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Abstract This paper is a review of microfluidics for
particle synthesis from photocrosslinkable materials. Mi-
crofluidics for particle synthesis is rapidly gaining attention
as a viable method for the synthesis of particles with
applications in drug delivery, security, abrasives, rheology,
catalysis and other areas. Particle synthesis can follow
several schemes, but the focus of this review is particle
synthesis from photocrosslinkable materials. In these sys-
tems, solid particles are formed by the light-initiated cross-
linking of precursor materials. This review begins with a
discussion of photocrosslinkable materials, typically syn-
thetic hydrogels for particle synthesis applications. Next,
polydimethyl siloxane and glass devices are presented as
the primary microfluidic devices for synthesis from
photocrosslinkable materials. Then, the review discusses
three types of polymeric particles: spherical, spheroidal and
Janus. Subsequently, composite particles and metal or
metal oxide particles are discussed. The review closes with
a discussion of particle throughput and the outlook for the

field of particle synthesis from photocrosslinkable
materials.
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1 Introduction

Microfluidics is a multidisciplinary field intersecting
engineering, physics, chemistry, biology and microtech-
nology with practical applications in the design of systems
in which small volumes of fluids are used. Moreover,
recent trends in advances could further make the technol-
ogy more ubiquitous. Potential applications include phar-
maceuticals (Cheah et al. 2012; Tao et al. 2011),
biotechnology (Liu et al. 2012; Mazzitelli et al. 2011), life
sciences (Trietsch et al. 2011), defense (Golden et al.
2012), public health (Mark et al. 2010; Santos-Martinez
et al. 2011; Yager et al. 2006), and agriculture (Neethirajan
et al. 2011), each of which has its own needs. Hence, the
next generation of microfluidics applications emphasizes
flexibility and utility in a variety of contexts. One example
of a relatively new application is microfluidics for particle
synthesis. Microfluidics technology for particle synthesis is
considered one of the newest methods of making a library
of exotic particles with simple to complex structural
characteristics due to its flexibility and potential to create
particles of unique chemistries, controllable morphologies
and shapes.

In order to understand the value of microfluidics for
particle synthesis, one should consider this method in the
context of more conventional methods. Whereas conven-
tional methods, such as sol-gel, hydrothermal, crystal
growth, suspension (Yamagami et al. 2013) and micro-
emulsion polymerizations (Gokmen and Du Prez 2012), are
suitable for the synthesis of spherical particles, the appli-
cation of these protocols to the synthesis of non-spherical
particles is limited due to the surface energy compatibility
of the particles. Consider, for example, the case of mi-
croemulsion polymerization. Lu et al. (2007) described
microemulsion polymerization as the polymerization of a
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thermodynamically stable isotropic dispersion of two
immiscible liquids in which the micro-domain, being the
continuous or dispersed phase, is stabilized with surfactant
molecules. In water-in-oil microemulsions, the aqueous
phase consists of micro-droplets surrounded by surfactant
molecules in a monolayer. The micro-droplets are poly-
merized by addition of appropriate solvents. Precise control
of the particle size and dispersity is largely dependent on
reactor conditions and can be difficult to control. More-
over, particle shape is limited to spherical. Next, consider
the case of solution-based synthesis of inorganic or
metallic particles. The precise control and tuning of parti-
cle size and shape in such solution-based synthesis, which
is dictated by nucleation and growth, is determined by
thermodynamics factors (e.g., temperature, and reduction
potential) and kinetics factors (e.g., solubility, reactant
concentration, diffusivity, and the rate of reaction) (Tao
et al. 2008). Managing the interplay of these factors with
particle size and shape control is almost serendipitous once
the correct synthesis chemistry and additives are identified
to manipulate crystallographic planes. However, a more
general platform would increase the rate at which new
particles can be synthesized and tested as potential appli-
cations become apparent.

Microfluidics flow-based lithographic technology for
particle synthesis is bridging the gap between platform
generality and control of particle shape, size, morphology,
and other structural characteristics and features. A closely
related lithographic-based method for synthesizing parti-
cles with predetermined structural features is DeSimone’s
Particle Replication in Non-wetting Templates (PRINT®)
technique (Gratton et al. 2007, 2008; Rolland et al. 2005).
In the PRINT method, a mold, coated in a low surface
energy perfluoropolyether (PFPE)-based elastomer and
patterned with motifs defining the particle shape, is filled
with a precursor solution (Rolland et al. 2005). Particles are
formed either by (1) exposure of the precursor in the mold
to UV light which triggers photoreaction to form the par-
ticles or (2) exposure to elevated temperatures in an oven
which trigger particle formation by other means such as a
sol—gel reaction. Without regard to the method of particle
formation, the particles are created in the size and cross-
sectional shapes of the motifs from which they are formed.
Using this approach, it is possible to synthesize particles
with sizes down to the nanometer size range with different
composition, structural features, and mechanical properties
(Merkel et al. 2010, 2012; Nunes et al. 2010). However, a
challenge of the PRINT approach to synthesizing non-
spherical particles is the bending and buckling of the
template which may limit the transfer of patterns with high-
aspect ratio (Helgeson et al. 2011). Furthermore, releasing
the particles through template dissolution and scalability is
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another source of concern with the PRINT method (Merkel
et al. 2010).

Microfluidics technology, however, provides a versatile
platform to design, model, synthesize and control particle
properties (Cederquist et al. 2010; Chung et al. 2011; Luo
et al. 2011; Tan et al. 2012) that is a competitive alternative
to the PRINT method. Using the microfluidics platform
provides an alternative route for the synthesis of a plethora
of functional materials such as polymeric particles and
their hybrids or composites, microfiber, colloidosome,
Janus particles, and anisotropic particles because it offers
the flexibility to precisely control particle shape, size,
chemical compartmentalization, and core/shell structures.
Recent reviews of the literature on this subject focused on
discussing the synthesis of organic and inorganic micro-
and nanostructures and their composites (Marre and Jensen
2010; Park et al. 2010), and the synthesis and assembly of
polymeric microparticles using lithographic processes
(Dendukuri and Doyle 2009; Helgeson et al. 2011).
Additionally, microfluidics approaches to cell encapsula-
tion in hydrogel particles and the applications for drug
delivery in cancer therapy have been discussed by Wan
(2012). Most recently, Kim et al. (2013) and Shim et al.
(2013) provided detailed reviews discussing design strate-
gies for producing functional microparticles and controlled
encapsulation and release studies using droplet microflui-
dics techniques, respectively.

In this review, recent advances in the application of
microfluidics for particle synthesis from photocrosslinkable
materials are discussed. The objective of this review is to
highlight the unique potential of microfluidics technology
to synthesize micron to nanoscale particles of unique
structural features from photocrosslinkable precursors and
discuss very recent advances as well as future prospects of
particle morphological design for specific applications.
First, the paper discusses photocrosslinkable hydrogel
precursors as the material of choice for particle synthesis
from photocrosslinkable materials. These are a class of
polymers compatible with microfluidics technology due to
their UV transparency, water solubility, and suitable free
radical polymerization reaction kinetics. Next, the types of
microfluidics devices that enable particle synthesis from
photocrosslinkable materials are described. Then, the syn-
thesis of spherical, spheroidal and two-dimensionally
extruded homogeneous polymeric particles is discussed.
Janus particles, which are multiphase particles demon-
strated as both spherical and two-dimensionally extruded,
are discussed separately. Next, the discussion expands to
composite and inorganic particles. Finally, particle
throughput is discussed, and suggestions for future research
related to investigating other synthesis materials, particle
size reduction, and applications are discussed.
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2 Photocrosslinkable materials: focus on hydrogels

Hydrogels are a cross-linked or three-dimensional network
of polymer chains that are hydrophilic and sometimes
found as a colloidal gel in which water is the dispersion
medium. They are highly absorbent and can absorb 10-20
times their molecular weight when swollen in water (Singh
et al. 2010). Specifically, however, this review discussion is
limited to the use of photocrosslinkable hydrogels because
of their fast reaction kinetics (Burdick et al. 2001; Den-
dukuri et al. 2008), water solubility, chemical compatibility
with polydimethylsiloxane (PDMS) microfluidic devices
and suitability as a host for inorganic nanoparticles. The
inorganic particles are introduced to tailor hydrogel prop-
erties (Alveroglu et al. 2013; Shepherd et al. 2006) and also
provide an indirect route to the synthesis of non-spherical
inorganic particles (Baah et al. 2013; Shepherd et al. 2008).

