and ability to operate at high pressures32, combined with 
the safety advantages of small volume usage33, ease of scale out31, 
and their capability for continuous34 and integrated operation have 
made their adoption desirable. In fact, an extensive assessment on 
a range of reactions performed in both microfluidic and conven-
tional reactors concludes that there is usually a marked decrease in 
the residence time of the reaction and an increase in selectivity and 
conversion for synthesis in microfluidic reactors35.

Gaining a thorough understanding of the industrial perspective 
on microfluidic reactor technology is complicated, however, as most 
research is published not in peer-reviewed literature but as patents. 
To this end, Hessel and co-workers have provided comprehensive 
reviews of patents in microfluidic reactors and microprocess engi-
neering prior to 2006 (ref. 36) and from then until 2010 (ref. 37). In 
their first review, they note that much of the literature was focused 
on cost-effective mass production rather than the development 
of microfabrication techniques36, highlighting a potential conflict 
of interest between academia and industry. In their more recent 
review, they predict that microfluidic reactor patents will increas-
ingly focus on structures and modes of operation for specific reac-
tions37. The Swiss-based company Lonza has been one of the most 
active players in the field, and their papers and patents provide a 
representative guide to the development of such technology in an 
industrial environment. Lonza’s core research interests in this area 
include gas–liquid reactions38, specific syntheses (such as nitration 
and hydrogenations31,39), multi-injection techniques for staggered 
reagent dosing40 and investigating flow41, pressure drops and mix-
ing42 properties of microfluidic reactors. More in-depth discussions 
on other industrial activities are provided elsewhere43,44. Today, the 
applications of microfluidic reactors that are of most interest to 

industry include bulk and fine chemistry, organic, inorganic and 
polymer particle synthesis, pigments, emulsions, microencapsu-
lates and steam reforming. These, and others, have been recently 
reviewed in a three-volume book series45.

To transfer technology from academia to the industrial realm, 
the initial technology must be scalable34, and have integrated cat-
alysts if needed46, a high production capacity and integrated flow 
process47, and robust designs. In compliance with the capitalist post-
industrial revolution philosophy, it must also have low manpower 
requirements and low initial investment47. Industrial research has 
developed certain techniques that aim to produce robust and flex-
ible microfluidic reactors with industrial-scale production capaci-
ties. For example, the use of microfluidic reactors with modular 
designs for scale out and flexibility in end use is common30. Ease of 
scale out is an important benefit of microfluidic reactors over tradi-
tional batch production techniques. Because the dimensions of each 
reactor do not change, the chemistry taking place does not change 
either48, and the same reactor can be used for both lab-based devel-
opmental research and industrial production49.

The use of commercially available microfluidic reactors in lab-
oratories for academic research is a recent and much overlooked 
development in this area. Researchers can use off-the-shelf systems 
to mimic industry conditions and ease the transition between aca-
demic research and industrial production. The commercial avail-
ability enables more researchers to access the technology without 
having to master, or have access to, elaborate microfabrication tech-
niques used in chip manufacture. These microfluidic reactors are 
robust and designed such that multiple syntheses can be developed 
in what effectively becomes one module in a scale-out system. For 
example, the Uniqsis FlowSyn microfluidic reactor has been used 
for scaling out a diazotransfer reaction50, and Lonza have devel-
oped the FlowPlate microfluidic reactor for lab use outside indus-
trial settings (Fig.  1). Other companies with microfluidic reactor 
lab-based products include Alfa Laval51, Corning52, Microinnova53, 
Chemtrix54, Syrris54 and FutureChemistry55.

