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Abstract

Microfluidics expands the synthetic space such as heat transfer, mass transport, and reagent
consumption to conditions not easily achievable in conventional batch processes. Hydrodynamic
focusing in particular enables the generation and study of complex engineered nanostructures and
new materials systems. In this review, we present an overview of recent progress in the synthesis
of nanostructures and microfibers using microfluidic hydrodynamic focusing techniques.
Emphasis is placed on distinct designs of flow focusing methods and their associated mechanisms,
as well as their applications in material synthesis, determination of reaction kinetics, and study of
synthetic mechanisms.
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1. Introduction

Microfluidic devices, which handle fluids with volumes typically ranging from microliters to
picoliters, have spawned important applications in many research fields including biology,
medicine, chemistry, and engineering sciences [1-5]. On these microscopic scales, the fluid
behavior is primarily influenced by viscosity rather than inertia, and the ratio of surface area
to volume becomes larger providing rapid heat and mass transfer [6]. These intrinsic
properties make microfluidic techniques effective tools for applications such as chemical
synthesis, study of reaction kinetics, biological sample preparation, and chemical and
biological analyte detection [7]. As micro- and nano-fabrication techniques have matured,
using microfluidic tools for synthesis has become more attractive with advantages of product
uniformity, small footprint, precise control over reactions, and safer operation compared to
large-scale reactors.

In the past several decades, a diverse range of microfluidic reactors have been designed for
synthesis of a variety of functional materials [8]. Continuous-flow, droplet-based and digital
microfluidics have been applied to produce materials with sizes ranging from nanometers to
hundreds of micrometers, which have been considered broadly in several review papers [8—
14]. Hydrodynamic focusing (HF) techniques are classified as continuous-flow
microfluidics. Relative to droplet-based techniques, HF is straightforward to implement, and
simple to simulate and understand because it is pure hydrodynamics that includes the surface
tension effects at the liquid-liquid interface without the necessity of considering surface
tension effects at the liquid-gas interface. HF techniques can accommodate high flow rates,
rendering high-throughput applications possible. HF also enables highly controllable
operational conditions owing to the fact that the flow behavior is the most influential
parameter for synthesis and can be precisely controlled through varying flow rates. In fact,
HF has been utilized for biological research long before the term “microfluidics” was
coined. For example, commercial flow cytometers utilize HF for high-throughput single-cell
analysis. Given the recent growth of research studies on materials synthesis by HF
techniques, we focus this review on the advantages and challenges of this technique for
materials synthesis, and to examine whether it is mature enough for industrial and clinic
implementation or if there are further steps to be taken.

In this review, we outline the working principles of HF devices, describe materials
synthesized through microfluidic HF techniques, and detail the applications in studies of
reaction kinetics and synthesis mechanisms. Then, we compare HF technique with other
microfluidic synthesis techniques, consider the advantages and limitations, and discuss the
potential for HF techniques in the future.
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2. Hydrodynamic focusing (HF) devices

Unlike macroscale fluid flow, which is generally turbulent, the flow in microfluidic channels
falls into the laminar regime. In turbulent flow, inertial forces are dominant, while in laminar
flow, the viscous forces are more prominent. Reynolds number (Re) is a measure of the ratio
between inertial forces to viscous forces [15]:

Re = pul/u

where p is the fluid density, v is the mean fluid velocity and g is the dynamic viscosity. Here
L is the hydraulic diameter of the channel, which can be expressed by:

L =4A/P
wet

where A is the channel cross-section area and A, is wetted perimeter.

In microfluidic channels, Reis generally less than 100, indicative of a laminar flow regime.
For some extreme cases, Re can be higher indicating the flow is turbulent in a microfluidic
channel [16]. The laminar flow profile creates two effects. First, the fluid velocity
distribution depends on the boundary conditions which results in a parabolic distribution of
fluid velocity in a pressure driven flow (Figure 1a). Second, there is no turbulence and the
mass transfer depends purely on diffusion. Given the latter, the average mixing time z,;, can
be calculated using the following equation:

T . o<x2/D
mix

where x s the diffusion length (the distance that the solute needs to travel during the
diffusion), and Dis the diffusion coefficient. In low Re microfluidic systems, various mixing
mechanisms have been demonstrated [17] using active approaches, such as magnetic
[18,19], electrokinetic [20], acoustic [21-23], optical based [24] as well as passive
approaches such as tesla microstructures [25,26], serpentine channels [27], and lamination
[28]. These approaches either require an external mechanism to induce mixing or lacks the
dynamic control of the fluid interface.

