Open Access Article. Published on 20 January 2017. Downloaded on 11/6/2025 11:53:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

REVIEW ARTICLE

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Macroporous materials: microfluidic fabrication,

functionalization and applications

Cite this: Chem. Soc. Rev., 2017,
46, 855

Bingjie Wang,®® Pepijn Prinsen,® Huizhi Wang,© Zhishan Bai,** Hualin Wang,?

Rafael Luque® and Jin Xuan*©

Received 26th January 2015

DOI: 10.1039/c5¢cs00065¢

This article provides an up-to-date highly comprehensive overview (594 references) on the state of the

art of the synthesis and design of macroporous materials using microfluidics and their applications in

www.rsc.org/chemsocrev different fields.

1. Introduction

A number of materials fabricated by humankind are nature
inspired. Porous materials, one of the most attractive ones,
are found in sediments, pollens, etc. Both well-ordered and
low-ordered structures can lead to a wide variety of applications,
e.g. graphite used in absorptive separations. The fabrication
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of novel artificial functional porous materials often comes in
waves, impulsed by the development of novel research areas,
e.g. water treatment, drug delivery, fuel cells, etc. According to
the IUPAC defined pore dimensions, porous materials are
classified as microporous, mesoporous and macroporous struc-
tures, with the corresponding pore sizes of <2 nm, 2-50 nm
and > 50 nm, respectively.' ™ They can be applied as stationary
phases in separation science,™ resins for solid phase organic and
peptide synthesis,” ion-exchange resins,® scavengers,” enzyme
supports'® and catalysts."" Important parameters of these materials,
in view of their particular application, are: average pore size, average
particle diameter, mean effective porosity, specific surface area,
particle shape, etc. Porous materials are fabricated with a wide
range of morphologies, from simple porous spheres with a smooth
“skin’**""” to open cellular structures,'®® from dense to hollow
porous particles,"?*?! from zero dimensional spheres*** to
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one dimensional rods,"®***® from irregular structures®” to well-
designed scaffolds®®?° and so on.

Many applications require an open cellular structure with a
specific average pore size and distribution.'® In particular,
the need for hierarchical structures pleads for research in the
field of micro-manufacturing. Hierarchical structures are those
whose pores exist on different length scales from micro- to meso-
to macropores regardless of their assembly being ordered or not.
Obtaining hierarchical porosity is not a straightforward process;
often it is found that the macroporous structure collapses
during the creation of micropores or otherwise. Hierarchical
porous systems have obvious advantages over monomodal ones
for several reasons.’*™® In the first place, the hierarchy in
porosity enables the selective entrance and exit of chemicals
with different molecular dimensions while reducing the diffu-
sion limitation effects.®”” To understand this, it can be compared
with the time needed for people to arrive at work by car; no
matter the amount of available car parking areas (micropores),
people will not arrive in time when the highways (macropores)
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or the exits to parking areas (mesopores) are not well designed.
In this comparison, ‘people’ does not only refer to chemicals
but also to energy such as electric currents®® or optical signals.
A porous hierarchy facilitates the interaction with substrates of
different sizes such as small molecules, biomacromolecules
and even nanoparticles, and it allows better functionalization
of the material itself.

Among others, suspension, precipitation, dispersion and
seeded emulsion polymerization, membrane/microchannel
emulsification and microfluidics are the main techniques for the
fabrication of porous materials. Pore formation can be regarded as
a process of phase separation, either in suspension or in swelling
and polymerization. The pore size can be indirectly controlled by
regulating several parameters, for instance, the effect of the ratio of
a cross-linking monomer to porogen, the reaction temperature, the
swelling ratio of the seed polymer, etc.”*>* However, when it
comes to precise and strict control of the final morphology, the
microfluidics technique is more attractive. Flow lithography, which
combines microfluidics and photolithography, has emerged as
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a novel and efficient approach to fabricate complicated micro-
particles of equal size and specific shape in a continuous way.>*