As noted above, a key area where microfluidic reactor charac-
teristics complement industrial requirements is in green chemistry. 
Green chemistry and engineering are attractive to industry33 owing 
to their cost advantages and sustainability32. In simple terms, green 
industrial chemistry aims to decrease the energy requirements asso-
ciated with chemical synthesis, increase throughput per unit pro-
duction area, decrease reagent consumption and use less hazardous 
chemicals, all of which are inherent to microfluidic reactor systems. 
The use of microfluidic reactors can also open up new synthetic 
routes for industry, especially where the hazards associated with 

a b

Figure 1 | Microfluidic reactors for industrial processes. a, The Lonza FlowPlate Lab microfluidic reactor can be used for laboratory-based experimental 
process development. The reactor incorporates a viewing window to assist in detection and monitoring and was designed for easy scale out and/or scale 
up to the milliscale for industrial production. b, The Lonza FlowPlate A6 microfluidic reactor can be used for process development in the kilogram range. 
It was developed to take advantage of the benefits of microfluidic reactors (enhanced heat transfer, rapid mixing times, small volumes) and to enable 
hazardous reactions to be performed in safe environments on an industrial scale. Images reproduced with permission from ref. 47, © de Gruyter 2012.
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the reaction are greatly reduced. To this end, Kralisch and Kreisel 
recently performed a lifecycle assessment of the two-step conver-
sion of m-bromoanisole into m-anisaldehyde in commercially 
available continuous microscale reactors and compared this with 
commercially available macroscale, semicontinuous, batch reac-
tors56. This reaction is notoriously hard to scale up because of its 
highly exothermic nature, and because the yield typically decreases 
with reactor size. The authors found that the advantages of per-
forming the reaction in Cytos stainless steel microfluidic reactors 
stemmed mostly from their improved heat-exchange capabilities. In 
fact, it was possible to perform the synthesis at a higher temperature 
and therefore to dispense with the cryogenic systems required on 
the macroscale. Other research has shown that it is possible to use 
multi-injection of reagents into channels to provide a semi-batch 
approach to synthesis while still operating in a continuous-flow 
regime40. This enhances temperature control and benefits reactions 
in which hot-spot formation causes low yields owing to the fast and 

highly exothermic nature of the reaction itself 57. Another technique 
adopted by industry to increase device robustness, and hence sus-
tainability, is the use of arrays of parallel channels rather than a sin-
gle long channel58 to prevent pressure loss in the system. Finally, 
plate-stack reactors are also used, where different volumes within 
the reactor are used to increase residence times, increase the speed 
of mixing, enhance heat exchange and minimize pressure drops34.

A driving force for the industrial adoption of microfluidic reac-
tors is their use in situations where the proposed reaction is not oth-
erwise possible. With this in mind, Chambers and Spink developed 
microfluidic reactors for selective fluorination and perfluorination 
of organic compounds59, and demonstrated efficient reaction scale 
out60. Another striking example is the development of a microflu-
idic reactor for on-site and on-demand synthesis of positron emis-
sion tomography (PET) tracers28. Recent work by GE Healthcare, 
for example, has focused on investigating device geometry for 
the reduction of autoradiolysis in PEEK (polyether ether ketone) 
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reactors61. An assessment of microfluidic tools for the synthesis 
of PET tracers can be found elsewhere62, and a laboratory-based 
microfluidic reactor for the synthesis of the radiopharmaceutical 
2-deoxy-2-[18F]fluoro-d-glucose ([18F]FDG) can be seen in Fig. 2.

In conclusion, a review of the patent and paper literature pub-
lished by industrial researchers indicates that microfluidic reactors 
are commonly viewed as an enabling technology, rather than as a 
replacement for current techniques. Much of the reported research 
has focused on the miniaturization of hazardous reactions33 and 
others where safety is the main concern63. This research goes 
hand in hand with the concept of using engineering, in this case 
microfluidic reactors, to bypass limitations of specific reactions or 
restrictions provided by process conditions64, such as safety haz-
ards or harsh temperature and pressure conditions. As off-the-
shelf microfluidic reactor technology becomes more common in 
academic laboratories, a close relationship between academia and 
industry will also develop, where academic research is performed 
in systems easily scaled for industrial production. Accordingly, 
characteristics such as economic viability, scale-out potential, 
production capabilities, temperature control, reactor flexibility 
and reaction kinetics should be considered at the initial stages of 
experimental design.

