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ABSTRACT

By geometrically constraining fluids into the sub-millimeter scale, microfluidics offers a physical environment largely different from the
macroscopic world, as a result of the significantly enhanced surface effects. This environment is characterized by laminar flow and inertial
particle behavior, short diffusion distance, and largely enhanced heat exchange. The recent two decades have witnessed the rapid advances
of microfluidic technologies in various fields such as biotechnology; analytical science; and diagnostics; as well as physical, chemical, and
biological research. On the other hand, one additional field is still emerging. With the advances in nanomaterial and soft matter research,
there have been some reports of the advantages discovered during attempts to synthesize these materials on microfluidic chips. As the for-
mation of nanomaterials and soft matters is sensitive to the environment where the building blocks are fed, the unique physical environ-
ment of microfluidics and the effectiveness in coupling with other force fields open up a lot of possibilities to form new products as
compared to conventional bulk synthesis. This Perspective summarizes the recent progress in producing novel functional materials using
microfluidics, such as generating particles with narrow and controlled size distribution, structured hybrid materials, and particles with new
structures, completing reactions with a quicker rate and new reaction routes and enabling more effective and efficient control on reactions.
Finally, the trend of future development in this field is also discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100206

INTRODUCTION

In some ways, the applications of microfluidic technologies
could be dated back to the debut of some broadly used conven-
tional analytical tools such as capillary electrophoresis.
Subsequently, the employment of modern microfabrication tech-
nologies and materials since 1990s has enabled the capacity for
generating complicated channel structures to realize versatile func-
tions, making microfluidics a distinct field of research.1 By geomet-
rically constraining fluids into the sub-millimeter scale,
microfluidics offers a physical environment largely different from

the macroscopic world, as a result of the significantly enhanced
surface effects. This environment is characterized by the laminar
flow and inertial particle behavior, short diffusion distance, and
largely enhanced heat exchange. On the other hand, microfluidic
systems can precisely confine and manipulate molecules/particles
within a very small volume of liquid (10�9 to 10�18 l) and operate
many functional units in parallel and in a programmed manner.2

These characters empower microfluidic systems with the capacity
of rapid, low-cost, and ultrasensitive analysis; high-throughput and
automated operations; biomimetic functions; as well as various
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unique functions based on the special environment it creates.3 The
recent two decades have witnessed the rapid advances of microflui-
dic technologies in various fields such as biotechnology;4,5 analyti-
cal science;6,7 and diagnostics;8,9 as well as physical, chemical,10

and biological research.11 A number of nice reviews have been pub-
lished to summarize the progress in these fields. On the other
hand, one additional field is still emerging. With the advances in
the nanomaterial and soft matter research, there have been some
reports of the advantages discovered during attempts to synthesize
these materials on microfluidic chips. As the formation of nanoma-
terials and soft matters is sensitive to the environment where the
building blocks are fed, the unique physical environment of micro-
fluidics opens up a lot of possibilities to form new products as
compared to conventional bulk synthesis. However, related research
has not fully excavated the potential of this field. This Perspective
summarizes the recent progress in producing novel functional
materials using microfluidics and discusses the trend of future
development in this field. While the microfluidic synthesis of some
specific types of products has been discussed elsewhere, the present
Perspective is organized in the angle of different enabling powers
of microfluidic synthesis originated from the unique physical envi-
ronment. As summarized in Fig. 1, we structured the whole
Perspective into five sections, each discussing one major enabling
power, while within each section, we still divide the discussion by
the different physical characters employed for special functions in
the synthesis. We anticipate that this unique angle of organization
not only serves for quickly summarizing the major means
employed in microfluidic synthesis but also provides useful infor-
mation to readers generally beyond the field of microfluidics about
how and why microfluidics can provide new possibilities in synthe-
sis, which may inspire their interest in trying out on their own reac-
tions on the chip.

GENERATE PARTICLES WITH NARROWAND
CONTROLLED SIZE DISTRIBUTION

Monodispersity is usually the desired character of a product in
nanomaterial synthesis. In such synthesis processes, mixing often
plays an important role since the local concentration of building
blocks usually determines the structure formed as well as the rate
of structure growth. The spatial heterogeneity of the reaction in sol-
ution often leads to deteriorated control in the range and distribu-
tion of the product size. In conventional bulk synthesis, controlling
size distribution is often achieved by separation of nucleation and
growth, while growth without additional nucleation is an effective
condition for narrow size distribution of product particles.12 Since
microfluidics can employ different types of forces and effectively
control the mixing condition within the micrometer scale, it has
the chance to affect the size distribution of products too. In certain
cases, this idea can be extended to the generation of polymers as
well when monomers are considered the building blocks.

One way to improve monodispersity is to introduce highly
localized fields to (actively) enhance mixing efficiency. For instance,
Jiang et al. developed an alternating current electrothermal (ACET)
micromixer-assisted approach for the synthesis of nanoparticles
with narrow size distribution.13 Sequential micromixing was real-
ized in this device by using pairs of asymmetrically staggered