In the basic HF process, a central solution with a lower flow rate flows within an outer
sheath fluid with a higher flow rate, enabling the compression of the central flow [29,30].
This compression decreases mixing times significantly by reducing the required diffusion
length [31,32]. Reduced mixing time can improve the quality of synthesized products, such
as nanoparticles, which are normally synthesized through bottom-up approaches involving
condensation of molecular matter dissolved in liquid [33,34]. This process is triggered either
by increasing the solute concentration or decreasing the solubility which results in formation
of nuclei [35]. By controlling the relative flow rates of the chemical components, the
concentration and solubility can be controlled, which in turn determines the size of the
growing nuclei [36,37]. When the reaction is confined within a focused central flow away
from the channel walls, the growing nuclei experience a more uniform solution
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concentration and spend similar residence time in the microchannel (Figure 1b). Therefore,
synthesis in a hydrodynamically-focused stream generates a more homogenous particle size
distribution owing to the uniformity of the fluid velocity, and thus reaction conditions.

HF devices can be divided into two categories: coaxial tube devices and on-chip planar
devices. In an ideal flow focusing device, the central flow should be compressed both
horizontally and vertically in order to obtain uniform fluid velocity both in horizontal and
vertical planes which is also called three-dimensional (3D) focusing. Because of their simple
fabrication and easy integration, on-chip based devices have been widely used in materials
synthesis. However, due to the planar characteristics of most of the on-chip devices, two-
dimensional (2D) HF focusing is more commonly utilized in those systems. Several
microfluidic HF designs are reviewed in the following sections.

2.1 Coaxial tube microreactors

The simplest type of coaxial tube reactor is an assembly of two concentric capillary tubes
connected to a channel in which a central flow is injected through the inner capillary tube,
while the sheath flow is injected from the outer layer (Figure 2a) [38,39]. The central flow
can be a mixture of chemical reagents, and the sheath flow can be either an immiscible or
inactive fluid. The focal size (the diameter of the central flow) and the flow pattern (the
shape of the central flow) can be finely tuned through the tube geometry, flow rates, flow
rate ratio (FRR, the ratio of the sheath flow rate to the central flow rate), and the physical
properties of the fluids. In co-axial flow focusing and droplet generation devices there is a
transition from dripping to jetting defined by the Rayleigh—Plateau instability [40,41]. As
the flow rate of the outer sheath flow increases, the diameter of the inner sample fluid
decreases forming a jetting flow [41]. At very high flow rates, turbulences can occur in the
flow patterns [42]. The capillary tubes may be made of silica, steel, or polymers. The
flexibility of the choice of materials enables high temperature and pressure conditions. Other
variations of these systems include merging pulled glass pipettes with PDMS molding
technology to enable the integration of other on-chip components (Figure 2b) [43]. However,
this process requires multiple fabrication steps, as well as precise alignment and assembly of
these hybrid systems.

Coaxial tube microreactors have been used to synthesize various types and structures of NPs
including monodispersed spherical titanium particles [38], iron oxide NPs [44], goethite
nanoparticles [45], and fluorescent core/shell y-Fe,O3@SiO, nanoparticles [46]. The size of
the synthesized iron oxide NPs can be less than 7 nm depending on the device geometry and
flow parameters. Moreover, the tunability of this technique is demonstrated by the result that
the size of the titanium particles can be finely tuned from 40 to 150 nm by changing the
diameter of the inner tube. Nevertheless, controlling only the flow rates as single parameter
for tuning the synthesized product properties is more desirable since a single device can be
used for multiple batches resulting in desired NP size distributions.

2.2 On-chip 2D HF devices

Chip-based flow synthesis techniques have become very attractive because they can be
reproduced massively at low cost. Replica-molding and soft-lithography are the most
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common fabrication methods for chip reactors. Fabrication of complex microchannel
geometries does not require added complexity owing to the simplicity of the lithography
process. Furthermore, the integration of different on-chip components, including
microheaters, optical and electrochemical sensors can help to enable additional on-chip
functions [47].

In on-chip HF devices, the focusing is typically bidimensional (2D), where the central flow
is only focused in the horizontal plane [48]. The simplest design is comprised of a central
flow that is squeezed by two sheath flows from two sides (Figure 3a) [49]. Using this
geometry, the mixing time can be reduced to less than 50 microseconds [50]. In another
design, the sheath-flow channel was tilted to a different angle than 90°, and additional sheath
flow channels were added to avoid vortex formation, and to achieve more stable flow
profiles (Figure 3b and 3c) [51-53]. To concentrate the final synthesis products, sheath flow
can be separated from the synthesized products by using bifurcation in the outlets (Figure
3d) [54]. For multi-step synthesis processes in which certain dwelling time is required for
each step, multiple HF steps can be added with an offset (Figure 3e) [55].

2.3 On chip 3D HF devices

3D HF focusing requires both horizontal and vertical focusing of the sample flows which
can further improve the size uniformity of the synthesized nanomaterials. However,
considering the planar property of the chip-based microfluidic devices, it is more difficult to
achieve on-chip 3D HF than 2D HF. One straightforward way is to design multiple layer on-
chip devices which can introduce sheath flow from top and bottom of the central flow, as
well as the left and right at the same time, to squeeze the central flow in both horizontal and
vertical direction [56]. Later, efforts were made to reduce the number of layers in order to
decrease the required fabrication steps and cost. For example, by introducing a height
variation in microfluidic channels using two-layer fabrication, focusing on the horizontal
and vertical planes can be introduced sequentially to achieve 3D HF (Figure 4a and 4b)
[30,57,58].