Reaction optimization
As previously noted, early in their development it was suggested 
that the true product from microfluidic reaction systems would be 
information, rather than a more tangible substance or intermedi-
ate65. Not surprisingly, there has been a great deal of work on micro-
fluidic reaction optimization66. Low instantaneous volumes (due 
to the small reactor volumes) mean that individual sets of reaction 
conditions can be screened rapidly in comparison with batch (or 
robotic) systems. An example of a microfluidic reactor used for 
reaction optimization is shown in Fig. 3. In this work, the reaction 
phase space relating to temperature, reagent concentration and resi-
dence time for glycosylation reactions was rapidly sampled to deter-
mine the optimum conditions. Figure 4 shows another example, in 
which multi-trajectory optimization strategies and online reaction 
monitoring were used to intelligently find the optimum reaction 
conditions for a Paal–Knorr synthesis. 

Much microfluidic reactor research has been carried out in 
industrial settings to guide larger flow systems for production47. 
Indeed, there is a strong enough concordance between reaction 
phase spaces on the micrometre and millimetre scales to allow a rel-
atively smooth transition between discovery systems with low volu-
metric throughput and production systems with higher volumetric 

throughput29. This equivalency of ‘micro-’ and ‘meso-’ reactors can 
be theoretically tested by looking at the characteristic dimensionless 
numbers associated with the reactor fluid flow (Fig. 5). In this exam-
ple, and for the purposes of equivalency, an arbitrary reactor length 
of 5 m is assigned, and the residence time is used as a scale-invari-
ant proxy for flow rate. From Fig. 5 it can be clearly seen that for a 
wide range of residence times, a reactor channel of 500 μm or 1 mm 
diameter operates within this microchannel-like zone of equiva-
lency, acting much like a classic 100-μm microreactor. But not all 
dimensionless numbers, and thus not all aspects of fluid behaviour, 
scale in an identical fashion. In particular, mixing and thermal dif-
fusion (best characterized by Fourier numbers), and convection or 
buoyancy effects (governed by Grashof or Rayleigh numbers), scale 
nonlinearly with the characteristic dimension (see Supplementary 
Information). Therefore, if these phenomena are to be controlled 
the correct scale of reactor is critical.

Although this ‘micro-’ to ‘milli-’ scale conversion is a strategic 
use of microfluidic reaction technology, it is simply an extension 
of the existing discovery/scale-up paradigm (where a reaction 
is investigated on a small scale and the size of the reaction ves-
sel is progressively scaled up to production scale, with concomi-
tant variations in the chemistry) into a flow format. To perform 
at its best, microfluidic reaction technology must enable a process 
to be performed in a manner inaccessible by traditional means. 
‘Intelligent synthesis’ strives to do just that. The continuous-flow 
nature of microfluidic reaction systems ensures that reaction con-
ditions such as temperature, reaction time and reagent concentra-
tion can be varied, and the resulting changes in product ratios and 
yields recorded, in close to real time. This enables the production 
of high-end products where the product specification is of primary 
importance. A typical example of this would be in the produc-
tion of compound semiconductor nanoparticles or quantum dots, 
where the particle size and size distribution are critical in defin-
ing the optical and electronic properties and stability of the desired 
product67. Both continuous- and segmented-flow microfluidic 
reactors have been shown to be of use in the intelligent synthesis 
of nanoparticles (Fig. 6). This work highlights the synergy between 
online monitoring of nanoparticle quality and the use of intelligent 
algorithms to change reaction conditions to enhance nanoparticle 
quality, without having to fully test all experimental parameters.

As noted, microfluidic reactors are capable of controlling heat 
and mass transfer and can thus precisely define the process of par-
ticle nucleation and growth. Accordingly, particle populations with 
reduced size distributions and uniform shape can be prepared by 
applying different synthetic methods such as sol–gel chemistry, 
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Figure 3 | Microfluidic reactors for reaction optimization. Reaction optimization was performed on a microfluidic reactor using glycosylation reactions 
as an example. Reaction temperature, reagent concentration and residence time were varied, and 44 different conditions were sampled to find the 
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templated synthesis and microemulsions68. A variety of nanopar-
ticles (such as metallic, metal oxide, compound semiconductor, 
inorganic and polymeric) and functional biomaterials (microcap-
sules, microgels, vesicles and Janus microparticles) possessing well-
defined sizes and shapes have been synthesized within microfluidic 
systems. Supplementary Table S2 summarizes many developments 
in the use of continuous- and segmented-flow microfluidic reactors 
for particle synthesis, and provides further information about typi-
cal functionalization techniques and reactor materials.