2.1 Hydrogels in microfluidics

Hydrogel polymers are broadly characterized into two
groups: (1) hydrogels obtained from natural sources and (2)
synthetic hydrogels obtained by polymerization reactions.
Ifkovits and Burdick (2007) and Wan (2012) compiled a
comprehensive list of natural and synthetic hydrogels
summarizing their precursors and gelation mechanisms,
cross-linking methods, as well as their advantages and
disadvantages for cell encapsulation. Such data provide
information for selecting hydrogel precursors knowing the
mode and kinetics of cross-linking, cell compatibility,
hydrophobicity, and mechanical strength of the hydrogel.
A characteristic feature of hydrogels is their provision of a
protective environment for drugs and proteins from par-
ticularly harsh environments in the area surrounding
release (Langer and Peppas 2003). As a result, hydrogels
are increasingly being developed as carriers for bioactive
and bioadhesive agents. While synthetic hydrogels are
largely inherently bio-inactive polymers, there is a growing
interest in their use in microfluidics applications for parti-
cle synthesis. Beebe et al. (2000) are, to the authors’
knowledge, the first to demonstrate microfluidics for par-
ticle synthesis to synthesize micron-scale hydrogel parti-
cles usable as micro-actuators. Subsequently, poly(ethylene
glycol) (PEG) hydrogel microstructures, attached to a
surface and on the order of 10 um, were fabricated in
microfluidics devices for potential use as biosensors and for
cell adhesion (Koh and Pishko 2003). Further, Burdick
et al. (2004) demonstrated the fabrication of hydrogel thin
films with gradients in (1) adhesive ligands that modulated
the spatial distribution of attached endothelial cells and (2)
cross-linked densities with variable water swelling poten-
tials. This spatial control over cross-link densities allows
the development of injectable materials that can deliver

cells and growth factors and, also, the fabrication of scaf-
folding materials with complex microstructures. In another
application, the fabrication of gradient poly(ethylene gly-
col) diacrylate (PEG-DA) thin films with dispersed fluo-
rescent polystyrene nanoparticles or high refractive index
TiO, nanoparticles was demonstrated using microfluidics
devices (Baah et al. 2008, 2011). These studies, though
targeted toward the fabrication of gradient materials for
optical applications, contributed to further stimulate the
idea of incorporating inorganic nanoparticles into photo-
crosslinkable precursors for the purpose of making com-
posite particles.

2.2 Free radical polymerization reaction of hydrogels

Photo-initiated free radical polymerization reactions are
important for obtaining a wide variety of polymers and
material composites. The relatively non-specific nature of
free radical polymerization interactions makes it one of the
most versatile forms of polymerization reactions available
and allows facile reactions of polymeric free radical chain
ends. Most importantly for microfluidics synthesis of parti-
cles, for example, using mono- or diacrylated poly(ethylene
glycol) in the presence of a suitable photo initiator, the rate
of the free radical polymerization reaction is on the order of
milliseconds. The fast reaction time is critical toward
enabling rapid bulk synthesis of particles. The rate of reac-
tion initiation is dependent on parameters such as the initi-
ator efficiency, initiator concentration, and light intensity.
During polymerization, the free radicals propagate through
unreacted acrylic double bonds to form long kinetic chains.
The reaction initiation rate is expressed in the equation

(2.1)

where @ is the quantum yield, f is the photo initiator
efficiency, and 1 is the light intensity. However, the overall
rate of consumption of double bonds is given by Eq. 2.2
(Burdick et al. 2001; Cowie and Arrighi 2008).

In Eq. 2.2, [M] represents the concentration of double
bonds in the precursor, k, is the propagation kinetic con-
stant, k, is the termination Kinetic constant and ¢ is the time
of polymerization. Once the reaction is initiated, free rad-
icals propagate through unreacted double bonds to increase
the kinetic chain. The rate constants change with both
monomer conversion and temperature in diffusion-con-
trolled reactions. Free radical polymerization is an exo-
thermic process, and, as the polymerization progresses, the
temperature of the reaction medium rises. It follows from
Eq. 2.2 that higher initiator concentration increases the

R: = 20f1,

(2.2)
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Fig. 1 a Representative structures of poly(ethylene glycol) diacrylate
pre-polymer and methyl methacrylate monomer commonly used as
precursors in microfluidics for particle synthesis. b Schematic photo
polymerization reaction of the poly(ethylene glycol) pre-polymer

reaction rate. As the temperature increases, the rate of
polymerization also increases with a further increase in the
amount of heat generated (Burdick et al. 2001; Fouassier
et al. 2003; Ifkovits and Burdick 2007; Nguyen and West
2002). However, the exothermic heat produced
(Q x —d[M]/dt) is detrimental to the lifespan of the mi-
crofluidics devices during particle synthesis. Figure la
shows a simple structural representation of PEG-DA and
methyl methacrylate monomers (or pre-polymers), and
Fig. 1b is a representation of the cross-linked PEG-DA
based on the studies of the network structure of UV-cured
acrylates using '"H NMR, '>C NMR, and DMA experiments
(Litvinov and Dias 2001). According to Litvinov and Dias
(2001), the nature of the cross-linked network affects not
only the macroscopic properties (e.g., mechanical proper-
ties), but also microscopic properties such as the diffusion
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Methyl methacrylate monomer

(c)

showing the network structure of the cross-linked polymer. ¢ Theo-
retical elucidation of the cross-linked network depicting simple cubic
unit cell with cyclododecane vertices

of small molecules such as nutrients for cell viability in
living biological systems, active biomolecules, and other
solutes. A physical model proposed by Wu et al. (2009)
suggested that for methyl methacrylate monomer or PEG-
DA pre-polymer (Fig. 1a), an idealized basic structural unit
consists of a simple cubic unit cell with cyclododecane
rings at the vertices (Fig. 1c). Using different cross-linking
densities (defined as the reciprocal of the degree of poly-
merization of the PEG chain, 1/n), the study found that the
diffusion coefficient of water and other small molecules
decreases with increasing cross-linking density. In Table 1
(Wu et al. 2009), a summary of the system composition and
mesh size as well as other properties of the simulated
system is shown. However, structural heterogeneities with
respect to the cross-linking density, mesh size, and percent
polymer content exist in the cross-linked network due to
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Table 1 System composition and equilibrated mesh size for varying molecular weight of PEG. The Table is adapted with permission from Wu

et al. (2009). © American Chemical Society

Pre-polymer PEGS572 PEG1000 PEG1500 PEG2000 PEG3400
N 13 23 34 45 78
Cross-linking density (1/n) % 7.69 4.35 2.94 2.22 1.28
Equilibrated water content/% 74.7 84.2 85.5 89.9 90.0
Polymer volume content/% 253 15.8 14.5 10.1 9.1

Mesh size/nm 2.28 3.14 3.64 4.47 5.49
Number of water molecules/cell 291 855 1,353 2,636 4,984
Number of cells 2x2x2 2x2x2 2x2x?2 1x1x1 1x1x1
Simulation box size/nm 4.56 6.28 7.28 4.47 5.49

n is the degree of polymerization before cross-linking

the nature and composition of the pre-polymer solution
determined by the concentrations of the precursor and
initiator as well as light attenuation.