electrodes inside the microfluidic channel to form a three-fluid
sequential mixing system as shown in Fig. 2(a). In this system, a
body force is exerted on electrolytes by the ACET flow, which
induces the fluid vortex motion to cause more efficient mixing
between different fluids. The mixing condition is controlled by
tuning the volume of fluids and voltage across the electrodes,
which then affects the morphology and size dispersity of the
synthesized nanoparticles. With the assistance of ACET, narrower
size distribution (+35:4 nm) of nanoparticles was achieved with
a smaller mean particle size of 231.1 nm, as compared to the parti-
cles produced using the traditional method (352.9 ± 64.2 nm)
[Fig. 2(a)]. Another example of active micromixing inside a micro-
fluidic channel is electrohydrodynamic mixing. Tabrizian et al. uti-
lized this approach to synthesize monodisperse nanoscale
liposomes.14 As shown in Fig. 2(b), two liquid phases were quickly
homogenized by the alternating electric field inside the microchan-
nel. The authors discovered that by simply using 10 Vpp voltage,
the micromixing was so effective that highly monodisperse lipo-
somes could be produced at high flow rates up to 400 μl/min. The
authors also proposed that the two liquid phases in this system
could also be a solvent and an antisolvent solution as the two
phases of the nanoprecipitation systems; therefore, they believe the
current approach is also applicable to the synthesis of nanoparti-
cles. Meanwhile, acoustic mixing has also been employed to synthe-
size nanoparticles and nanomaterials in a controllable manner.
Acoustic waves can transmit inside different types of media,
making it effective to influence the processes at a distance from the
emitter of the wave. On the other hand, not only the condition of
the wave could be tuned by changing the emitter parameters but
also the local condition could be affected by the geometry factors
of the microchannel, making the acoustic-assisted methods flexible
to create a desired environment for the reactions, i.e., enhanced
mass transport of reagents at certain region inside a continuous
liquid. In a work by Huang’s group, reagent fluids were actively
blended by the oscillation of sharp-edge structures in a microchan-
nel, which facilitates rapid mass transport and thereby a complete
mixing of reagents as shown in Fig. 2(c).15 The sharp edges of the
channel structure inside an acoustic micromixer can create oscillat-
ing microbubbles, and the interfaces of both the sharp edges and
the microbubbles can induce a fluid motion named acoustic
microstream, which could enhance the local mixing.16 The synthe-
sized nanoparticles of poly(lactic-co-glycolic acid)-polyethylene
glycol (PLGA-PEG) on the acoustofluidic platform displayed a
narrower size distribution than those prepared by bulk synthesis.
Due to the flexible control of fluids by acoustics, the system can
adapt the mixing constant by simply changing the acoustic stream-
ing. Tabrizian’s group has also delivered a similar idea to synthesis
organic nanoparticles in an acoustic streaming system, with precise
control of size and size distribution.17 Although there are advan-
tages in active mixing, it is worth mentioning that heat generation
might be an issue with the electric field or acoustic field. It might
cause denaturation of biomolecules or changing of the reaction
conditions. But this potential limitation could be effectively over-
come by leveraging the nice heat dissipation capacity of microflui-
dic channels due to the large surface-to-volume ratio.18

In addition to active mixing, another strategy to achieve
narrow and controlled size distribution is to better understand and
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FIG. 1. Comparison between bulk synthesis and microfluidic synthesis. Compared to bulk synthesis, microfluidic synthesis has chance to produce nano/micro-particle
products with narrower size distribution, hybrid materials with complicated structures, and products of new structures. Microfluidic systems can speed up operation and are
more effective to realize atomization.
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FIG. 2. Generate products with narrow and controlled size distribution. (a) Using alternating current electrothermal flow (ACET)-based active micromixing system to
produce Co–Fe Prussian blue analog nanoparticles with a narrower size distribution compared to using the traditional method. Three pairs of asymmetrically staggered
electrodes were placed inside the microfluidic channel to form a three-fluid sequential mixing system, which enables rapid mixing. Reproduced with permission from Sun
et al., Ind. Eng. Chem. Res. 59, 12514 (2020). Copyright 2020 American Chemical Society. (b) Using an electrohydrodynamic micromixer to synthesis nanoscale lipo-
somes with narrow size distribution. Electrodes were excited by voltages of the same amplitude (V) and frequency (ω) with the center electrode at a 180° phase shift. The
mixing was switched by turning voltage on or off, which is indicated below the fluorescence images. Reproduced with permission from Modarres and Tabrizian, ACS Appl.
Nano Mater. 3, 4000 (2020). Copyright 2020 American Chemical Society. (c) Self-assembly of narrow-size-distributed PLGA-PEG NPs on the acoustofluidic platform. The
sharp edges inside the microchannel are used for fluid mixing with the assistance of acoustic waves. When the acoustic transducer is off, an unmixed laminar flow pattern
is observed, whereas a complete mixing of the two fluids is achieved when the acoustic transducer is on. Huang et al., Adv. Sci. 6, 1970113 (2019). Copyright 2019
Author(s), licensed under the Creative Common Attribution (CC BY) License. (d) Flow reactor used for MWD control. Narrowly dispersed polymers are generated from the
computer-controlled synthesis system to build large MWD. Operation conditions are controlled automatically by computer program based on the Taylor dispersion model
and kinetic properties of the reaction. Dylan et al., Nat. Commun. 11, 3094 (2020). Copyright 2020 Author(s), licensed under the Creative Common Attribution (CC BY)
License. (e) Schematic of the microfluidic setup, segmented flow pattern, and synthesis details for MIL-88B type metal−organic frameworks. Cumulative particle size distri-
bution of Fe-MIL-88B-NH2 (95 °C, 20 s), Fe-MIL-88B (95 °C, 4 min), and Fe-MIL-88B-Br (95 °C, 6 min) are shown in the diagram. Dashed lines correspond to the fitting to
a Boltzmann equation, with first derivatives in the inset. Reproduced with permission from Paseta et al., ACS Appl. Mater. Interfaces 5, 9405 (2013). Copyright 2013
American Chemical Society.
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exploit the passive mixing inside microfluidic channels. Miscible
fluids inside a microfluidic channel are usually in a laminar flow
mode, of which the mixing effect is governed by diffusion and
Taylor dispersion. Taylor dispersion is an effect that increases the
effective diffusivity of a species inside a microchannel due to the
presence of a shear flow. The heterogeneity of the flow rate along
the channel radius broadens the bands of samples traveling inside a
channel.19 While the former is determined by factors such as parti-
cle (molecule) size and temperature, the latter is affected by the
channel geometry and flow characters. When these factors are well
understood, one can predict the mixing conditions in the reaction
environment and design appropriate strategies to generate desired
products by coupling the mixing condition with the kinetic prop-
erty of the reaction. Recently, Dylan et al. reported a solution to
use a computer to control a microfluidic reactor and generate a
polymerization product with desired molecular weight (MW) and
molecular weight distribution (MWD).20 They used the Taylor dis-
persion model and kinetic properties of the reaction to calculate
the predicted MW and MWD in a T-junction reactor and used a
computer to control the reactor’s operation conditions. In this way,
they not only can control the MW and MWD of a product but also
enable an automated molecular sweep function to generate multiple
MWs and different MWDs from the same set of starting materials
[Fig. 2(d)]. In the meantime, their model provides a tool to explore
the limits of any MWD design protocol. Moreover, the laminar
flow environment could be tuned with additional factors such as
temperature, pressure, and geometry confinement, which may
further broaden the capacity of this model in supported reactions.
As a representative work, Wang et al. reported a continuous-flow
microfluidic synthesis approach, in which ultrafine (smaller than
2 nm) PtSn alloy nanoparticles were generated on the surface of
various types of carbon supports (such as commercial carbon
black particles, carbon nanotubes, and graphene sheets) carried
by the laminar flow inside a heated and pressurized capillary
tube.21 On the one hand, this design allows rapid and well-
controlled heating and pressurization to the reactants as well as
continuous generation of the products. On the other hand, the
geometry confinement of the capillary enables a unique function
compared to bulk synthesis. Limited by the diffusion rate in the
laminar flow, the precursors have neglectable velocity relative to
the carbon particles, making them quickly depleted through
quasi-2D diffusion along the radial direction of the flow to the
reaction sites on the carbon particles. In this way, starting with an
appropriate concentration of the precursors in the liquid, this
method can quickly form the desired nanocrystals of small sizes.
In contrast to the laminar flow mode, segmented liquid−liquid
flow (droplets) is another major mode of microfluidic reactors.
Based on two immiscible fluids, droplet reactors provide an iso-
lated environment that reduces contamination and clogging,
while the liquid–liquid interface with a large relative surface area
allows mass exchange and heat transfer. As one example,
Joaquin’s group reported a nanoliter reactor approach based on
droplets in a microfluidic system.22 They were able to tune the
crystal size and the width of the size distribution by changing the
residence time and slug volume. They also found that a higher
slip velocity yields a narrower particle size distribution because of
enhanced internal mixing in the slugs [Fig. 2(e)].