Bottlenecks and barriers
There should always be a reason why a new technology is used to per-
form an established and functioning synthetic procedure. Admittedly, 
this reason may not be apparent before the application is developed, 
but the technology should achieve something that was not previously 
possible. The best applications for microfluidic reaction technology 
are in reactions or product lines where there is a considerable prob-
lem with the existing process, or where changing the scale of the reac-
tor gives an overwhelming advantage. In a well-argued paper, Jensen 
and co-workers set out conditions in which the use of microfluidic 
reaction technology makes sense18. The main condition is that the 
rate of reaction should be rapid compared with the rate of mass trans-
fer. Similarly, where the rate of heat transfer from the reaction is a 
limiting factor in a process, the advantages of microfluidic reactors 

are clear. Conversely, it can be argued that for reactions dominated by 
slow reaction rates, these advantages are less apparent. Put simply, if 
there is no obvious constraint with a process as run on current tech-
nology, then microfluidic reactors have little applicability.

During the development of microfluidic reaction technology 
there have been several areas of research that have turned out, with 
the benefit of hindsight, to be blind alleys. This is not to say that the 
research has no application, just that its utility in reaction technol-
ogy is at best problematic. Chief among these redundant areas is 
electro-osmotic flow (EOF) pumping69,70; this seemed attractive at 
first sight because it allowed flat-profile fluid manipulation through 
small channels under the control of simple electric currents. 
Needless to say, for automation this would be ideal. But it is diffi-
cult to imagine a scaled system for EOF production-scale chemistry, 
as the highest flow rate through each channel is limited to around 
5 μl min–1. Although it can be argued that EOF systems could be 
used for gathering reaction information, even this is doubtful, 
because EOF is not a universal pumping system: it affects the dis-
tribution of charged species within the reaction volume owing to 
their electrophoretic mobilities. Given that most reactions involve 
some ionic component, and given the difficulties of scaling EOF 
reactors, information gathered in EOF devices will never be appli-
cable on the production scale. Another sterile area of microfluidic 
reaction research was the development of microwell-based reaction 
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systems, exemplified by the Orchid Biocomputer71. Although these 
systems are not without champions for applications in biomedical 
science72,73, as a chemical reaction format they add little that cannot 
be learnt from a 96-well plate.

From a synthetic perspective, many early studies on microfluidic 
reaction technology focused on popular small-molecule reactions, 
such as the Wittig or Suzuki reactions74,75, which are well character-
ized, well behaved and well understood in bulk systems. Although 
this answered the question as to whether any chemistry could work 
in a microfluidic channel, it was unlikely to provide a new method-
ology for those reactions. This highlights a gulf between laboratory-
based microfluidic research and industry, where academia tends to 
focus on the projects that will produce scientifically relevant results, 
whereas industry is guided by commercial advantage. But because 
microfluidic methods present a technology with many attractions 
for industrial interests, academic research would benefit from con-
sidering potential industrial applicability as a measure of research 
relevance. Academic chemistry still tends to use reactors based 
on nineteenth-century paradigms; perhaps it should embrace the 
industrialization of research as a way of updating current research 
methodology. With this in mind, we will now explore the current 
bottlenecks to the widespread use of microfluidic reactor technology.

Microfluidic reactor material. It is imperative to choose the reac-
tor material with the application in mind. Substrate requirements 
may include resistance to high pressures and temperatures, solvent 
compatibility, optical clarity, impermeability to reagents, appropriate 
surface chemistry, and ease of integration of fluidic elements such 
as pumps and valves76,77. Traditional chip materials used for reactor 
miniaturization include polydimethylsiloxane (PDMS), glass, quartz 
and silicon78. Glass or silicon substrates offer high chemical robust-
ness but require relatively complex and expensive fabrication pro-
cesses79. Other materials that have been used for microfluidic reactor 
fabrication include a diversity of polymers such as polymethyacrylate, 
polycarbonate, polyester, fluorinated polymers, cyclic olefin copoly-
mers and polycrystalline diamond77,80–82. Industrial microfluidic 
reactors are normally created from materials such as Hastelloy and 
aluminium (Lonza30), fluoropolymers such as perfluoroalkoxy (PFA) 
and polytetrafluoroethylene, or stainless steel (Uniqsis31).