3 Microfluidics devices

The flow of a fluid through microchannels is characterized
by the Reynolds (R,) number, arising from the non-di-
mensionalization of the Navier-Stokes equation. The
Reynolds number is defined as

_ Lvaygp
u

Re (3.1)
where L is the most relevant length scale, p is the fluid
viscosity, p is the fluid density, and v,,, is the average
velocity of the fluid (Kumacheva and Garstecki 2011). For
many microchannels, L is equal to 4A/P where A is the
cross-sectional area of the channel and P is the wetted
perimeter of the channel. Due to the small dimensions of
microchannels, the R, is much less than 100, often less than
0.1. In this Reynolds number regime, the flow is com-
pletely laminar and no turbulence occurs. Laminar flow
provides a means by which molecules can be transported in
a relatively predictable manner through the microchannels.
The laminar flow of fluids in small capillaries permits
multiple streams of solutions containing different concen-
trations to flow side-by-side without turbulence. This fluid
dynamic phenomenon is particularly important for the
distribution of solution species during synthesis using
single or multiphase solution streams in microfluidic
devices. In the past, review articles have been published in
which the applications of these devices in particle synthesis
are discussed (Dendukuri and Doyle 2009; Gokmen and Du
Prez 2012; Helgeson et al. 2011; Marre and Jensen 2010;
Park et al. 2010).

Microfluidics devices are classified into two major
groups, the first being PDMS based devices originated by
the Whitesides’ Research Group (McDonald and Whitesides

2002; Qin et al. 2010; Weng et al. 1999; Xia et al. 1999).
The PDMS elastomer possesses unique properties that make
it suitable for the fabrication of microfluidics devices. The
elastic nature allows conformal contact with glass slides and
non-planar substrates. Irreversible bonding to glass slides is
facilitated by an oxygen plasma treatment which renders the
surface of the PDMS stamp hydrophilic and reactive such
that it can form irreversible bonds with a glass substrate. The
PDMS based devices are found to be less expensive, reus-
able, and straightforward to fabricate (McDonald and
Whitesides 2002). A unique advantage of the PDMS device
is the compatibility with aqueous solvents and its transpar-
ency to UV light. However, the swelling of PDMS in non-
polar solvents is a drawback hindering its generality of
applications. Lee et al. (2003) provide a useful guide for
solvent selectivity based on solubility parameters. It is also
worthwhile to note that there have been efforts to func-
tionalize the PDMS surface to improve its solvent compat-
ibility (Abate et al. 2008). The second class of microfluidic
devices currently in use is glass systems. The Weitz
Research Group (Utada et al. 2007) is credited as the orig-
inators of the initial design and fabrication of glass-based
microfluidics devices. A drawback with the glass-based
devices is the high expertise required for their fabrication as
well as the lack of applicability to synthesizing two-
dimensionally extruded particles.

Figure 2 depicts a broad characterization of the specific
types of microfluidic devices that are currently in use for
both PDMS and glass. The PDMS devices, which are rel-
atively easy to fabricate and also construct into different
forms, are generally used to make spherical particles,
multi-phase particles (Janus particles), and two-dimen-
sionally extruded non-spherical particles whose cross-sec-
tional shapes can be varied. Glass capillaries are also used
to make spherical and multi-phase particles. Modifications
of flow parameters and solvent combinations can be used to
make particles with unique structures. For example,
Fig. 3a—d demonstrates the utility of microfluidics to syn-
thesize two-dimensionally extruded particles with different
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Fig. 2 Schematics of PDMS device
representative microfluidic

Technique Capillary device

devices currently in use:
a single, b multi-inlet, (a)
¢ t-junction, d co-flow and

e flow-focusing devices

fabricated in PDMS; f co-flow, (b)
g t-junction and / flow-focusing
devices fabricated in glass.

Single-inlet
Stop-flow

Multi-inlet
Stop-flow

c—e from Gokmen and Du Prez
(2012) with permission. © 2011
Elsevier Ltd. f~h from Utada
et al. (2007) with permission.
© 2007 Materials Research
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T-junction

Society

Co-flow

Flow

) Inner fluid
focusing

cross-sectional shapes using a single inlet PDMS device
(Baah et al. 2012; Diao et al. 2011). A homogenous pre-
cursor stream is exposed to patterned UV light to create
particles in a semi batch process. The microchannel con-
fines the particle axial dimension and creates a horizontal
plane of the fluid in which to pattern the particle cross-
section. Similarly, Fig. 3e shows the use of a multi-inlet
device to create particles of distinct structural anisotropy
labeled F1, F2 and F3 (Bong et al. 2010). Laminar flow
allows miscible streams to flow side-by-side with minimal
mixing in order to create anisotropic particles. Finally,
Fig. 3f is a demonstration of the use of a flow-focus device
to produce highly monodisperse poly (ethylene glycol)
microspheres in continuous droplet formation and in situ
photopolymerization. The authors investigated the flow
patterns for which stable droplets form at optimum flow
rates using hexadecane as the continuous phase. The
resulting microspheres showed narrow size distribution in
the range of ~45-95 pm (Choi et al. 2009).

4 Spherical polymeric particles
Microfluidics as a tool for the synthesis of spherical poly-

meric particles and their composites/hybrids is dependent on
(1) the formation of fluid droplets of the precursor and (2)

@ Springer

Outer fluid _Middle fluid

Combined
Co-flow and
Flow focusing

\Collection tube Injection tube 7

the transformation of this droplet into a gel particle usually
through photopolymerization. Thus, a liquid droplet is the
precursor to the particle formed and the physical and
chemical characteristics of the droplet are transferred to or
mimicked in the gel particle. In the words of Gokmen and
Du Prez (2012), “an ultimate control over droplet formation
is achieved by the youngest particle production technique
called Microfluidics.” Droplet formation is achieved using
T-junction, Flow-focus, Co-flow and combined Co-flow and
Flow-focusing devices shown in Fig. 2. The droplets, which
consist of the precursor reagent, are dispensed on demand
(one-by-one), into a continuous stream of flowing surfactant.
The detailed mechanics of droplet formation is beyond the
scope of this review; however, the rudiments are discussed.
The basis of emulsification of one fluid (oil) in another
(water) is the interfacial tension whose minimization favors
the formation of a spherical shape. At the microscale, the
influence of gravitational forces is neglected, and the droplet
formation and breakup in the flow are controlled in part by
the Weber number (We) which characterizes the interface
between two liquids and is expressed as

LZ
We:p d

E (4.1

where p is the mass density, ¢ is the interfacial tension,
L is a characteristic length scale, and v is the velocity. The
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Fig. 3 a Representative single
inlet device for making two- (a)
dimensionally extruded
particles by exposure of
precursor solution to patterned
UV light. The figure is adapted
from Diao et al. (2011). © 2011
American Chemical Society. b—
d represent a collection of two- pre”
dimensionally extruded
particles in hexagonal, circular,
and triangular cross-sectional
shapes formed in a single inlet

\ y . <¥AN
)
.@ Photomask

Objective

device. Image is adapted from
Baah et al. (2012). © The
Authors 2011. e Representative
multi-inlet device for making
two-dimensionally extruded
particles with structural
anisotropy. The features of the
particles are distinguished in
colors in the fluorescent

micrographs and labeled F1, F2,
and F3. The image is adapted (e)
with permission from Bong
et al. (2010). © 2010 Wiley—
VCH Verlag GmbH & KGaA.
f Representative flow-focus
device (color figure online)

Flow 1 (F1)

Flow 2 (F2)

Flow 3 (F3)

(f) droplets of PEGDA

Reynolds (Re) which expresses the relative importance of
inertial and viscous forces is given in Eq. 3.1. However, in
microchannels, the flow regimes are predominantly
laminar for which both We and Re are low (usually less
than 1) and the possibility of species mixing is only by
diffusion. A more important dimensionless parameter,
capillary number (Ca), which expresses the relative effect
of viscous forces and surface tension, represents a
combination of We and Re. The capillary number is
given by

W
_O'

Ca (4.2)
and expresses the competition between interfacial stresses
and viscous stresses. For example, in the absence of
interfacial tension between two immiscible liquids, the two
streams would flow side-by-side after meeting at a
T-Junction. However, in reality, the competing stresses
control the interface with surface tension acting to reduce
the interfacial area while the viscous stresses act to extend
and drag the interface downstream. The combined stresses
destabilize the interface and cause droplets to form. The
diameter of the droplets is directly related to the dimen-
sions of the channels from which they are formed (Chung
et al. 2011; Gu et al. 2011; Rotem et al. 2012; Xuan et al.