GENERATE STRUCTURED HYBRID MATERIALS

While rapid mixing has been employed to generate products
with narrow dispersity, the inherent “non-mixing” character of
microfluidic flows is even more broadly used. This phase separation
at the micrometer scale endows microfluidics with an intrinsic
power to form hybrid materials with complicated structures for
which the assembly of building units is guided by the interface.
The “non-mixing” character is exhibited in two general types,
depending on whether the involved liquids are miscible or not.
When two immiscible liquids meet inside a microfluidic channel,
they usually form segmented phases named plugs and droplets due
to instability of the liquid interface, despite more strictly the
droplet generation is governed by multiple parameters, such as the
Reynold number, Capillary number, Weber number, Bond number,
viscosity ratio, and flow rate ratio.23 The plugs and droplets can
serve as templates for generating functional materials, and the flexi-
bility in choosing the reaction at the interface endows the generated
particles/capsules with diverse characters. For example, Abell’s
group has reported an approach using droplets as templates to
create ultra-thin supramolecular microcapsules.24 They utilized the
interface of the droplets to guide the host–guest or electrostatic
assembly of molecules and were able to generate solid hydrogel
microparticles, ultra-thin microcapsules, as well as core–shell
microcapsules by changing the synthesis condition [Fig. 3(a)].
With the aid of this droplet platform, the generated capsules can be
extremely monodisperse in size with broad compatibility of cargos.
On the other hand, each droplet in a microfluidic system can also
create an isolated and confined environment, in which unique reac-
tions can take place. For instance, when Chen and his co-workers
synthesized ZIF-8 [a type of metal–organic frameworks (MOF)
particle of ca. 45 nm size] inside microdroplets containing gra-
phene and carbon nanotubes (CNTs), they found the MOF parti-
cles not only grew on the (large) accessible graphene surfaces but
also threaded with CNTs, resulting in a hierarchically hybrid nano-
material.25 It is noteworthy that the droplet interface itself can also
serve as a unique two-dimensional site for the studies of orienta-
tion, packing, and aggregation behavior of molecules and particles
that are sensitive to environmental conditions. As an example, de
Pablo reported a computational study of the orientation behavior of
liquid crystals on the interface of droplets.26 The interface of drop-
lets not only creates a confined environment to stabilize the parti-
cles for study but also establishes well controllable and
differentiable conditions across the interface, offering a chance to
precisely investigate the particles of interest. Moreover, the droplet-
based reactions can be combined in a tandem fashion to generate
core–shell particles by adding the reactants for the shell layer in the
second step of the synthesis.27