Single planar on-chip devices for 3D HF have been developed in an attempt to simplify
device fabrication. Rhee et al. used a PDMS device with precisely aligned 3 vertical inlets
and two horizontal side inlets to achieve 3D HF in single-layer microchannels, and
synthesized size-tunable polymeric nanoparticles with smaller sizes and improved
monodispersity compared to 2D HF or bulk synthesis method [59]. Even though these
devices are single layer and provide 3D HF, extreme precision in device preparation and
assembly is required. A more recent approach to 3D HF has been demonstrated using single
layer planar devices with sequential PDMS posts [60,61]. However, these devices are used to
sculpt the sample flow using inertial effects in order to fabricate shaped-defined polymeric
3D structures rather than synthesize NPs via spatiotemporal control of diffusion.

A more user-friendly, single-layer approach has been introduced by Mao et a/. which
employs a novel fluid manipulation technique called “microfluidic drifting” to generate 3D
HF (Figure 5a) [62,63]. “Microfluidic drifting” refers to the lateral drift of the central flow,
caused by the transverse secondary flow induced by the centrifugal effect in the curve of a
microfluidic channel. The secondary flow is characterized by a pair of counter-rotating
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vortices (Dean vortices) positioned in the upper and lower portion of the channel cross-
sectional plane. This method is effective, robust and does not require any extensive
fabrication techniques other than standard soft lithography. By using the counter-rotating
vortices, a different design with contraction-expansion array (CEA) was implemented to
achieve 3D HF with a single sheath flow in a single-layer planar device (Figure 5b) [64].
Kim et al. used the vertical asymmetry of the flow patterns arising from the parabolic
velocity profile and micro vortex formation close to inlets in order to achieve 3D HF with a
single-layer planar on-chip microfluidic device [65].

3. Scale-up for mass production

Even though microfluidic HF devices can often synthesize nanomaterials superior to those
derived from bulk synthesis, the associated throughput is generally much lower compared to
batch processes. This is an inherent property of microfluidic systems because they are
designed to handle minute amount of fluids in laminar flow regime which provides high
uniformity and precise control of chemical compositions. In doing so, a typical microfluidic
HF reactor can only synthesize NPs in tens of milligrams per hour. For emerging new
applications, such as synthesis of personalized medicine, which only requires small amount
of products, the slow production rate of current microfluidic HF reactors can be sufficient.
However, considering the ever-growing potential of NPs in industrial applications, and to
realize the translation of microfluidic devices for more general biomedical and
pharmaceutical applications, it is important to scale-up the synthesis process while
maintaining the advantages of microfluidics in order to achieve mass production [66,67].

A simple approach to increase the throughput of microfluidic synthesis is to fabricate
multiple identical on-chip HF devices working in parallel. However, in such an arrangement,
each device needs a separate set of pumps or pressure controlling system for fluid supply.
Thus, integration between these parallel on-chip devices is necessary to reduce the number
of pumps and other peripheral equipment, and to maintain identical conditions in each
device during the operation. Nisisako et a/. used multi-array microfluidic modules to scale
up production of emulsions and microbubbles (Figure 6), where they used radial array of
junctions to produce compound droplets with a total flow rate as high as 120 mL/hour
[68,69]. Kendall et al. developed a radial array of flow focusing droplet generators (FFDGs)
to generate microbubbles for ultrasound imaging and drug delivery applications [70]. A
similar study, using the same platform, demonstrated generation of more than 1 billion
droplets per hour with an average diameter of 9.8 microns [71]. These devices can be easily
implemented for on-chip 2D HF arrays by using two miscible liquids as the central and
sheath flow for synthesizing NPs. In a recent study, Liu ef a/. utilized a coaxial glass reactor
and controlled micromixing to achieve polymeric NP synthesis of about 240 grams per day
[72]. Similar approaches have also been tried for increasing throughput of other diverse
microfluidic synthesis devices with promising results [16,73-78], which shows potential for
commercialization and adaptation of microfluidic HF based devices. Noting that, there is
still room for improvement in terms of device simplicity and dexterity that can aid in mass
production and applicability for different size NPs. In general, using very high flow rates in
coaxial tube reactors that are made of hard materials is a simple solution to increase
throughput. However; for reactions that requires certain dwell time for nuclei to reach a
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desired NP size [45,79], this approach cannot be applied. In that case, for better tunability of
NP size, parallelized reactions via connected inlets would be preferred.