In academia, PDMS is the material most used for device fabrica-
tion, owing to ease of prototyping and low cost. But it has recognized 

drawbacks when used for chemical synthesis. Most importantly, 
PDMS devices cannot sustain high pressures and temperatures, can 
accommodate only a narrow range of chemical reactions (organic 
solvents swell or dissolve PDMS)83, and are permeable to liquids and 
gases. These problems have seen some ingenious solutions, includ-
ing the coating of PDMS channels with glass84, although an easier 
solution may be simply to use devices made from compatible mate-
rials from the start. The fact that many research groups solely use 
soft lithography in device manufacture may have created a road-
block in the path of device research for microfluidic chemical syn-
thesis. Conversely, potential problems with the microfluidic reactor 
material have sometimes been used to synthetic advantage. For 
example, Kreutz et al.85 used the porosity of Teflon PFA to mediate 
the transport of oxygen and methane gas into droplets containing 
different catalysts for the oxidation of methane to methanol (Fig. 7); 
and Elvira et al. have used the porosity of fluorinated ethylene pro-
pylene microcapillary films to dose singlet oxygen into solvents for 
use in industrial-scale, non-hazardous oxidations86.

Multiphase reactions. The use of microfluidic reactors for mul-
tiphase processes (involving solids, gases, liquids and supercritical 
fluids)87 offers clear advantages over conventional methods (such 
as sparged reactors or stirred vessels) owing to the increased sur-
face-area-to-volume ratios. Specifically, the more intimate surface 
contact between the different phases translates into a reduction of 
undesired mass-transport effects and shows improved selectivity in 
heterogeneous catalytic studies of multiphasic (gas–liquid–solid) 
reaction systems in microfabricated packed-bed reactors88. This also 
results in superior heat and mass transfer within the system and 
controlled mixing of reagent streams, improving the reaction rates, 
yields and/or selectivities of a number of gas–liquid and gas–liquid–
solid reactions89,90. Despite these attractive features, microfluidic 
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Figure 6 | Microfluidic reactors for intelligent synthesis. The intelligent 
synthesis of CdSe nanoparticles was achieved by in-line monitoring of 
the emission spectra of particles produced in a microfluidic reactor. A 
control algorithm was used to determine a ‘dissatisfaction coefficient’ as 
a measure of the quality of the particles with respect to a pre-set target. 
The algorithm then changed the reaction conditions to attempt to minimize 
this coefficient. In this graph, the target wavelength is 530 nm, and the 
colour of each dot shows the value of the dissatisfaction coefficient 
for each experiment with respect to the flow rates of Se and CdO and 
the reaction temperature. The grey framework indicates the flow rates 
and temperatures achievable in this system, and the red lines indicate 
conditions that lead to a 1:1 ratio of Cd:Se in the reaction mixture. Figure 
reproduced with permission from ref. 108, © RSC 2007.
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reactors are not well suited to handling solids, either as reaction by-
products or as reagents. Issues such as clogging and how to intro-
duce solids into the reactor need to be addressed properly67. This 
aspect has been assessed recently91, and innovative solutions have 
been developed, such as the use of droplet-based microfluidics92 
and the application of ultrasound through an integrated piezoac-
tuator on a Teflon-based microfluidic reactor93. From an industrial 
and ecological perspective, the potential main drawback to the use 
of microfluidic reactors in industry is that clogging or breakage56 
may shorten the reactor lifetime. Finally, the use of solid-supported 
reagents as a method for performing complex reaction sequences 
has been demonstrated in several elegant systems94. This approach 
has clear advantages in terms of product purity but suffers from the 
batch-wise nature of solid-supported reagents, making it difficult to 
envisage continuous production.