In contrast to the droplets mode, when two miscible non-
viscous liquids meet inside a microfluidic channel, they usually
form laminar flow due to the low Reynolds number. This laminar
flow establishes a stable interface between two liquids over a con-
siderably long scale, which enables the chance to form microstruc-
tured hybrid materials via reactions across the interface. For
instance, Chen’s team utilized laminar flow fabrication to produce
different fiber-based materials for optical and energy-related appli-
cations. In one work, they utilized a laminar flow to introduce
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FIG. 3. Microfluidic systems to generate structured hybrid materials. (a) Assembly of solid hydrogel microparticles, ultra-thin microcapsules, as well as core–shell microcap-
sules guided by host–guest or electrostatic interactions at the interfaces of droplets. Different reactions at the interface endow the generated particles/capsules with diverse
characters. Abell et al., Adv. Funct. Mater. 25, 4091 (2015). Copyright 2015 Author(s), licensed under the Creative Common Attribution (CC BY) License. (b) Core–shell
fiber VA-NiONSs/P-GF formed in the laminar flow for energy storage. Sacrificial materials are applied to assist the laminar flow to produce uniformly porous anisotropic
core–shell structures after removed. Meng et al., Adv. Sci. 7, 1901931 (2020). Copyright 2020 Author(s), licensed under the Creative Common Attribution (CC BY)
License. (c) Fabrication of BSA fiber by the microfluidic method. A coagulation bath and a rotation collector are built for coaxial laminar flow mixing. BSA protein and glutar-
aldehyde are crosslinked, dehydrated, and stretched in device to realize a fiber spinning process. Reproduced with permission from Liu et al., Angew. Chem., Int. Ed. 59,
4344 (2020). Copyright 2020 John Wiley and Sons. (d) Hydrogel microbeads are generated from a 3D microchannel system. The integrated chip-capillary droplet generator
(ICCDG) is coupled with upstream chips to generate multi-compartmental particles. Reproduced with permission from Wu et al., Angew. Chem. 132, 2245 (2020).
Copyright 2019 John Wiley and Sons. (e) Zigzag folding of a viscous flow stream inside a microfluidic channel. (f ) Fabrication of microfibers with embedded helical
channel based on the heterogenerated rope–coil effect. Microfibers with embedded straight and helical channels were generated, respectively, depending on the flow rate
ratio. Reproduced with permission from Adv. Mater. 29,1 (2017). Copyright 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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different types of reactants to form a coaxial core–shell fiber
[Fig. 3(b)], which exhibits enhanced stability and robustness of
halide perovskite nanocrystals for optoelectronic applications.28

Note that each of the liquids in the laminar flow can also carry one
or several types of particles, e.g., sacrificial templates for creating
pores subsequently, and substances that may react upon changing
the environment. Such character makes this approach powerful and
versatile for generating complicated structures. For example, Chen
et al. incorporated sacrificial template particles made of polystyrene
during the formation of a self-assembly structure with the assis-
tance of a laminar flow, and the subsequent removal of the sacrifi-
cial template particles created holes in the material, producing
uniformly porous anisotropic core–shell structures based on nickel
oxide arrays/graphene, which facilitates faster ion transportation
kinetics.29 This spirit has also been employed in another work to
produce black phosphorus-hybrid microfibres for non-woven
fabrics that might ultimately be useful to high energy density flexi-
ble supercapacitors.30 Actually, this spirit of diffusive mixing can be
extended to a broader regime, which might not contain a laminar
flow. One example is that Nair, Jones, and their colleagues estab-
lished a diffusive interface-based reactor by fixing a reactant-fed
hollow fiber inside a reactant solution.31 This “interfacial microflui-
dic membrane” supports the diffusion of precursors across the
porous wall to generate a framework through which a tubular struc-
ture can be formed. The diffusive reaction can even be originated
from electrolyzing a solid material. As an instance, hydrogel capil-
lary networks were generated from electrolyzing a copper tem-
plate.32 On the other hand, the product of the laminar flow
synthesis could be further treated using an external force. A case in
point is the work of Liu et al., where a coagulation bath and a rota-
tion collector were used at the downstream of a coaxial laminar
flow mixer.33 In their work, BSA protein and glutaraldehyde were
fed into the laminar flow mixer, and the cross-linking mixture was
dehydrated in the coagulation bath and stretched by the rotation
collector, realizing a fiber spinning process [Fig. 3(c)]. As a globular
protein, BSA was generally not regarded as a good candidate for
producing fibers, but because of the microfluidic shear force and
post-stretching treatment, the BSA molecules were stacked in a
long-range order, facilitating the close stacking and alignment of
the BSA protein particles and, therefore, the formation of a highly
tough fiber.33 Finally, a laminar flow mixer can also be combined
with a droplet generator to enable even more sophisticated func-
tions. As a representative work, Lin et al. connected a horizontally
placed laminar flow mixer with a vertically placed droplet generator
to produce hydrogel microbeads with different internal compart-
ments [Fig. 3(d)].34 By varying the design of the two mixers, this
3D microchannel system could generate complicated particles that
contain as many as 20 sub-compartments.

When two miscible liquids meet inside a microfluidic channel,
including at least one viscous liquid within the two, another inter-
esting phenomenon often takes place. If a more-viscous liquid is
surrounded by a less-viscous liquid when injected into a micro-
channel, a folding process of the more-viscous stream is often trig-
gered. Depending on the geometry of the microchannel, a zigzag
folding35 [Fig. 3(e)] or a rope coiling (spiral geometry) phenome-
non may be observed, which could be exploited as a fabrication
strategy. For instance, Zhao’s team created helical microfibers with

structures such as the novel Janus, triplex, core–shell, and even
double-helix.36 They proposed the potential use of these helical
microfibers for magnetically and thermodynamically triggered
microsprings, as well as for force indicators. Conversely, if a less-
viscous liquid is surrounded by a more-viscous liquid when
injected into a microchannel, normally a straight laminar flow will
form. Nevertheless, Liang’s team recently discovered that when the
flow rate ratio of the liquids is high, a rope-coil effect could still be
reliably triggered, which they name the heterogenerated rope-coil
effect [Fig. 3(f)]. They demonstrated the application of this effect
in generating microfibers with embedded Janus channels and even
double helical channels, as well as biomimetic supercoiling struc-
tures and perfusable/permeable spiral vessels.37