2010; Zeng et al. 2011). Abate and Weitz (2011) described
the drop formation physics as a “plugging/squeezing
mechanism” in which the drop size depends on the flow
rate ratio of the dispersed-to-continuous phase. Figure 4a—c
shows pictures of droplets formed in the T-junction, Flow-
focus, and Co-flow devices, respectively. The images show
that the particle size, which is dependent on the droplet
size, is related to the channel dimensions. The droplet in
Fig. 4a is stretched and on photocrosslinking will produce
particles that are oblong-shaped, whereas the droplets in
Fig. 4b, ¢ will form perfectly spherical particles. In Fig. 5d,
highly monodisperse spherical particles of poly(methyl
methacrylate) (PMMA) are formed as a result of photo-
curing droplets formed at the flow-focus junction in a
device illustrated schematically in Fig. 5a, b. Further,
Fig. 5c shows the stream of precursor droplets en route to
the region of exposure for cross-linking. The average par-
ticle size is ~ 10 um. Lin et al. (2012) developed a new,
on-demand droplet generator for selective fluid sample
extraction. In this work, the channel design (Fig. 6a) allows
a droplet to split under quasi-steady-state conditions,
thereby reducing the ultimate particle size as well as con-
trolling the amount of species to be encapsulated. In
Fig. 6a, the blue lines indicate the dispersed phase channel,
the yellow line represents the continuous phase channel,
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Fig. 4 Micrographs showing droplet formation in a T-Junction, b Flow-focus and ¢ Co-flow devices. The images are adapted with permission

from Baroud et al. (2010). © 2010 The Royal Society of Chemistry

Continuous phase

Glass capillary with a taped tip

Dispersed phase

Fig. 5 a Flow-focusing schematic, b enlargement of the droplet
formation area ¢ micrograph of a stream of particles en route to the
exit/collection area. d SEM micrograph showing highly monodisperse

and the green line is the control channel. The red square
represents the droplet generation region of the device. The
inset (Fig. 6b) provides a clearer description. The blue
arrow in the inset (Fig. 6b) shows the direction of the
dispersed phase flow. The red arrow denotes the ground
outlet flow direction. The yellow arrow indicates the flow
direction of the continuous phase and the flow direction of
the generated droplet. Figure 6¢c is a picture of what is
schematically represented in Fig. 6b. In Fig. 6d, the red
lines indicate the paths of three beads that were not
encapsulated into the formed droplet while the green lines
represent the paths of beads that were encapsulated when a
droplet is generated. The starting location of the beads is
marked with open circles. The total time taken for a single
drop to develop and break-off from the droplet junction is
approximately 48 ms. The potential of microfluidics for
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PMMA chip

particles of ~10 pm diameter. The images are used with the
permission of Dong et al. (2013). © 2013 Elsevier Ltd

producing particles of high monodispersity is limitless as
long as a system of miscible nonpolar organic solvents can
be emulsified in an aqueous phase, and vice versa (Kuehne
and Weitz 2011).

One strength of microfluidics for synthesizing particles
is the potential to precisely control properties including
dimension, shape, morphology, composition, and structural
anisotropy. For example, droplet formation in microfluidics
has been applied to the production of designer particles
(Duncanson et al. 2012; Pawar and Kretzschmar 2010;
Shah et al. 2008; Wang et al. 2010). Designer particles are
particles of specific complexities and properties designed
for a unique function. Using the microcapillary platform in
different configurations, it is possible to develop particles
for biotechnology applications in chemical sensing, cell
encapsulation, and target drug delivery agents (Giridharan
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Fig. 6 a Schematic of an on-demand droplet generation device. Inset
b The droplet generation area enlarged. ¢ optical micrograph of the
droplet formation area. d optical micrograph showing the extent of

et al. 2012; Kantak et al. 2012; Zhang et al. 2012) as well
as smart microgels (Motornov et al. 2010; Seiffert and
Weitz 2010; Seiffert et al. 2010). For example, in one
application of particles synthesized using microfluidics, the
release profile of encapsulated substances was been shown
to correlate with the particle structure and composition
(Wassen et al. 2012). Figure 7a—d shows schematics of the
use of capillary devices to design particles from droplets
using a flow-focusing capillary device. To generate drop-
lets in flow-focusing configuration, the continuous phase is
injected through an outside channel and the dispersed
phase is injected through a central channel into a narrow
orifice to create a strong extensional flow. One liquid flows
into two inlet channels surrounding a center channel con-
taining a second immiscible liquid. The two liquids are
forced to flow through a small orifice downstream. Pressure
and viscous stresses from the outer fluid force the inner
fluid into a narrow thread, which breaks downstream of the
orifice. The geometry of the junction and the flow rates as
well as the physical properties (interfacial tension and
viscosity) of both the dispersed phase and continuous phase
determine the local flow field and the eventual droplet
break-off (Abate et al. 2010; Serra and Chang 2008).
Figure 7e is a collection of optical micrographs showing
droplet(s)-in-droplet as precursors for designer particles.
The technique is used by Lee et al. (2012) to demonstrate
the generation of near-infrared (NIR)-sensitive poly(lactic-
co-glycolic acid) (PLGA) microcapsules with program-
mable release properties achieved by controlling the

maximum deformation of the dispersed phase into the main fluidic
channel. The image is adapted with permission of Lin et al. (2012).
© 2012 American Institute of Physics

morphology of the microcapsules. The PLGA microcap-
sules are designed as double emulsion droplets based on
water-in-oil-in-water (W/O/W). The inner phase (W) is
phosphate buffered saline (PBS), and the outer phase
(W) is aqueous 2 % poly(vinyl alcohol) (PVA). The middle
(O) phase consists of PLGA in a mixture of volatile organic
solvents, toluene, and chloroform. Further, gold nanorods
(AuNR) were added to the PLGA phase and the emulsion
consolidated into PLGA/AuNR nanocomposite microcap-
sules. Figure 8 shows results for the release of encapsu-
lated fluorescein-isothiocyanate (FITC)-dextran material
from PGLA/AuNR capsules in response to external stimuli.
The release experiments are performed within 3 days of
capsule preparation. It is observed from the significant
decrease in fluorescent intensity that the PLGA/AuNR
nanocomposite capsules deformed and released the
encapsulated FITC-dextran on near-infrared (NIR) expo-
sure. In this case, NIR light is used as the external stimulus
because it is minimally absorbed by body water and
hemoglobin and readily penetrates the skin. Additionally, it
is relatively simple to localize the application of NIR light
in vivo compared with other stimuli such as heat and pH. In
Fig. 8a, the application of NIR light to neat PLGA mi-
crocapsules formed using PLGA 50:50 in pure chloroform
does not induce any changes in the shape and the fluores-
cence intensity. This demonstrates the insensitivity of
PLGA capsules to NIR light. However, the AuNR/PLGA
nanocomposite microcapsules with a homogeneous shell
deformed and released encapsulated FITC-dextran after
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Fig. 7 Capillary devices in different configurations and the artist’s
rendition of potential particles that can be made in each device:
a core—shell particles, b multi-droplet core—shell particles, ¢ multi-
dissimilar droplet core—shell particles and d multi-core droplets.