Reactor format. The format of a reactor is as important to the suc-
cess of its application as any other factor. It is easy for researchers 
to become used to designing in one way (such as small rectangular 
chips) and to apply this format to any given project out of habit, 
without considering the demands of heat flow, port access, reactor 
functionality and reactor mounting. A good example is the paral-
lel laminar micromixer designed by Bessoth and co-workers95. 
The internal architecture of this design was outstandingly effi-
cient, but the external architecture was designed with the ports 
so close together that a complex interface system was required to 
access them96. Similarly, most reported continuous-flow systems 
for polymerase chain reaction, which require precise heat flow con-
trol, ignore the laws of thermodynamics97 or the fact that rectan-
gular shapes cool asymmetrically98. The systems work, but design 
flaws mean that excess energy must be used to maintain optimum 

operating conditions. Another puzzling aspect of microfluidic syn-
thesis research is how often delay (incubation) channels are fab-
ricated laboriously from planar substrates, when in many cases a 
simple capillary would perform the same function85,99. In simple 
terms, the format selected should be the one that makes most sense 
given the constraints of the system under study. This does not mean 
that a reactor must be designed for each new reaction studied, 
because reactions can be classified by constraints. It does, however, 
mean that one reactor format should not be used for all reactions 
without consideration of their requirements.

Scale. As shown in Fig. 5, size is important. The microscale offers 
great advantages due to its unique properties, but so do the milli- 
and the macroscale100. Research into the microscale properties of 
fluids sometimes embarks on projects designed to replicate macro-
scale phenomena (such as distillation101,102, centrifugation103,104 and 
phase separation105) on the microscale. Although this can be a sci-
entifically interesting exercise, it is of doubtful application: if some-
thing works well at a larger scale it may be best to operate at this 
scale to exploit these advantages. The classic examples here would be 
any system using bulk forces such as gravity, or negative or positive 
buoyancy (in droplet separations for example) to operate. As buoy-
ant forces scale with the cube of droplet radius, this mode of sepa-
ration becomes progressively less efficient as the scale decreases106. 
Although sample constraints may mean that large-scale systems 
cannot be used, it should be axiomatic that a good designer always 
uses the scale most appropriate to the problem at hand.

These barriers or bottlenecks to the widespread use of microfluidic 
reactor technology are applicable to the field in general. When con-
sidering microfluidic reactors for use in chemical synthesis there are 
also other important factors to take into account. Organic chemis-
try requires that microfluidic reactors be resistant to solvents, acids, 
bases, oxidants and reductants; that they operate in temperature 
regimes between –78 and 300 °C; that mixing of reagents is efficient 
and versatile; that sufficient incubation is possible; and that reac-
tion quenching and, as a minimum, initial reaction clean-up such as 
liquid–liquid extraction are also achievable within the microfluidic 
reactor. As we have shown throughout this Review and specifically 
in the catalogue of chemical syntheses provided in Supplementary 
Table  S1, microfluidic reactors provide ideal environments espe-
cially for reactions with hazardous reagents and/or products, air-
sensitive reactions (lithiations, metalations) and for explosive 
chemistry (azides). But there are additional areas where the use of 
such reactors could potentially have great impact, such as multistep 
synthesis61, selective selection of reaction intermediates107, mecha-
nistic studies86 and high-throughput chemistry108,109.

Future challenges
In 1900 David Hilbert proposed a series of 23 mathematical prob-
lems that set out the challenges, as he saw them, for modern math-
ematics110. This lecture, translated into many languages, stimulated 
mathematical research for decades. Our intention here is to attempt, 
in a far less ambitious way, the same feat for microfluidic research by 
defining challenges intended to enable the full potential of microflu-
idic reaction technology to be realized. Much work is already being 
done towards this, and some items may be in the process of being 
accomplished. It is our hope is that when this list has been accom-
plished, microfluidic reaction technology will have completed the 
move from research subject to standard ubiquitous technique.

Compatible analytical technology. As described above, many 
analytical techniques have been, and are being, interfaced with 
microfluidic reaction technology. Very few of these techniques, 
however, are able to operate with the same sampling frequency as 
the devices themselves. The rate at which samples can be generated 
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in a microfluidic device essentially depends only on the accessible 
flow ramping rates of the pumps used, whereas the sampling rate 
of high-performance liquid chromatography, for example, is several 
orders of magnitude below this. Electrospray ionization mass spec-
trometry and flow-cell-based techniques can operate at more useful 
sampling rates, but these techniques can struggle to resolve complex 
mixtures of similar molecules. We would deem this challenge to 
have been completed when a microfluidic synthesis system is able to 
synthesize and resolve in analysis positional isomers of small drug-
like molecules with a sampling rate measured in hundreds of hertz.