GENERATE PARTICLES WITH NEW STRUCTURES

In addition to controlling the size and composition of the
product, microfluidic platforms can also generate particles with
structures hard to synthesize in the bulk solution, which may con-
sequently enable new functionality of the material. While reported
strategies share a common foundation of mechanism—to leverage
the heterogenic distribution of reactants created by microfluidic
technologies, these methods can be generally classified into active
and passive approaches. As one type of active approach, acoustic
technology has been used to create products with unique structures.
A useful function of acoustomicrofluidics is well-controlled nebuli-
zation, which can enable unique evaporation conditions that lead
to novel products and is friendly to heat-sensitive substances. For
example, Yeo et al. demonstrated an acoustomicrofluidic nebuliza-
tion technique that can access intermediate evaporation rate
regimes (10−5 to 10−6 l/h)—between the conventional slow solvent
evaporation (10−11 to 10−12 l/h) and fast spray drying (10−1 l/h)—
and thereby capable of producing novel crystal morphologies
[Fig. 4(a)].38 It is well known that the crystallinity, crystal size, and
size distribution are all highly dependent on the evaporation rate.
As a result, new crystallization morphologies of sodium chloride
and glycine, respectively, were observed in their work. Moreover,
the authors believe the system has better power efficiency than con-
ventional spray dryers. As another example, Esther’s group devel-
oped a surface acoustic wave-based spray-dryer, which can produce
droplets with diameters of only a few micrometers.39 The small
droplet size triggers highly fast evaporation, which kinetically sup-
presses the crystallization of solutes and results in amorphous parti-
cles. Another application of the surface acoustic wave is to
modulate the spatial distribution of reactants. In a representative
work, Yeo et al. utilized a thin resonant acoustowetting film to
confine the precursors of MOF synthesis, which arrests further
crystal growth in thickness and resulted in a large aspect ratio
MOFs (30–50 nm thin, 10 μm wide, and 100 μm long) swordlike
morphologies.40 While the method can control the thickness of the
product through the pulse modulation of the acoustic excitation,
the ultrathin MOF architecture is believed to facilitate the exposure
of its inherently hidden metal active sites.

Regarding the passive approaches, laminar flow reactors are
good examples. Compared to bulk synthesis methods, a notable
feature of laminar flow reactors is the diffusive mixing as a result of
the low Reynolds number. Despite being well predictable and
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controllable, the diffusive mixing in a liquid flow, even within a
small scale, is not always quicker than an agitated mixing in a bulk
reactor; in fact, it is often slower than the latter when the radius of
the flow is not very small. This, in turn, may lead to new structures
of the products. For example, such a mixing environment might
affect the crystallinity of the synthesized particles and create porous
structures in materials generated upon mixing. In our recent work,
we discovered that the continuously changed concentrations of
MOF precursors in the gradient mixing on-chip resulted in struc-
tural defects in products, which gives rise to mesopores in MOFs
[Fig. 4(b)].41 Thus, while the as-produced enzyme-MOF compos-
ites still maintain the protection to the enzymes as those from con-
ventional bulk solution synthesis, they showed much higher (∼one
order of magnitude) biological activity than the latter due to the
improved access of substrates to the encapsulated enzymes. In con-
trast, it was reported that the fast mixing in droplet-based MOF
synthesis led to a high level of crystallinity with no defect in the
material. Compared to existing strategies for generating mesopores
that usually use templates and are thus complicated with the risk to
damage enzyme activity during the template removal processes, our
method generates the mesopores spontaneously during the single-
step preparation of particles without using any template.
Interestingly, when the flow media is changed, laminar flow mixing
is not always slow even if the radius is not very small; accordingly,
the controllable laminar flow may generate defect-free crystal struc-
tures. As a representative work, Aymonier et al. demonstrated a
laminar flow microfluidic reactor based on supercritical fluid and
used it to synthesize exciton luminescent ZnO nanocrystals. ZnO
nanocrystals synthesized through liquid-phase reactions are often
rich in defects, which cannot serve as exciton emitters [Fig. 4(c)].42

Since the mass transfer character of a supercritical fluid can be
closer to that of a gas, this reactor produced defect-free ZnO parti-
cles just like these from gas-phase reaction and yet can control the
size distribution of the particles taking advantage of the microflui-
dic synthesis. Last but not least, the shear stress inside the laminar
flow itself can contribute to the formation of different particles via
self-assembly, especially for those based on weak interactions, e.g.,
the “soft” protein corona. When nano- and micro-sized particles
are exposed to a biological fluid, biomolecules such as proteins will
adsorb on the particle surface and form a protein shell, named
“corona,” which has attracted great attention in pharmaceutics and
diagnostics. Usually, the protein coronas are considered to form in
two stages, which are also called the evolution of the corona. In the
first stage, a “hard” corona is generated quickly through the adsorp-
tion of proteins with high affinity to form a tightly bound layer. In
the second stage, a cloud of loosely bound proteins is formed as the
outer shell, often referred to as the “soft” corona. Largely depend-
ing on the intrinsic character of the particles, either two stages or
only the soft corona will take place. While external conditions (e.g.,
channel structure, liquid composition, flow velocity) would not
play a major role in determining whether a hard corona will form,
they will significantly affect the structure and composition of the
soft corona.43 Notably, the formation of these self-assemblies is
inherently dynamic, depending not only on the pristine particles
and the composition of the biological fluids, but also on the shear
stress environment, which is particularly crucial to the composition
and structure of the “soft” corona. The microfluidic system is

inherently fitted to mimic the hydrodynamic environment of the in
vivo condition. By employing different channel structures and
changing the velocity of flow, the dynamic formation of protein
coronas can be effectively studied [Fig. 4(d)].44–46

COMPLETE REACTIONS WITH THE QUICKER RATE
AND A NEW REACTION ROUTE

The high surface-to-volume ratio and small dimension for
mass and heat transfer endow microfluidic systems with unique
capabilities to complete some reactions at significantly quicker
rates. For example, Yan’s team reported a voltage-controlled inter-
facial microreactor that can accelerate electrochemical reactions.47