NIR light exposure (Fig. 8b). Further, the fluorescence
intensity profiles of NIR light irradiated samples show that
NIR induces essentially the complete release of the
encapsulated FITC-dextran, whereas little release is
detected from PLGA microcapsules without AuNR

@ Springer

e monodisperse triple emulsions made with cascaded microcapillary
device. Both the number and size of each of the sets of inner drops
can be precisely controlled. Scale bars are 200 pm. d—e are adapted
from with permission from Shah et al. (2008). © 2008 Elsevier Ltd

(Fig. 8c, d). Kim et al. (2009) also adapted the approach of
droplet generation in microfluidics devices to fabricate
submicron particles with complex surface functionalities
using a photocurable droplet precursor. Glass capillary
devices in coaxial arrangement enabled the generation of
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graphs of FITC-dextran loaded capsules a without AuNRs and b with
AuNRs before and after 20 min NIR exposure. ¢ Average fluores-
cence intensity profiles along the lines (shown in frame b) through the

multiple monodisperse emulsion droplets. The droplets are
decorated with a hexagonal array of silica particles and
captured by rapid photopolymerization. The approach
enables the silica particles to disperse through the droplet
to the surface where they are anchored. The versatility of
droplet microfluidics for synthesizing particles with simple
to complex morphological and physical properties was
further demonstrated by Kim et al. (2008) with the syn-
thesis of monodisperse spherical photonic crystal balls
using simple and high-throughput microfluidics devices.
An index-matched precursor consisting of silica dispersed
in ethoxylated trimethylolpropane triacrylate (ETPTA)
suspension is used in a cocurrent flow system of two
coaxial microcapillaries shown in Fig. 9a. Figure 9b shows
a spherical silica-ETPTA composite photonic particle
illustrating that the constituent silica particles layer in
concentric spherical shells. The consolidated silica-ETPTA
photonic particles reflect light at frequencies dependent on
the particle size and volume fraction of the silica compo-
nent (Fig. 9d). The superiority of droplet generation mi-
crofluidics is demonstrated in applications for controlled
production of designer particles from single and double
emulsion droplets and the manipulation and variation of
experimental parameters (Jeong et al. 2012a, b).
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and graphs are adapted with permission from Lee et al. (2012). ©
2012 Wiley—VCH Verlag GmbH & Co. KGaA

5 Spheroidal polymeric particles

Spheroidal particles are particles with elliptical or platelet
shapes. The synthesis, as well as applications, of sphe-
roidal particles has been reviewed (Champion et al. 2007;
Kuijk et al. 2011; Yang et al. 2008; Yin and Xia 2001) but
is discussed here for completeness. In drug delivery,
particle size is an important parameter; however, the
shape is also critical. Decuzzi et al. (2010) reported that
discoidal particles are observed to accumulate more than
others in most of the organs but the liver, whereas
cylindrical particles are deposited to a greater extent. This
observation may support the notion that sub-micrometer
discoidal particles can be used as intravascular carriers to
maximize accumulation in the target organ, by suppress-
ing their sequestration by the liver. Particle shape affects
the transport, degradation, targeting, and internalization
of drug delivery agents. While the motion of spheroidal
particles in vessels is hindered by the shape as a result of
tumbling and alignment and especially at bifurcations,
their uptake in macrophage phagocytosis is important in
targeted delivery (Champion et al. 2007; Kohane 2007;
Mitragotri 2009). Microfluidics protocols for particle
synthesis through droplet formation provides a platform to
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Fig. 9 a Schematic illustration
for the preparation of photonic
balls of high monodispersity.

@) Water flow with surfactant

v' Flow direction

b Cross-sectional image of a
colloidal photonic ball of
diameter 53.7 pm. The ball is
composed of 1 pm silica
particles embedded in an
ETPTA matrix. ¢ Optical
microscopy images of
monodisperse silica-in-ETPTA
droplets. Scale bars b = 10 pm
and ¢ = 100 pm. This image is
reproduced with permission
from Kim et al. (2008). © 2008
Wiley—-VCH Verlag GmbH &
Co. KGaA

create particles of elongated structures which may
enhance their cellular uptake.

Droplet formation in microfluidics devices is a unique
platform toward synthesizing and controlling the structural
parameters of spheroidal particles. In Flow-focus or
T-junction capillary and PDMS devices, droplets can be
deformed or strained depending on the channel geometry
and the flow parameters. Xu et al. (2005) described mi-
crofluidics methods for producing monodisperse solid
deformed spherical (spheroidal) particles in the size range
of 20-1,000 pm. The method involves the formation of
monodisperse liquid droplets using a microfluidic device
and straining the droplets in the microchannels. The
strained droplets are then solidified by photocrosslinking.
The diameter and hence the shape of the droplets are
controlled by manipulating the flow rates of the continuous
and dispersed phases. In Fig. 10a, two immiscible liquids
A and B are flowed into a narrow orifice where the inner
liquid core breaks to release monodisperse droplets into the
outlet channel. For thermal solidification experiments, the
flow-focusing region was kept at a temperature exceeding
the gelling (or solid-liquid phase transition) temperature
(Ty). Figure 10a is a schematic of the flow-focus junction
showing droplet formation, Fig. 10b, c illustrate the full
device, Fig. 10d illustrates the formation of spherical par-
ticles, and Fig. 10e, f illustrate the formation of spheroidal
particles. When the droplet size is not constrained by the
channel, a spherical particle is produced. Otherwise, a
spheroidal particle is produced. Figure 10g—j illustrates
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particles synthesized using this approach. A similar
approach is described by Dendukuri et al. (2005) but using
a T-junction device illustrated in Fig. 11a. In this case, the
droplets are first formed at the T-junction by shearing the
photopolymer droplet, and then constraining to generate
spheroidal shapes by confinement to the microchannel
geometry. Example particles are shown in Fig. 11b, c.
Shearing the polymer phase at low shear rates produced
plug-like shapes, while disk-like shapes are obtained by
flattening droplets using microchannels of reduced height.
The approach enables the material properties of the parti-
cles to be altered using different photopolymers. Further,
the particle size and morphology can be changed by
manipulating the flow parameters of the precursor or the
channel geometry.

6 Non-spherical, two-dimensionally extruded
polymeric particles

In modern applications of micro- and nanoparticles, shape
is as important as the size of the particles. For example,
non-spherical particles have different behaviors from
spherical particles under the same hydrodynamic (Brown
et al. 2010), electric (Shum et al. 2010), and magnetic
conditions (Solomon et al. 2010). However, the synthesis
of non-spherical particles using conventional methods is
tedious and can require the use of surfactants to manipulate
crystallographic planes as well as account for surface
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Fig. 11 a A T-junction device with constrained droplets exposed to
UV downstream. b—¢ Micrographs of spheroidal particles formed
based on the extent of droplet constraint after formation. The figures

energy requirements (Tao et al. 2008). Microfluidics,
however, provides a platform to synthesize non-spherical
particles whose shapes can be predetermined, and the
technique also offers absolute control over particle size.
The Doyle Group has played a pioneering role in the
development of synthesizing non-spherical particles with
two-dimensional extrusion using microfluidics also known
as Stop-Flow Lithography (SFL). The method was previ-
ously illustrated in Fig. 3a—d. The state-of-the-art for SFL
is automated SFL using a compressed-air flow control
system (Bong et al. 2011; Dendukuri and Doyle 2009;
Dendukuri et al. 2007; Baah et al. 2012). The particle
synthesis and collection is made possible by the sponta-
neous free radical polymerization of a precursor reagent on

(Polymer dispersed phase)

d which could be accommodated in the channel, the droplet is
deformed into a e disk or f rod or ellipsoid. Optical microscopy
images of poly(tri-propylene glycol diacrylate) (TPGDA) particles:
g microspheres, h disks, c ellipsoids, and j rods. The figures are
adapted with permission from Xu et al. (2005). © 2005 Wiley—VCH
Verlag GmbH & Co. KGaA

are adapted with permission from Dendukuri et al. (2005). © 2011
American Chemical Society

exposure to UV light of appropriate wavelength. The
instant cessation of the reaction, once the UV source is
removed, ensures high resolution with respect to particle
cross-section. The permeability of PDMS devices to oxy-
gen diffusion enables the immediate termination of the
reaction which enables smooth ejection of synthesized
particles without sticking to the device wall (Dendukuri
et al. 2008). Once a photocrosslinkable precursor solution
is constituted, particles of different cross-sectional shapes,
functionality, composition, sizes, and aspect ratio can be
synthesized. Chapin et al. (2011) used this method to
synthesize encoded gel microparticles for rapid micro-
RNA profiling. Further, the synthesis of cell laden micro-
particles with square, triangular, and circular cross-sections
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Fig. 12 a High-fidelity cubic PEGDA particles of ~ 110 um edge dimension formed using Stop-Flow Lithography, b Changing the objective
magnification from 10x (a) to 20x creates high-aspect ratio particles. Image is adapted from Baah et al. (2012). © The Authors 2011

is reported by Panda et al. (2008). On post-synthesis ana-
lysis, the group found the majority of the encapsulated cells
remained viable. Figure 3a—d illustrates how SFL enables
particles to be synthesized with different cross-sectional
shape, size, and composition. Further, Fig. 12 shows how
particle size can be controlled by manipulating the mag-
nification of the objective lens used in particle synthesis. In
Fig. 12a, a 10x objective is used to synthesize particles
using a photomask with square pores. In Fig. 12b, a 20x
objective reduced the particle cross-section but the axial
dimension and cross-sectional shape remain constant by
keeping the channel depth and photomask fixed. The result
is cubic particles in Fig. 12a and high-aspect ratio tetrag-
onal particles in Fig. 12b demonstrated by simply changing
the microscope objective. Other manipulated variables to
control particle shape and size are the channel depth as
well as the pore size in the photomask. It should be noted
that one limitation of the PDMS device is solvent com-
patibility. Only polar precursor solvents work well with
PDMS whereas nonpolar solvents swell the device. To
address that shortcoming, a new device was developed
(Bong et al. 2012) which is non-PDMS based and prevents
oxygen diffusion through the device walls but has a solvent
resistant enclave that allows the use of water insoluble
precursors for particle synthesis.