4. Products of Microfluidic HF based Synthesis

4.1 Organic nanomaterials

Organic nanoparticles, such as polymer and lipid based NPs, often loaded with drugs,
nucleic acids, or imaging components, are an important group of synthesized products that
have great potential in the field of pharmaceutics and nanomedicine. The reduction in size to
the nanoscale renders these particles bioavailable and targetable to specific tissues in
biological systems. Polymer micro- and nanoparticles (NPs) are synthesized using photo-
polymerization, precipitation, and crystallization, and can be used as targeted drug carriers.
The fast mixing capability provided by microfluidic HF methods enables fine control of
nucleation and growth processes which yields a narrow particle size distribution (Figure 7)
[37]. Some examples of the organic NP products synthesized by HF are listed in Table 1.
Thiele et al. used a PDMS based HF device to synthesize polymer NPs by focusing ethanolic
block copolymer solution with two sheath flows of water [80]. By adjusting the sheath flow
rates, ethanol concentration in the polymer solution was reduced and nucleation of NPs
started. They observed an increase of particle size with decreasing flow rates, and vice versa.
Karnik ef a/. studied the mechanism of the production of poly(lactic-co-glycolic acid)-b-
poly-(ethylene glycol) (PLGA-PEG) block copolymer NPs in an on-chip 2D HF device
(Figure 8) [37]. The solution of the polymer dissolved in acetonitrile was focused by water
as the sheath flow. It was reported that as the flow rate ratio of the sheath flow to central
flow increased, the width of the central flow decreased, and the size of NPs decreased.
Based on their results, the authors hypothesized that NPs size was affected by the rate of
mixing, which can be controlled by the flow rate ratio (Figure 9a and 9b) [81]. In a later
study, they demonstrated that on-chip 3D HF yields a narrower NP size distribution
compared to 2D focusing [59]. The reason is that 3D HF can provide a more homogenous
flow profile and concentration uniformity in both horizontal and vertical planes, and prevent
NP deposition to the channel walls which could eventually result in device clogging.

Liposomes are highly functional products of microfluidic HF method due to their ability to
encapsulate aqueous components for delivery of genes, drugs and other therapeutic agents,
and be used as contrast agents [82]. On-chip HF methods have the capacity to provide
reduced polydispersity compared to batch processes which is essential in liposome based
bio-applications [83—-86]. Jahn et a/. synthesized liposomes with mean sizes ranged from 50
nm to 150 nm using various flow rates of isopropylalcohol (IPA) lipid solution and two
sheath flows of a buffer solution (Figure 10) [87]. Later, they demonstrated controllable drug
loading into the synthesized liposomes in continuous flow mode [51,54]. Kennedy et al.
used a 3D HF device in order to synthesize liposomes in the size range of 100-300 nm by
changing sheath-to-core flow ratio, and concentrations of lipids and salts in the core and
sheath flows, respectively [88]. The further study by Phapal et a/. showed that, in 3D HF
devices, the size distribution of liposomes is strongly affected in the convective mixing
regime at high Peclet number (Pe>>1) [89]. Wi et al. utilized an on-chip 2D HF device with
separation capability to synthesize and separate liposomes based on their size [90]. They
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demonstrated that the size distribution of the liposomes depends on both flow rate ratio and
synthesis temperature such that the liposomes synthesized at higher temperature (60 C)
showed smaller mean sizes compared with liposomes synthesized at room temperature (25
C). This effect was caused by the reduced interfacial tension between the central lipid stream
and the buffer sheath stream at high temperature, and enhanced mass transfer between the
two streams. Lipid-polymer hybrid (LPH) nanoparticles have been synthesized in a single-
layer 3D HF device with a high throughput of ~3 g/hour. It was also demonstrated that the
particle size could be controlled (30-170 nm) by varying the flow rate (Reynolds number
ranging from 30-150) and the polydispersity of the particles was relatively low (~0.1) [91].

The synthesis process of electrostatic complexation of DNA depends on many factors, such
as buffer ionic strength, order of reagent addition, and type of reagents. Microfluidic HF
enables better control over the diffusion/mixing process, and can be used to synthesize DNA
complexes with desired sizes and narrow size distribution. Koh ef a/. synthesized
Polyethylenimine (PEI) and plasmid DNA (pDNA) complexes using microfluidic 2D HF
method with superior size uniformity and lower cytotoxicity compared to bulk synthesis
[92]. Li et al. implemented a drifting flow based 3D HF method along with low-power
acoustic exposure to synthesize polyplex (DNA/polymer) complexes with smaller size,
higher transfection efficiency and lower cytotoxicity compared to bulk methods (Figure 11)
[31].