This reactor is formed at the solution–air interface of the Taylor
cone in an ESI emitter with a large (139 μm) orifice at a low ESI
flow rate (a few tens of nl/min), which allows the continuous
contact of the electrode and reactants right before leaving the
Taylor cone and sprayed into air, while the reacting droplets
emitted from the orifice are immediately detected by the MS,
quickly enough to study the reaction mechanisms by detecting
transient intermediates [Fig. 5(a)]. Compared to the corresponding
bulk reactions, a roughly two-order acceleration in reaction rates
was observed when this reactor was used for the electro-oxidative
C–H/N–H coupling of DMA and PTA, as well as electrochemical
derivatization of benzyl alcohol. Moreover, the authors discovered
that the reaction acceleration was mainly at the interface of the
Taylor cone rather than in the electrosprayed microdroplets.
However, it is noteworthy that in some other reactions, the acceler-
ated rate is indeed observed inside the droplets. Extensive investiga-
tions have suggested various mechanisms of the accelerated
reaction rate, such as partial solvation of reactants (enthalpy effect),
ordered orientation (entropy effect), fast diffusion, mixing, and
solvent evaporation.48 Just to raise one example, using a
droplet-assisted reaction platform, Kim et al. synthesized zeolite
nanoparticles (ZSM-5) within 15 min, which would take several
hours via bulk reactions.27 In addition to the enhanced mixing and
heat transfer, which are considered responsible for the accelerated
reaction, the authors observed that the aging of the synthesizing
solution was much faster (20-min aging in the droplets equals 5 h
in the bulk phase), which may affect the level of the crystallinity of
the products. Similarly, generally two-order faster kinetics than
bulk solution synthesis was observed when Kim et al. used the
droplet reaction platform to prepare representative MOF structures
(e.g., HKUST-1, MOF-5, IRMOF-3, and UiO-66) via solvothermal
approaches.49

Other than accelerating reactions, microdroplets may even
trigger reactions not existent in the bulk solution.50 For example,
Zare’s team recently conducted a series of experiments based on
water microdroplets generated through atomizing bulk pure water
or condensing water vapor from air and discovered hydrogen per-
oxide at the concentration of tens of micromolar.51,52 For compari-
son, commercial hydrogen peroxide is produced through the
anthraquineone oxidation (AO) process, which can hardly be con-
sidered a green method.53 Since no catalyst, electric field, or light
was employed in the Zare team’s experiments, they suggested that
hydrogen peroxide was generated through a spontaneous oxidation
process via hydroxyl radical recombination, which took place

Biomicrofluidics PERSPECTIVE scitation.org/journal/bmf

Biomicrofluidics 16, 041301 (2022); doi: 10.1063/5.0100206 16, 041301-8

Published under an exclusive license by AIP Publishing

 30 O
ctober 2023 05:49:19

https://aip.scitation.org/journal/bmf


FIG. 4. Microfluidic systems to generate particles with new structures compared to those from bulk synthesis. (a) Metal–organic frameworks (MOFs) with unique swordlike
morphologies (30–50 nm thin, 10 μm wide, and 100 μm long) are produced by a thin resonant acoustowetting film to arrest further growth of the crystal. Pulse modulation
is applied to control the thickness of the products. Reproduced with permission from Ahmed et al., Adv. Mater. 30, 1602040 (2018). Copyright 2017 John Wiley and Sons.
(b) Defect-rich enzyme-MOF composites are produced in a microfluidic gradient mixing system. Structural defects are spontaneously created in these MOFs, which pro-
vides mesopores for better mass transfer. While maintaining their protection to the enzymes, these MOFs show a much higher biological activity compared to those synthe-
sized conventionally with bulk solution approaches. Hu et al., Sci. Adv. 6, 1 (2020). Copyright 2020 Author(s), licensed under the Creative Common Attribution (CC BY)
License. (c) Exciton luminescent ZnO nanocrystals are synthesized from a supercritical fluid based laminar flow microfluidic reactor, which produces defect-free ZnO parti-
cles with controlled size distribution. By comparing products from different phases, the one synthesized with the supercritical microfluidic method shows the most advanced
optical properties. Reproduced with permission from Roig et al., Angew. Chem., Int. Ed. 50, 12071 (2011). Copyright 2022 John Wiley and Sons. (d) Protein corona forma-
tion in the microfluidic system under static and dynamic conditions, respectively. 3D PDMS chip with a cross-shaped mixer geometry is used for focusing the silica particles
in the central stream and fluorescently labeled proteins. The green signal indicates that HSA−Cy3 can attach to the surface of the particles during traveling inside the
channel. Reproduced with permission from Weiss et al., ACS Appl. Mater. Interfaces 11, 2459 (2019). Copyright 2019 American Chemical Society.
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inside an intrinsic electric field at the air–water interface of the
microdroplets.54 Meanwhile, the electric double layer is not limited
to the air–water interface; with the assistance of stimulated Raman
excited fluorescence microscopy, an electric field as strong as
107 V/cm was also observed at the oil–water interface. Meanwhile,
theoretical analysis based on the three-dimensional Gouy–
Chapman model also predicted a strong concentration of charged
molecules toward the surface of the droplet and generally suggested
that such a character will gradually disappear when the size of the
droplets grows beyond 10 μm, which is consistent with the observa-
tion in experiments.55 One interesting aspect is that in the predic-
tion result, the electric double layer penetrates deeply into the
droplet much farther than that would be predicted by the one-
dimensional Gouy–Chapman model, which might be a reason that
such an effect was paid less attention to before. This discovery in
droplet-size-enhanced reactivity opens up promising possibilities in
potential new microfluidic technologies. Finally, the carrier phase
surrounding the droplets can create a unique environment for the
droplet-based reactions too. For example, in the work of Kim et al.,
ionic liquids were used as the continuous phase in a droplet-based
synthetic approach for generating zeolite particles.27 The utilization
of ionic liquids not only creates thermally stable (e.g., 150 °C) and
nonvolatile environment but also offers templating function for
some reactions. In this way, materials difficult to synthesize via the
conventional bulk solution approach might be easily generated
inside microfluidic channels.