Although SFL methods continue to be explored for the
synthesis of polymeric, two-dimensionally extruded parti-
cles, Jang et al. (2007) reported a related, but distinctly
different approach, Stop-Flow Interference Lithography
(SFIL). A unique advantage of this method is that it does
not necessarily make use of a patterned photo mask to
define the cross-section of the particles. Instead, light
interference can be used to define the cross-sectional shape
of the particle and the 3-dimensional structure. SFIL is a
combination of Stop Flow and Interference Lithography
methods. An added advantage is the ability to repeatedly
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flush out arrays of structured particles within seconds. The
method is similar to the SFL. method; however, in SFIL, a
microfluidic device and phase mask are both fabricated or
molded in PDMS and sealed to each other. When colli-
mated light passes through the phase mask, a complex 3D
pattern of light is created. This light pattern induces a free
radical polymerization reaction of the oligomer. Figure 13
shows a schematic of the device (a), the experimental setup
(b) and optical micrographs of representative particles (c—
d).

7 Janus and other multiphase polymeric particles

Janus particles are generally described as a type of multi-
phase particle with two opposing faces. More technically,
these are anisotropic particles with two components or
chemically distinct phases which may give rise to surface
activity and amphiphilic behavior (Jiang and Granick 2007,
Wurm and Kilbinger 2009), cell targeting, fluorescence,
and magnetic responses (Granick et al. 2009; Kaufmann
et al. 2012; Seiffert et al. 2010). Conventionally, Janus
particles are synthesized by self-assembly of block
copolymers, competitive adsorption of mixtures of
incompatible ligands, masking, droplets and pickering
emulsion, and phase separation (Lattuada and Hatton
2011). Microfluidics techniques for particle synthesis are
applicable to making two types of Janus particles; (1)
spherical Janus particles and (2) two-dimensionally extru-
ded Janus Particles. Multiphase microfluidics is rapidly
advancing the synthesis of both types of Janus particles.
For diffusion limited precursors, microemulsions formed at
T-junction, Co-flow and Flow-focus junctions in capillary
devices and laminar streams of precursors in PDMS devi-
ces can be transformed into particles with distinct phases.
Figure 14a—e shows schematics of Janus and other
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Fig. 13 a Schematic drawing of an SFIL PDMS microfluidic device
integrated with a PDMS phase mask. b experimental setup for SFIL
particle synthesis, ¢ bright field image of an array of patterned
triangular particles of side length 60 pm formed in a 600 um wide
and 30 pm tall channel, d differential interference contrast image of
triangular particles produced by SFIL shown in ¢ after they have been

multiphase particles and their particle formation in both
PDMS and capillary devices. A key requirement for suc-
cessful fabrication of Janus particles is to keep the co-
flowing streams parallel at all times. Any disturbance could
result in cross-mixing of the fluids leading to the formation
of near homogenous particles. Additionally, the interface
between the two fluids must be stable and independent of
both location and time (Chen et al. 2009). The synthesis of
spherical but anisotropic particles of Poly(/N-isopropylac-
rylamide) with dispersed ferromagnetic nanoparticles was
reported by Seiffert et al. (2010). The particles have two
distinguishable phases reflecting the composition of the
precursor reagents. Also, Yuet et al. (2009) reported the
synthesis of spherical Janus hydrogel particles, using the
flow-focus method, with super-paramagnetic properties and
chemical anisotropy. The particles are formed with a pre-
cursor constituted in PEG-DA (Mn = 700) and containing
3.6 wt% Fe,O3; nanoparticles (diameter = 9.8 nm), and
their two-dimensional self-assembly is easily reorganized

suspended in ethanol. A patterned grid-like structure formed by the
phase mask is visible on the surface of the particles and seen more
clearly in the inset SEM image. Images are adapted with permission
from Jang et al. (2007). © 2007 Wiley—VCH Verlag GmbH & Co.
KGaA

into stable chainlike microstructures under an external
magnetic field. It should be noted that the magnetic Fe,O3
nanoparticles are generated in situ. Using this method,
biphasic, gradient, or homogenous magnetic particles have
been synthesized.

SFL can also be used to synthesize Janus particles. For
example, the controlled flow of two or more precursor
streams from multiple inlets enables the fabrication of two-
dimensionally extruded Janus particles (Fig. 15a). Such
Janus particles composed of a fluorescent, graphically
encoded region, and probe-loaded regions can be used to
sensitively detect DNA oligomers in medical diagnostics
(Cederquist et al. 2010; Pregibon et al. 2006). The authors
intimated that the dot-coding pattern on the surface of the
particles could include over a million codes (Fig. 15b—d).
Figure 15e—g shows particles with a single-probe region,
multiple-probe regions, and with probe regions in a gradient
profile, respectively, synthesized by selectively labeling
monomer streams with a fluorophore. In a report by Suh
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(i uv Sourc%

Fig. 14 Tllustration of a zero, b one- and c—e two-dimensional Janus
particles. Different colors represent different components of the
particles. f i schematic of formation of droplets with ternary
structures. ii—iv Optical microscopy images of Janus particles. Bright

et al. (2012) and using SFL, Janus particles are produced in
non-spherical two-dimensionally extruded shapes. Fig-
ure 15h is a schematic illustration of a multi-inlet micro-
fluidics device for synthesis of a more complex particle
(Fig. 15i1) tagged with fluorescent codes and probes useful
for DNA profiling. The method demonstrates a combination
of particle synthesis and encoding probe incorporation into
a single process to generate biphasic or triphasic particles
with multifunctionalities and over a million unique codes.
The particles are used in multiplex fluorescence detection of
DNA oligomers with encoded particles. The method offers
a one step synthesis of particles useful for high-throughput
screening in biological analysis.