4.2 Organic fibers

Hydrogel-based microfibers are interesting since they can be used to create tissue scaffolds
for tissue engineering [93-95]. Conventionally, electrospinning method is often used for
fiber fabrication. However, bulk electrospinning method lacks versatility in terms of adding
desired functionality into the synthesized fibers. Adaptation of microfluidic HF technique
enables fabrication of more functional and complex fibers with desired physical and
compositional asymmetries [96-99]. Some examples of the organic fibers synthesized by HF
are listed in Table 2. Coaxial tube HF devices have been widely used as a simple, cost
effective and flexible method for microfiber fabrication. For example, Jeong et al.
synthesized microfiber and tubes by using in-situ polymerization in an “on the fly” 3D HF
device [43]. More complex Janus polyurethane microfibers have been synthesized using
multiphase laminar flows and asymmetrically generated bubbles in order to create selective
porosity for easy cell attachment [100,101]. The porosity of microfibers is an important
parameter as it also affects the delivery of nutrients and oxygen. By using the immersion
precipitation and solvent evaporation method, porous microfibers of amphiphilic triblock
copolymer, poly(p-dioxanone-co-caprolactone-block-poly(ethylene oxide)-block-poly(p-
dioxanone-co-caprolactone) (PPDO-co-PCL-b-PEG-b-PPDO-co-PCL) were synthesized
[102]. Porous microfibers can be used to encapsulate drugs and proteins for better controlled
release rate by tuning the degree of porosity. Using multiple laminar flows in multibarrel
coaxial HF devices, Cheng et a/. fabricated cell laden alginate microfibers for applications in
3D bio-architectures [103]. These pre-seeded microfibers can be potentially used in guided
cell growth for damaged muscle and nerve repair. Onoe et al. synthesized hydrogel
microfibers with encapsulated proteins and various differentiated cells using a coaxial HF
device (Figure 12) [104]. Their fabrication yielded fascinating meter long cell-laden
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microfibers that mimic physiological composition of various in vivo biological structures
which can be used in some therapeutic applications including endoscopic surgery and
catheter intervention.

4.3 Inorganic nanomaterials

Inorganic nanomaterials including metal and oxide NPs, and quantum dots (QDs) acquire
unique chemical and physical properties, which can be very different from their bulk
properties [105]. During a basic NP synthesis process, inorganic nanoparticles undergo self-
assembly processes including nucleation, growth and agglomeration during their formation
from solutions. The factors that determine their size include precursor concentration,
reaction temperature, surfactant properties, and nuclei residence time. When the
nanoparticles grow to the desired size and shape, the reaction is quenched by dispersing the
nanoparticles into a buffer solution. Therefore, in order to synthesize homogeneous
nanoparticles, it is important to induce rapid nucleation followed by controllable growth.
Microfluidic HF methods enable the rapid nucleation by precise control of mixing time,
reaction temperature and residence time, and therefore can produce inorganic nanoparticles
with better size homogeneity compared to bulk synthesis. Some examples of the inorganic
NP products synthesized by HF are listed in Table 3. In microfluidic HF devices, the size
and the morphology of synthesized nanomaterials can be tuned by adjusting flow rates. For
example, Puigmarti-Luis et a/. demonstrated synthesis of quasi-1D, 1D and hallow
nanowires, and 3D microcrystals within the same device, while only changing the flow rates,
using the fact that the mixing of compounds by diffusion strongly depends on the flow
conditions [106].

Noble metal nanomaterials including gold and silver NPs are interesting because of their
potential in biomedical applications [107]. The size and shape of metal NPs affect their
physical properties and biological functions. For example, the extinction spectra of gold and
silver nanoparticles, and the uptake of gold nanoparticles by mammalian cells, depend on
their size and shape [108]. Metal nanoparticle synthesis is performed generally by reducing
the metal ion precursor with application of stabilizing ligands. For this type of synthesis, a
two-phase or droplet based microfluidic device is used more often. Lazarus et al.
synthesized monodispersed gold nanoparticles using ionic liquids in an on-chip device
[36,109]. A stream of pure 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF,) was
injected with two side-flow of reagents (HAuUCI,/I-methyl-imidazole and NaBH, in BMIM-
BF,), and later focused by an inert polychlorotrifluoroethylene oil. Based on the flow rates,
the stream of the reagent can be continuous or broken into single droplets. The synthesized
particles showed larger mean size (5.65 + 1.03 nm) and increased polydispersity (CV:
18.2%) in the case of continuous flow. While by droplet formation, the particles became
smaller (4.38 £ 0.53 nm) and more homogeneous (CV: 12.1%). Microdroplet-based
synthesis take advantage of the small volume (nano or pico liter) and the counter-rotating
recirculation within droplets to reach fast mixing and homogeneous fluid environment,
resulting in good uniformity of products making it attractive in nanomaterials synthesis.
However, droplet based synthesis requires involvement of two-phase fluids and surfactants,
adding purification as an additional step after the completion of the synthesis. For certain
type of applications which are sensitive to even small traces of contaminations, such as
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gene-based therapy, HF based synthesis shows advantage over droplet-based synthesis in
reducing number of steps and avoiding contamination.