ENABLE MORE EFFECTIVE AND EFFICIENT CONTROL
ON REACTIONS

On top of the above functions, the convenience and flexibility
in manipulating small amounts of liquids and integrating different
elements (e.g., light, heat, and the electric field) into the operation
environment make microfluidic systems advantageous for control-
ling reactions in more effective and efficient ways. Stated differ-
ently, microfluidic systems can improve the yield and selectivity of
reactions, reduce the reagent and labor cost, and enhance the
throughput of operations. A frequently utilized character of micro-
fluidics is the large surface-to-volume ratio, which creates useful
room to introduce functional elements at the interfaces. One
example is that active sites for reactions such as enzymes can be
immobilized on the surface of microchannels to establish a reactor
for continuous production. Enzyme immobilization is an exten-
sively investigated technology, which can significantly enhance the
stability and reusability of enzymes. However, the efficiency in
mass transfer has frequently been a challenge in some enzyme
immobilization strategies due to the blockage by the immobiliza-
tion solid framework. When enzymes are immobilized on the
surface of a microfluidic channel, on the other hand, this mass
transfer challenge may be largely addressed, and the reusing effi-
ciency can be improved as well since the reactor can be operated in
the continuous flowing mode. In this way, the enzyme-immobilized
microchannel itself serves as a functional material. We demon-
strated that when D-ribulose-1,5-bisphosphate carboxylase/oxygen-
ase was immobilized on the surface of a microfluidic channel,
enhancement was observed in both enzyme stabilities (7.2 folds in
storage stability and 6.7 folds in thermal stability) and reusability

(90.4% activity retained after five cycles of reuse and 78.5% after
ten cycles).56 In addition to cost efficiency, microfluidic platforms
can also significantly improve efficiency and convenience in opera-
tion, which is particularly useful for complicated and high-
throughput processes.

One effective way to improve the operation efficiency is to
digitize the fluid into droplets, which can be manipulated via
serial/parallel operations. Different strategies can be used to manip-
ulate the droplets. For example, Huh et al. demonstrated the syn-
thesis of cesium lead halide perovskite nanocrystals based on a
serial droplet reaction system, which consists of two cross-shape
microfluidic junctions and a heating block.57 Droplets containing
the precursors of perovskite are generated in the first junction;
during the transfer of these droplets to the second junction, the
velocity gradient of the carrier flow induces a recirculating flow
inside each droplet, which enhances the mixing of the precursors
[Fig. 5(b)].58 At the second junction, the stepwise anion-exchange
reaction is initiated, after which the droplets pass through a heating
zone to generate nanocrystals. By changing the ratio of flowrates at
the two junctions, the system can generate a product with the
tunable color of fluorescence in the entire visible range.59 In addi-
tion to solely hydrodynamic and intrinsic surface energy, electro-
wetting of droplets has been broadly used to realize more
complicated operations, which is often named digital microfluidics.
By applying a series of electrical potentials to an array of electrodes
coated with a hydrophobic insulator, a digital microfluidic device
can effectively control multiple droplets independently to realize
operations such as moving, merging, mixing, splitting, or dispens-
ing from reservoirs, which helps one to accomplish sophisticated
processes in an automatic and high-throughput manner. As a rep-
resentative work, Wheeler’s team demonstrated the synchronized
synthesis of peptide-based macrocycles by digital microfluidics.60

In their system, ten reagent reservoirs and 88 actuation electrodes
were used to realize the multistep synthesis, which was capable of
forming five products in parallel [Fig. 5(c)]. Owing to its open
droplet nature, a unique feature of digital microfluidics is that it
supports solvent removal and re-dissolution of solid products for
further processing. The products formed on the device of digital
microfluidics can be subsequently analyzed by some instruments
(e.g., by simply removing the top plate of the device). In this way,
digital microfluidics can be a good choice for fast and automated
synthesis of libraries of compounds for applications such as drug
discovery and high-throughput screening. It is worth mentioning
that electrowetting can be combined with surface engineering to
further enhance the flexibility and throughput of the operation. For
instance, Lammertyn, Sels, and their teammates reported a plat-
form for high-throughput printing of monodispersed single MOF
crystals into uniform arrays on a flat surface. In their work, they
replaced the top plate of a typical digital microfluidic device with a
plate containing hydrophilic-in-hydrophobic micropatches 10–
50 μm in size.61 When the “mother” droplets containing MOF pre-
cursors are manipulated by the bottom plate as a typical electrowet-
ting system, femtoliter droplets are dispensed into the micropatches
due to the selective wettability. In this way, they can print thou-
sands of microdroplets onto the top plate within only a few
seconds using only four actuation electrodes. With the aid of evap-
oration, each femtoliter microdroplet will be converted into a single
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crystal with a high success rate. They found that the generated
single crystals are highly monodispersed, presumably owing to the
uniform size of the droplets. The patterned surface wettability
could be combined with other force fields too, even including
gravity to manipulate droplets on a surface, which allows extended
flexibility in the device design and functionality.62

In addition to the on-surface scheme, the in-channel scheme
is also frequently employed to realize automated and high-
throughput operations. While the utilization of the continuous

phase enables a very high speed and throughput of operation, one
key challenge to the application of in-channel droplet-based micro-
fluidic systems is how to add new chemicals to the droplets for sub-
sequent reactions. Various strategies have been developed for this
purpose, such as hydrodynamic droplet merging (e.g., based on the
in-phase meeting of droplets from two streams or based on the
phenomenon that smaller droplets travel slower than large droplets
in the same stream),63 direct injection (which uses a side
channel to directly inject aqueous reagent into flowing droplets),64