8 Composite particles

Composite particles consist of an organic matrix in which
inorganic nanoparticles are dispersed. An obvious advan-
tage of the organic—inorganic system is the possible favor-
able combination of dissimilar properties of organic and
inorganic components in one material for better perfor-
mance. Further, it is possible to incorporate magnetic,
inorganic particles in a polymer to synthesize multifunc-
tional shape and size specific magneto-composite particles
(Nunes et al. 2010). Polymer-nanocomposite particles are
applied in devices such as photodiodes, gas sensors, light
emitting diodes, optical and magnetic devices (Godovsky
2000), as well as in anticorrosive and antistatic applications
(Hema et al. 2012). Predominantly, these composite
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and dark phases are polymers of M1 and M2, respectively. v Janus
particles with ternary structures. The figures are adapted with
permission from Yang et al. (2012) with permission. © 2012 Royal
Society of Chemistry (color figure online)

particles are of spherical shape with core—shell or homog-
enous morphologies and have been synthesized using mi-
croemulsion polymerization (Chen et al. 2008; Negrete-
Herrera et al. 2006; Qiang et al. 2008). Microfluidics
technology for particle synthesis provides a means to syn-
thesize both spherical and two-dimensionally extruded
composite particles of different morphologies and sizes. In
such synthesis applications, a precursor suspension of
suitable viscosity, consisting of a base photocrosslinkable
polymer with a dispersed inorganic nanofiller is required.
In 2006, Shepherd et al. (2006) reported the synthesis of
homogeneous and Janus colloid-filled hydrogel granules.
First, a colloidal suspension of SiO, (500 nm) in acryl-
amide and N,N-methylenebisacrylamide with 2,2-dieth-
oxyacetophenone as the photoinitiator was prepared and
flowed through a flow-focus device using oil as the con-
tinuous phase. The droplets were exposed to UV after their
formation to create particles in the range of 80-95 um. In a
similar approach, the UV light can be filtered with a pat-
terned photomask and focused onto a stream of the pre-
cursor to create two-dimensionally extruded particles.
Figure 16 shows micrographs of composite particles of
nano-Si0,/PEG-DA with different cross-sectional shapes,
sizes and designs (Baah et al. 2013) synthesized using SFL.
Baah et al. (2013) also demonstrated the synthesis of nano-
Al,O3/PEG-DA particles using SFL. A patterned photo-
mask controls the cross-sectional shape, while the size is
controlled using different objective lens and channel depth
devices. For example, the size reduction from Fig. 16a, b is
achieved by switching a 10x magnification objective lens
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Fig. 15 a Schematic diagram of dot-coded particle synthesis showing
polymerization across two adjacent laminar streams to make single-
probe, half-fluorescent particles (shown in b). ¢ Diagrammatic
representation of particle features for encoding and analyte detection.
The encoding scheme shown allows the generation of 220 (1,048,576)
unique codes. d Differential interference contrast (DIC) image of
particles generated using the scheme shown in a. Overlap of
fluorescence and DIC images of e single-probe, (f, bottom) multi-

to a 20x. This resulted in a reduction in the cross-sectional
dimensions. The axial dimensions are reduced by using a
shallower channel. Similar size reductions were achieved
from Fig. 16c, d. Figure 16e, f further demonstrate the
range of two-dimensionally extruded particles that can be
synthesized with the demonstration of particles with vias.

probe, and probe-gradient (g, left) encoded particles. Shown also is a
schematic representation of multi-probe particles (f, fop) and a plot of
fluorescent intensity along the center line of a gradient particle (g,
right). Scale bars indicate 100 pym in d, f, and g and 50 um in
e. Images are adapted with permission from Pregibon et al. (2006).
h schematic diagram of the synthesis of single-probe particles. i bar-
coded particle with code 20303. Images are adapted with permission
from Yang et al. (2012). © The Royal Society of Chemistry 2012

In addition to synthesizing passive composite particles,
the synthesis of magnetic hydrogel particles (consisting of
magnetic beads dispersed in PEG-DA) has been reported
(Suh et al. 2012). The particles fabricated in two-dimen-
sional extrusion and of low aspect ratio are magnetic and
have both code and probe making them suitable for a
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Fig. 16 Scanning Electron Micrographs of composite particles
(nanosized SiO, particles dispersed in PEGDA) demonstrating size
reduction and change in shapes. b and d Are the respective reduced

multiplex assay. The ability of the particle to combine the
magnetic functionality with both coding and target capture
within the same bar-coded region was demonstrated for
microRNA detection.

Finally, when discussing synthesis of composite particles,
it is important to mention that the suitability of the inor-
ganic/organic suspension for photocrosslinking is dependent
on its index-match state. An index-matched suspension
allows UV light to pass with minimal diffraction interfer-
ence so that the photopolymer can be cross-linked. There-
fore, a limitation of this method is the reflection of UV—Vis
light due to the presence of highly refractive inorganic
material. For a direct dispersion of the inorganic nanofiller
into the base polymer, the preparation of stable precursor
requires matching the index of refraction of the particles to
that of the suspending medium. Alternatively, a precursor
can be prepared by diluting a concentrated index-matched
suspension of the nanofiller of interest (e.g., Ludox®—a
commercial dispersion of SiO, in aqueous medium). In
addition to index matching, one should consider the vis-
cosity of the precursor suspension which increases signifi-
cantly with the addition of nanoparticles.

9 Ceramic and metallic particles

The application of microfluidics technology for particle
synthesis goes beyond the synthesis of particles consisting
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sizes of a and c. Particles of square (e) and pentagonal (f) cross-
sections with square and pentagonal vias, respectively

of thermal and photocrosslinkable polymers and their
composites. For over a decade, it has been possible to
mimic the conventional sol-gel, hydrothermal, hydrolysis,
redox, and precipitation reactions and methods of particle
synthesis in microfluidic channels to generate monodis-
perse metallic and metal oxide particles (Marre and Jensen
2010; Abou-Hassan et al. 2010; Zhao et al. 2011). The
microfluidic platform offers better control over solution
dispensing and mixing leading to improved control over
nucleation and particle growth resulting in highly mono-
disperse particles of largely spherical particles. Khan et al.
(2004) suggested that for any laminar flow design of par-
ticle synthesis microreactor, high particle monodispersity is
only achievable under conditions of minimum axial dis-
persion. The group designed a segmented flow microreac-
tor (Fig. 17a) which not only ensures the production of
monodisperse particles by minimizing axial dispersion
effects, but is also a useful tool for generating kinetic data.
Wacker et al. (2012) formed particles from precursor
droplets generated at a flow-focus junction. The droplets
were generated by a laminar flow of tetraethyl orthosilicate
(TEOS)-ethanol, tagged with Fluorescein-isothiocyanate
(FITC) and ammonia-ethanol in a Fluorinert oil continuous
phase (Fig. 17b). FITC is coupled to APTES and mixed
off-chip with TEOS to yield a fluorescent silicon alkoxide
solution (SA). A hydrolyzing mixture (HM) and SA are
injected into the microfluidic chip, where they are merged
and converted into a stream of droplets in Fluorinert oil
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Fig. 17 a Photograph of segmented flow microreactor (Design 3):
L1-L4 are the liquid inlets. Adjacent is a low magnification SEM of
SiO, particles of ~540 nm in size with dispersity of 4.5 %. The
figure is adapted with permission from Khan et al. (2004). © 2004
American Chemical Society. b Procedure and apparatus for the
droplet-based synthesis of fluorescent SiO, nanoparticles. The figure
is adapted from Wacker et al. (2012). © 2012 The Royal Society of
Chemistry. ¢ Schematic illustration of stop-flow lithography (SFL)

(FC-40) by a flow-focusing nozzle. After evaporation of
the reagents, the SiO, nanoparticles are analyzed by elec-
tron microscopy. The approach, which offers excellent
control over reagent concentration and reaction time, yields
Si0, nanoparticles of ~350 nm and 3 % dispersity. This
observation is consistent with that of Yang et al. (2010)
who used the microfluidic platform to investigate size
controlled synthesis of gold nanoparticles. Notably, in a
different study, controlling reaction time and reagent con-
centration, as well as using quenching techniques, yields
three distinct crystal structures of Co nanoparticles (Song
et al. 2006).