Metal oxide nanoparticles, especially iron oxide NPs, have a wide range of functions in
biomedical applications including contrast agents for Magnetic Resonance Imaging, targeted
drug delivery, and magnetic hyperthermia for therapeutic treatments [110]. Iron oxide
(Fe304 or y-Fe,03) and goethite nanoparticles (a-FeOOH) have been synthesized in
microfluidic coaxial tube reactors by injecting an aqueous solution of iron chloride as the
central flow, and a basic solution of NaOH, NH4OH or tetramethylammonium hydroxide
(TMAOH) as the sheath flow [45,111,112]. The nucleation and growth occurs at the
interface of two flows, which is separated from the channel walls. Homogeneous
nanoparticles were synthesized without sticking on the channel wall. Because the synthesis
of Fe30,4 nanoparticles involves a rapid change in pH to avoid the formation of FeOOH, it is
important to monitor the pH distribution in the channel. The pH profile in this device was
validated by using fluorescence confocal laser scanning microscopy, demonstrating that the
HF technique enables a well-defined pH variation within the streams [112]. Fluorescent
silica-coated magnetic nanoparticles have also been prepared in a multistep coaxial tube
system [46]. In this NP design, the -y-Fe,O3 NPs enable targeting via their magnetic
property, and the silica shells protect the inner NP and enable optical labelling by
incorporation of chromophores. These particles can be used as contrast agents for molecular
imaging. Besides biomedical applications, inorganic NPs have been synthesized for solar
cells, light emitting diodes (LEDs), gas sensors, and heterogeneous catalysts [113]. For
example, Roig ef al. used coaxial tube devices and synthesized UV-emitting ZnO
nanoparticles with pure excitonic photoluminescence for application in UV-LEDs [114].

The above discussed products including many others such as quantum dots (QD) [115] and
inorganic and organic hybrid nanomaterials [32,116-119] reveal the immense potential and
applicability of the on-chip HF methods for synthesizing nano/biomaterials with precise
concentration, size and chemical properties.

5. Microfluidic HF devices for Study of Reaction Mechanics

In addition to the synthesis of nanomaterials, microfluidic HF methods can be used as a tool
to study the synthetic processes or chemical reaction kinetics. Conventionally, the study of
reaction Kinetics is performed in stopped-flow devices, while the reaction is triggered by a
turbulent mixer. In this mode of operation, no meaningful measurement can be performed
before completing the mixing, and this time period is call “dead time”. In conventional
stopped-flow devices, the “dead time” is typically ~ 1 ms, and the volume is typically ~ 1
mL per test [120]. Microfluidic HF technique can reduce the “dead time” (~ 1 to 10 ps) by
squeezing the central sample flow to a very narrow stream [121]. This reduced “dead time”
is small compare to the time required for most of the reactions to take place, and therefore
we can consider that the reaction starts at the same time and continuously progresses in the
focused stream. The extremely small sample flow allows significantly reduced sample
consumption compared to bulk methods, which is essentially important for experiments
involving expensive biomaterials or scarce samples. The confinement of the sample flow
also enables epifluorescence based optical monitoring without the need of confocal
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microscopy. Furthermore, since the sample flow is focused to a narrow stream in the center
of the microchannel, its velocity distribution is nearly uniform, making it possible to convert
the reaction time to positional coordinates with the already known velocity information.
Once the change of fluorescence signal is detected at a certain position in the channel, we
can convert it back to get the reaction time by dividing the distance by the velocity.
Therefore, unlike conventional methods, which have to perform the measurement in real
time, the measurement in microfluidic HF device can be done at any time. Thanks to the
high resolution imaging capabilities, it is also easy to obtain accurate time information
within microfluidic HF devices. For example, Gambin et a/. proposed an on-chip 3D HF
device to study kinetics of biochemical reactions, such as folding of proteins and RNA using
fluorescence image velocimetry technique [122]. They used the velocity and special position
data of the fluorescent dye to obtain very precise measurement of the reaction time.

Unlike batch processing methods, in which the product is the result of various reaction
conditions (shear rate, chemical concentration, temperature, etc.), since the reaction
condition within the focused sample flow is nearly uniform, products synthesized with HF
are often more homogeneous after forming under well-defined reaction conditions.
Therefore, for synthetic processes that cannot be easily visualized, product disposition can
be followed with the change of reaction conditions in microfluidic HF devices. During the
synthesis of liposomes using a microfluidic HF device, Jahn ef a/. found that the size of the
liposomes was weakly affected by the lipid concentration, or the flow rates while keeping
the ratio between the sheath flow and central flow as constant [51]. However, the liposome
size strongly depends on flow rate ratio (FRR) between the sheath and central flow. Based
on the experimental result, they hypothesized that higher solvent content can potentially
stabilize the bilayer phospholipid fragment (BPF) and allow larger congregation of lipids to
yield larger BPFs. When the FRR is small, the central stream (lipid solvent) is wider, and the
mixing time required for the solvent to diffuse out into the water phase is elongated. During
this process, larger vesicles with broader distribution are formed. In contrast, when the FRR
is large, the central stream is narrow, and the time required for the solvent to diffuse into the
water phase is short. This quick diffusion limits the formation of big BPFs, resulting in
smaller liposomes with high homogeneity. Currently there is no technique that can be used
to directly visualize the liposome formation due to the high flow velocity in microfluidic
channel, but the HF method provides a way to study the liposome synthesis process. Jiang et
al. synthesized aromatic organic nanoparticles in an on-chip 3D HF device [81]. By studying
the dynamics of solvent depletion in the focused stream by finite element computation
method, they found the size and size distribution of the self-assembled aromatic
nanoparticles strongly depend on the speed of solvent depletion. Thanks to the fast depletion
enabled by the 3D HF device, aromatic nanoparticles with a narrow size distribution could
be synthesized.