Truly different phases. When multiple fluid phases are used in 
microfluidic reaction systems, the fluids are often similar in terms 
of their viscosity, flow behaviour, compressibility and so on. There 
would be great potential advantages in operating systems with 
radically different viscosities, or with combinations of Newtonian 
and non-Newtonian fluids, or the full exploitation of gas–liquid 
flows such as aerosols. We would deem this challenge to have been 
completed if a microfluidic system is created that is capable of 
stably processing two flowing phases with a viscosity difference 
greater than 104 P.

Full use of surfaces. Although excellent work has been done on 
the use of surface patterning, solid-supported reagents and adsorp-
tion within microfluidic devices111, the full use of surfaces remains 
a minor component of reactor design and use for the greater micro-
fluidic community. Given that surfaces dominate the reaction space 
within microfluidic environments, this is an obvious oversight. We 
would deem this challenge to have been completed when chemically 
active, non-labile, patterned surface modification of reactor surfaces 
for operating periods in excess of 12 hours have been demonstrated 
on glass, silicon dioxide, polymer and metal microfluidic reactors.

Processing of solids. Most reviews on microfluidic reaction tech-
nology mention that reactors are unsuited to the processing of sol-
ids. Although work in micro- and nanoparticle formation has shown 
this not to be entirely true, this perception is generally accepted. It 
is plain that solids larger than the channel dimensions cannot be 
processed through microfluidic devices, but it is not necessarily true 
to say the same of those with dimensions smaller than the chan-
nels. We would deem this challenge to have been completed when 
a microfluidic system has been demonstrated to be capable of pro-
cessing two different powders (one cohesive and one non-cohesive) 
in suspension, where the powder granule size is between 0.1  and 
0.01 channel widths. Processing in this case means dispensing sepa-
rately or in any desired, perfectly mixed, combination.

Fully selective multiproduct synthesis. Microreaction systems are 
capable of great chemical selectivity, but this is normally exhibited 
in terms of the reduction of the formation of a by-product from 
a specific mixture. The finest control over a reaction would be the 
ability to select any desired product from the reaction and to make 
it exclusively. We would deem this challenge to have been com-
pleted when a microfluidic reaction system has been demonstrated 
that can produce every possible product from a given reaction with 
greater than 90% selectivity.

Mapping reaction phase space. Reaction optimization by robotic 
or parallel systems uses design of experiments to minimize the total 
number of experiments needed to find optima within the reaction 
phase space. This minimization is necessary because to map phase 
space accurately for a reaction in high density is extremely costly 
and time consuming. Microfluidic reaction systems can potentially 
read, register and measure data far faster than existing systems, 
opening up the possibility of true phase-space mapping. We would 
deem this challenge to have been completed when the entire set of 

product outcomes (conversions, yields, by-product yields) for an 
organic synthetic reaction has been mapped for a set of conditions 
consisting of starting material mix ratios from 0 to 1 in 0.01 steps, 
reagent concentrations from 0 to 15% (w/v or v/v) in 0.01% steps 
and temperature from –18 °C to the 1-atmosphere boiling point of 
the solvent in steps of 2 °C.

Discovery chemistry. As yet, no new or unique molecule of pro-
posed chemical utility has been synthesized in a microfluidic reac-
tor. This seems surprising given that several reactions that are not 
feasible on the bench or pilot scale have been easily accomplished 
in a microfluidic environment. We would deem this challenge to 
have been completed when a novel molecule of chemical or biologi-
cal utility is synthesized using only microfluidic technology for the 
main reactive steps, and where one of those steps is feasible only 
within a microfluidic environment.

Microfluidic reaction systems have come a long way towards ful-
filling most of the early predictions made for them. These systems 
are slowly being integrated into mainstream synthesis and discovery 
laboratories as useful techniques for demanding situations, and this 
recognition continues to grow. We hope that these challenges will 
inspire future endeavour in the way that David Hilbert’s original 
paper encouraged mathematical research.
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