While the methods discussed above do not involve the
use of photopolymerization, they are, nonetheless, useful
for direct preparation of spherical ceramic particles and

system, where a photocurable, index-matched silica-acrylamide
suspension is flowed through a PDMS microchannel and exposed to
UV light on stoppage. d SEM micrograph of a glassy silica microgear
fully densified at 1,150 °C for 10 h. e SEM micrograph of a porous
silicon microgear converted by a magnesiothermic reduction in the
silica microgear. The Figures are adapted from Shepherd et al. (2008).
© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

provide a basis for comparison with microfluidics methods
that use photocrosslinkable materials to indirectly synthe-
size non-spherical ceramic and metallic particles. While it
is straightforward to directly synthesize spherically shaped
ceramic particles in microfluidics reactors, the same cannot
be said of two-dimensionally extruded particles due to
constraints imposed by the particle formation reaction.
Thus, indirect methods like SFL are employed. In an early
demonstration of SFL for preparation of ceramic and
metallic particles, Shepherd et al. (2008) fabricated a
porous Si microgear using the Stop-Flow Lithography
method. In their method, as illustrated in Fig. 17c a sus-
pension of SiO, in polyethyleneimine was prepared and
then transformed into composite particles via in situ pho-
topolymerization using SFL. The composite particles were
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Fig. 18 Indirect Stop-Flow Lithography SiO, particles in square and pentagonal cross-sectional shapes with and without vias prepared by
sintering composite particles to remove binder and consolidate inorganic nanoparticles. Scale bar 100 pm

subsequently heated to 1,150 °C for approximately 10 h to
form SiO, microparticles (gears) shown in Fig. 17d. Next,
further heating of the SiO, in the presence of Mg gas
facilitated the transformation of SiO, to porous Si shown in
Fig. 17e. Additionally, Baah et al. (2013) demonstrated the
synthesis of SiO, and Al,O5 particles by first synthesizing
composite particles using SFL techniques previously
described. After synthesis, the composite particles were
heated to 600 °C to remove the polymer binder and finally
heated to 1,150 °C to consolidate the SiO, nanoparticles
and 1,450 °C to consolidate the Al,O5; nanoparticles. The
composition of the consolidated particles was confirmed
using X-ray Diffraction (XRD). The results indicated the
synthesis of Cristobalite (SiO;) and Corundum (Al,O3).
Figure 18 shows scanning electron micrographs of ceramic
SiO, particles obtained from the composite analogues
through sintering as described above. Both solid particles
and particles with single through vias have been
demonstrated.

When inorganic particles are indirectly obtained from
the composite (polymer + inorganic) particles, the final
particle size is determined by the filler loading (Baah et al.
2013). In principle, sub-micron particles could be achieved
by using very low particle loadings. The difficulty is that at
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particle loadings below 10 wt%, the particles can collapse
when sintered and therefore not retain their original shape.

10 Particle throughput

In spite of the versatility of microfluidics for particle syn-
thesis from photocrosslinkable materials, commercial
acceptance of the method is dependent on the particle
yield. Therefore, the focus of the applied research com-
munity is to engage engineering ingenuity to scale up
particle production in order to facilitate the transfer of the
technology from lab demonstration into full scale com-
mercialization. The synthesis of spherical and pseudo-
spherical particles using droplets as precursors has seen
faster progress in terms of commercialization activities
with Companies like Dolomite making tremendous pro-
gress in device and pump manufacturing. Droplet forma-
tion rates in excess of 10,000 per second have been
reported. With an array of 16 droplet generators, droplets
of 140 um in diameter are generated at rates that translate
into nearly 50 g of particles per hour (Li et al. 2009). Other
investigators have corroborated the multiplicity of droplet
generators as a means of enhancing the throughput of
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microfluidics synthesis of spherical particles (Mulligan and
Rothstein 2012).

While channel multiplicity for droplet generators is an
option for scale-up, the same cannot be said of the SFL.
SFL relies on making an array of particles per light
exposure. The size of the array is dependent on the
microscope field of view. From the authors’ experience,
achieving good particle resolution limits synthesis to a
5 x 5 particle array using an Olympus BX51 microscope.
It is important to note with spherical particles, droplets are
completely suspended in or enveloped in the solvent. In
contrast, SFL particles require the patterned light to be
focused at the fluid-device interface in order to clearly
define the particle cross-sectional shape. This potentially
deteriorates the PDMS device after several exposures at the
same spot. Consequently, this requires the exposure spot to
be moved after approximately 30 min of continuous
exposure; otherwise, the particles may stick and clog the
device. An uninterrupted synthesis will improve particle
throughput. However, in spite of the challenges, production
rates of 0.2 g per hour for 50 um particles have been
reported for SFL. (Dendukuri and Doyle 2009).

11 Summary and outlook

In this paper, microfluidics for synthesis of particles from
photocrosslinkable materials was reviewed. The paper
emphasized that hydrogels are the materials of choice
because they are water soluble and the photopolymeriza-
tion kinetics are fast. Two types of devices, PDMS and
glass capillary devices, are typically employed. Addition-
ally, two methods, one which relies on droplet formation
and another, referred to as stop-flow lithography, are pre-
ferred. Finally, a range of particles including spherical,
spheroidal, Janus, composite and metal or metal oxide have
been demonstrated.

Clearly, opportunities exist with microfluidics technol-
ogy to synthesize high-fidelity particles of uniform dis-
persion from photocrosslinkable materials. Although
throughput has been flagged as an area of improvement, the
authors consider that area applied research within the
domain of companies like Firefly Bioworks and, perhaps,
academic engineering research centers. Future fundamental
research should be concentrated in the area of SFL and
include demonstration of sub-micron particles, investiga-
tion of additional particle compositions and use of the
particles in niche applications.

Applications in the area of nanotechnology would be
enabled by the demonstration of the synthesis of custom-
made sub-micron particles using the SFL method. Such an
achievement is dependent on reduced channel dimensions,
reduced geometric feature sizes in the photomask, higher

objective magnification and lower particle loading for
metal oxide particles. The device channel depth controls
the axial dimension of the particles. Therefore, reduced
channel depths would produce particles of low axial
dimensions. The particle cross-sectional dimension is
dependent on the geometric feature size in the photomask
and objective magnification. It should be noted, however,
that, as the feature dimensions near the wavelength of
visible light, diffraction could be observed. Higher objec-
tive magnifications may complement a reduced photomask
pore size to achieve particle cross sections with sub-micron
dimensions. A possible challenge with these specifications
is that the smaller-sized particles may be difficult to sep-
arate from unreacted precursor. For the ceramic particles,
additional size reduction could be achieved by lowering the
inorganic nanoparticle loading. However, a threshold par-
ticle loading concentration needs to be established for
specific nanoparticles. Below this threshold loading, the
particle shape may not be retained. This phenomenon is
believed to be largely due to excessive void volume as the
binder is removed during the heat treatment. The long-
range inter-particle connection is too weak to hold the
structure together.

The synthesis of other inorganic particles would be
interesting as it would open opportunities for satisfying
structural application requirements. However, most of the
transition metal oxides (e.g., TiO,, ZnO, ZrO,, etc.) are
inherently UV screening and their opaque suspensions are
not compatible with SFL. It is recommended that consti-
tuting optically transparent suspensions be the priority, but
translucent solutions could also be investigated. These
suspensions are commercially available, especially those of
SIOZ and A1203

Modern applications of suspensions of colloidal parti-
cles are largely connected to the design of morphological
features for such particles. For example, (Barua et al. 2013)
investigated spherical and non-spherical micro- and nano-
particles for their specific binding interaction with cells.
Their report indicated that for specific and non-specific
uptake in three breast cancer cell lines: BT-474, SK-BR-3,
and MDA-MB-231, rod-shaped particles exhibited higher
specific uptake and lower non-specific uptake in all cells
compared with spheres. Additionally, trastuzumab-coated
rods exhibited greater inhibition of BT-474 breast cancer
cell growth in vitro to a level unattainable by soluble forms
of the antibody. These results reinforce earlier reports on
the importance of particle shape in drug delivery (Cham-
pion et al. 2007; Mitragotri 2009), and reveal unique
opportunities for particulate forms of antibodies in thera-
peutics and diagnostics.

Spherical inorganic metal oxide particles, particularly
those of SiO,, are widely investigated for their shear
thickening properties in oligomer systems (Hassan et al.
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2010; Kalman and Wagner 2009; Lee and Wagner 2003;
Raghavan and Khan 1997). This shear thickening behavior
is shown to have a contemporary practical application in
liquid body armor for ballistic protection (Decker et al.
2007; Lee et al. 2003; Li et al. 2008). Even though theo-
retical studies (Barnes 1989) have shown that non-spherical
particles are better at inducing shear thickening, the syn-
thesis of such particles is difficult with conventional
methods. However, it may be possible to use microfluidics
techniques to synthesize non-spherical particles in the
range of 100-700 nm which falls within the ideal range of
particle sizes for shear thickening (Barnes 1989). In addi-
tion to rheological studies, the particles described in this
review may have applications in other fundamental studies
that investigate the role of particle shape.
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