6. Perspective

Microfluidic HF has proved itself as an economical, simple and powerful tool for the
synthesis of nanomaterials with high monodispersity and reproducibility. On-chip HF
devices have become popular due to their low cost, flexibility and ease of monitoring. 3D
HF devices offer superior focusing performance compared to 2D HF devices by providing a
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highly uniform velocity profile and rapid mixing in the focused stream. Noting that, the on-
chip 3D HF devices are still at their early stage due to the challenge of multi-layer
fabrication and competition with other focusing mechanisms and device designs. A new
approach for fabricating more intricate devices is to embrace 3D printing technologies that
enable scale-up production. Various new features can be easily integrated into an HF device
to achieve a higher degree of complexity and increased functionality.

Besides nanomaterials synthesis, HF devices are powerful tools to study the reaction kinetics
and synthesis mechanisms by translating spatial data into temporal information. There are
tremendous opportunities to apply this tool for studying fast reactions such as protein or
RNA folding. Furthermore, combining the advantages of HF devices with other on-chip
sensors (on-chip plasmonic sensor, SERS sensor, nanowire resistant sensor, etc.) can further
improve the sensitivity and accuracy of these kinetic studies. All these capabilities can be
used to explore new chemical reactions and molecular pathways in a simple and economical
device.

Two research directions likely to advance HF-based technologies are miniaturization and
fluid handling technologies. First, it is important to miniaturize the whole system including
the pump/pressure tank to enable on-site synthesis, which will be useful for the synthesis of
nanomedicines, particularly those that are radioactive, with a very short shelf life. As the
field of “organ-on-chip” matures, it may be possible to integrate nanomedicine synthesis
with fast screening to benefit personalized medicine applications. Second, for on-chip HF-
based synthesis, adaptation of chip-based fluid handling technologies should be considered
as alternatives to bulky external pumps. For example, simpler chip-based pumps [123] in HF
devices could facilitate synchronized parallel reactions and system integration, two aspects
crucial for HF device commercialization.

To push the translation of HF devices from the realm of basic research to industrial and
clinical applications, challenges remain as to fully integrating the processes of synthesis,
monitoring, and device scale-up for mass production. It is also important to note that,
additional purification mechanisms should be developed to remove the synthesized products
and organic solvents similar to the industrial level purification processes [124,125]. It may
be possible to optimize the throughput with massively parallel channels [85], akin to how
massively parallel computer processing can significantly enhance the capability of
computational networks. When that happens, HF-based synthesis will have a significant
impact on the nanomaterials field.
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Highlights
. An overview of recent progress in microfluidic hydrodynamic focusing is
presented.
. Distinct designs of flow focusing methods and mechanisms are discussed.
. A future perspective on the key applications and research directions is given.
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Fig. 1.
The chemical concentration distribution in microfluidic channels. (a) Fluid near the edge of

the channel spends longer time in the channel due to the lower velocity resulting in
dispersed reaction products within the channel. (b) Hydrodynamic focusing confine the
reaction zone to the center of the channel resulting in more uniform reaction time and
synthesized product distribution.
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Fig. 2.
Examples of coaxial tube microreactors. (a) Coaxial tube reactor which is an assembly of

two concentric capillary tubes [38]. Printed with permission from Elsevier. (b) A coaxial
tube reactor assembled by merging pulled glass pipettes with PDMS molding technology
[43]. Printed with permission from Royal Society of Chemistry.
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Common designs for on-chip HF devices. (a) The central flow is squeezed by two sheath
flows from two sides. (b) The sheath-flow channels are tilted to achieve more stable flow
profiles (c) Additional sheath-flows are added for improved flow stability and focusing. (d)
Bifurcation in the outlets to concentrate the final synthesis products. (d) Multiple HF steps

for multi-step synthesis processes.
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Fig. 4.
Examples of multi-layer on chip 3D HF devices. (a) [88] (Printed with permission from AIP