FIG. 5. Microfluidic systems that accel-
erate reactions and provide new reac-
tion routes. (a) Ketones and ester
compounds synthesized by Dakin and
Baeyer–Villiger reactions in catalysts-
free aqueous microdroplets.
Spontaneous oxidation process via
hydroxyl radical combination has
formed an intrinsic electric field at the
air–water interface of the microdroplets,
which makes many reactions more effi-
cient and effective. Reproduced with
permission from Cheng et al., Angew.
Chem., Int. Ed. 59, 19862 (2020).
Copyright 2022 John Wiley and Sons.
(b) Droplet-based microfluidic strategy
to synthesize CsPbX3 (X = Br) perov-
skite NCs. Velocity gradient of the
carrier flow induces a recirculating flow
inside each droplet to enhance the
mixing of the precursors. Reproduced
with permission from Kang et al.,
Chem. Eng. J. 384, 123316 (2020).
Copyright 2020 Chemical Engineering
Journal. (c) A digital microfluidic
method for combinatorial chemical syn-
thesis of peptidomimetics and related
products. Digital microfluidic synthesis
of peptide-based macrocycles is real-
ized by using eighty-eight actuation
electrodes to allow the formation of five
products in parallel. Reproduced with
permission from Jebrail et al., Angew.
Chem. 122, 8807 (2010). Copyright
2010 John Wiley and Sons. (d) W/O
miniemulsion and electrocoalescence
ways to generate aqueous microdrop-
lets in the microfluidic system. Voltage
can be self-adjusted by alternating the
integrated miniaturized actuators, pro-
viding effective and versatile control of
the microdroplets and reactions within
small dimensions. Hatton et al., Lab
Chip 18, 1330 (2018). Copyright 2018
Author(s), licensed under the Creative
Common Attribution (CC BY) License.
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electro-coalescence (which merges pairs of droplets by applying an
electric field),65 and their combinations.66 While most of the strate-
gies require synchronization in control and offer a limited dynamic
range of the mixing ratio, it is worth noting that precise yet conve-
nient addition of chemicals into droplets with a wide range of
mixing ratios is available based on some designs. Hatton et al. dem-
onstrated that when a W/O miniemulsion (or called nanoemulsion)
is used as the continuous phase, the addition of chemicals into
droplets can be realized through electrocoalescence with the precise
control of both the amount and the rate.67 A miniemulsion is a
thermodynamically metastable system with nanodroplets (e.g., 50–
500 nm in size) dispersed in an immiscible solvent. When an alter-
nating electrical field is applied, chemicals carried by aqueous
nanodroplets can be transferred to the aqueous droplets carried in
the miniemusion at a wide range of controllable rates, realizing a
“quasi-continuous” addition of chemicals into the droplets inside
the channel [Fig. 5(d)]. Accordingly, this approach is less depen-
dent on precise synchronization in control. Last but not least, as
exemplified in different sections above, the flexibility in integrating
miniaturized actuators to create effective and versatile control of
the localized environment within small dimensions further extends
the functionality of microfluidic systems in complexed synthesizing
approaches.

CONCLUSIONS

Over approximately three decades since its debut, microflui-
dics has gained attention more as an enabling tool to create new
analytical technologies, as compared to other potential roles.
Nevertheless, microfluidics has never lost its promise in creating
new routes and new means for synthesizing materials that are
otherwise difficult to produce. This promise originated from
some inherent characters of microfluidic systems, such as fast
and precisely controllable mass and heat transfer, largely
enhanced interface effect, confinement effect, templating effect,
low-Reynolds number flow behavior, flexibility in coupling with
different types of actuators and physical fields, versatile and
effective control of the highly localized environment, and conve-
nience in integrating different functional modules into an auto-
matic system. As a result, microfluidic technology can enable
various helpful new functionalities in synthesizing functional
materials, including but not limited to enhancing reaction rate
and operation efficiency, generating particle products with better
monodispersity, producing hybrid materials with complex prede-
signed structures, creating materials otherwise difficult to syn-
thesize, and completing reactions with new reaction routes.
Quite a portion of these functionalities is still underexplored,
leaving large room for new possibilities. Particularly, microflui-
dics holds nice potential to become an important source of creat-
ing new functional materials. Nevertheless, there remain some
hurdles to the broader implementation of microfluidic synthesis.
An important one is how to scale up the production. For some
of the approaches, this issue exists simply for the need of
research purpose—these approaches might struggle to provide a
sufficient amount of product for analysis purposes. The limita-
tions in scaling up could be attributed to multiple reasons. For
example, some of the approaches use a lot of solvents to carry

the reactants; it might become an issue how to effectively recover
the products and recycle the solvents for the sake of cost effi-
ciency. On the other hand, in some approaches, the products (as
particles) may stick to the channel wall and finally clog the channel,
limiting the possible duration of production. This issue is tied to a
fundamental character of microfluidic systems in which surface
effects are amplified and thus materials for making the device play
an important role in its functionality.68 Researchers including our
team have been making efforts on addressing these fouling-related
issues for over a decade too.69–71 Finally, the fabrication and manu-
facturing process of microfluidic devices may sometimes be challeng-
ing for various applications. The most commonly used material for
making microfluidic devices, PDMS, is well known for its incompati-
bility with solvents, largely limiting its implementation in on-chip
synthesis. Similarly, the materials used for making disposable bioas-
say devices, such as polystyrene (PS) and poly(methyl methacrylate)
(PMMA), as well as 3D printed materials, are prone to either solvent
dissolution/swelling or molecular leaching. On the other hand, the
solvent-resistant materials, such as silicon, glass, quartz, and stainless
steel, are expensive to microfabricate and difficult to integrate
on-chip valves. Our team reported some thermal molding methods
to mass-produce inexpensive solvent-resistant microfluidic chips
using materials such as polypropylene (PP) and Teflon.69,70 These
microchips could be suitable choices for some on-chip reactions, but
they are still not ideal platforms to incorporate on-chip valving.
With the possibility of conveniently scaling up the microfluidic syn-
thesis, we anticipate a wave of rapid advances in microfluidic-based
technologies for creating new functional materials.
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