Publishing LLC) and (b) [58] (Printed with permission from 10P Publishing) shows
examples of two layer on-chip 3D HF devices utilizing height variations to generate 3D-
layered flow structures.
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Fig. 5.
Single-layer, planar on-chip devices for 3D HF. (a) “Microfluidic drifting” based 3D HF

device [63]. Printed with permission from Royal Society of Chemistry. (b) 3D HF device
using counter-rotating vortices generated by a contraction-expansion array [64]. Printed with
permission from Royal Society of Chemistry.
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Fig. 6.
An approach to scale-up HF devices for mass production by using multi-array microfluidic

modules for (a) single phase, (b) Janus, and (c) core-shell droplet synthesis [68]. Printed
with permission from Royal Society of Chemistry.
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Nanoprecipitation of polymer solutions by on-chip HF. (a) PLGA-PEG polymer solution is
focused by water sheath flows (scale bar 50 um). (b) The synthesized polymer nanoparticles
show a spherical shape geometry observed by TEM. (c) Compared to the bulk synthesis, on-
chip HF yields smaller size nanoparticles at increasing fraction of PLGA in PLGA-PEG
solution. (d) In the absence and presence of 20% PLGA, on-chip HF yields a smaller
nanoparticle size distribution and no-tail towards the larger diameter nanoparticles,
respectively, compared to the bulk synthesis [37]. Printed with permission from American
Chemical Society.
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Fig. 8.

Pr%cess of polymer nanoprecipitation and the role of mixing time. (a) PLGA-PEG diblock
copolymers form into polymer nanoparticles in three stages including (1) nucleation, (1)
growth, and (I11) nanoparticle formation which is defined by an aggregation time. (b) In the
bulk synthesis of PLGA-PEG nanoparticles, slow mixing requires a higher percentage of the
organic solvent to initiate nanoprecipitation, and yields larger NP sizes due to easy
adsorption of polymers on the growing aggregates. On the other hand, on-chip HF requires
lower percentage of the organic solvent to initiate nanoprecipitation by providing rapid
mixing preventing excessive polymer adsorption on the aggregates which results in smaller
size NPs [37]. Printed with permission from American Chemical Society.
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Fig. 9.
Polymer NP synthesis in 3D HF devices. (a) Formation of FTAEA NPs is demonstrated in a

3D on-chip HF device. The Sample stream (Sa) is focused and separated from the channel
walls both in vertical and haorizontal directions. (b) The ratio of the sheath flows and the
sample flow mainly determines the NP mean size as demonstrated at two different initial
FTAEA concentrations [81]. Printed with permission from Royal Society of Chemistry.
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Size tunable liposome synthesis in an on-chip HF device by controlling flow rate ratio. (a) a
2D on-chip HF device is utilized to generate nanometers size liposomes through self-
assembly of lipids from an isopropyl alcohol (IPA) solution by controlling the IPA/lipid
concentration (Contour plot indicates the ratios of the IPA to the buffer solution). (b) The
liposome average size is controlled by keeping the IPA + lipid inlet at 2.4 mm/s and
increasing the each buffer inlet from 2.4 mm/s to 59.8 mm/s [87]. Printed with permission

from American Chemical Society.
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Polyplex synthesis in a 3D On-chip HF device. (a) DNA/polymer complexes synthesized by
a “microfluidic drifting” based 3D HF device using curved channels and side sheath flows
for vertical and horizontal flow focusing, respectively. (b) Diameter of the polyplexes as a
function of the total flow rate. (c) Intensity-based size distribution obtained with the reaction
using 2 uL Turbofect reagent per pg of pDNA. (d) 3D HF with and without additional gentle
acoustic exposure yields less aggregation in time compared to the polyplexes obtained by
bulk method [31]. Printed with permission from American Chemical Society.
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Various hydrogel microfibers synthesized by a coaxial HF device [104]. Printed with

permission from Nature Publishing Group.
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Some examples of the organic nanoparticles synthesized by using HF method.

Table 1

Nanoparticle type Diameter  Reference
PLGA-PEG copolymers 24 nm [37]
Polymer-DNA nanocomplexes 263 nm [31]
poly-2-vinylpyridine-b-poly(ethylene oxide) 40 nm [80]
Liposomes 50 nm [85]
Theranostic lipoplexes 194 nm [86]
Lipid—polymer hybrid nanoparticles 30 nm [91]
Polyethylenimine/DNA complexes 494 nm [92]
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Some examples of the organic fibers synthesized by using HF method.

Table 2

Fiber type

Diameter

Reference

4-hydroxybutyl acrylate (4-HBA) 35 um

Alginate/chitosan
Alginate
4-HBA/PEGDA
PLGA

PMMA

Chitosan

Polyurethane

100 ym
19 ym
15 um
20 um
300 pm
70 pm
50 um

[43]
[126]
[97]

[127]
[128]
[129]
[98]

[100]
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Some examples of the inorganic nanoparticles synthesized by using HF method.

Table 3

Nanoparticle type Diameter  Reference
Gold nanoparticles 4.4nm [36]
v-Fe203@Si02 Core/Shell Nanoparticles 50 nm [46]
Ferrihydrite Nanoparticles 4.1nm [45]
TTF-gold nanocomposites 200 nm [106]
Silver nanoparticles 3.7nm [109]

Iron oxide nanoparticles 7nm [111]
ZnO nanoparticles 3.5nm [114]
CdSe nanocrystals 2nm [130]
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