To date, several excellent reviews on the fabrication and
applications of porous microparticles have been published
already.””*>”7° The review by Okay>” in 2000 dealt with particle
characteristics and fabrication methods of macroporous copoly-
mers, but without an in-depth discussion of applications. Serra’®
reviewed the use of microfluidic devices for the fabrication of
microparticles, focusing on the final particle morphology as a
function of the device geometry. In 2010, Kim”" reviewed the
state-of-the-art fabrication of microparticles and microcolloids
by microfluidic techniques, but with a focus on biology rather
than on more widespread applications. In 2012, Gokmen®®
published a comprehensive and complete review on porous
polymer particles including their synthesis, characterization,
functionalization and applications. However, the microfluidic
method was introduced only briefly. Besides, it was not clear
whether to compare the latter in terms of pore sizes. Testouri’>
reviewed how millifluidic techniques can be used to generate
porous solids with highly monodisperse and ordered pore
structures and how to construct a versatile lab-on-a-chip. In
summary, the existing reviews deal with different fabrication
methods of porous materials in general. The reviews that
describe the microfluidic method more in detail focus mainly
on the fabrication of spherical morphologies and their deforma-
tions, such as hemispheres or rods. However, a comprehensive
review pinpointing the fabrication of macroporous materials
using microfluidic techniques is still lacking. This review aims
to provide these insights, including their fabrication, functionali-
zation and application. Moreover, not only randomly distributed
macroporous materials are described, but also the inverse-opals
and scaffolds with well-ordered uniform macropores. Moreover,
attention is paid to materials with hierarchical porosity, as men-
tioned above. Ultimately, we outline the bottlenecks and future
developments in this particular field.
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2. Microfluidic devices

In 1998, Whitesides introduced a soft lithography technique to
design polydimethylsiloxane (PDMS) devices,”””® which enabled
to study the fluid behavior at laminar flow in narrow well-defined
channels, referred to as microfluidics today. PDMS based chips
have become popular devices for microparticle production. Never-
theless, their 2D characteristics and incompatibility with several
organic solvents limit their applications. Weitz and co-workers”®**
introduced glass capillary-based devices to transform initial 2D
microfluidic geometries into truly 3D ones. However, the fabrica-
tion of these devices can be tedious and difficult. Both types of
devices were further improved,®*®* but recently Weitz’ team
presented a novel route to coat the inner walls of PDMS devices
with glass,® reducing the complications caused by swelling. Other
studies used pure glass®® or organic polymers®”® to replace
PDMS. Serra et al.*®°" utilized a steel tee connected to the discrete
phase pipe making it possible to use capillaries instead of discrete
phase needles.””°> Two main types of microfluidic devices exist
depending on the polymerization time: (1) emulsification of liquid
monomers, immiscible with another fluid phase, polymerization
and generation of disperse droplets and (2) direct polymerization
through continuous flow photolithography.”®

2.1. Emulsification based devices

Emulsification can be carried out in PDMS devices and in
capillary devices (Fig. 1). In the PDMS devices, both continuous
and dispersed phases flow inside microchannels, while in the
capillary ones the dispersed phase is introduced by a capillary of
small dimensions inserted into the tube where the continuous
phase flows.

2.2. Flow photolithography based devices

Flow photolithography®* based devices employ a transparency
mask which can be designed with various morphologies to
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arrows point the direction of the total flow and droplet motion.
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phase

(left) PDMS and (right) glass capillary microfluidic devices. Both phases are pumped at constant rates by the use of syringe pumps. The largest
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Fig. 2 Scheme of continuous flow photolithography. Reproduced with permission from ref. 54. Copyright 2006 Nature Publishing Group.

polymerize and “print” the desired particle (Fig. 2). This technique
relies on: (1) quick polymerization avoiding random shape
deformation during irradiation and (2) oxygen permeation to
form a thin oxygen inhibition layer in the PDMS microchannel
avoiding the formation of sticky particles.

3. Fabrication methods of
macroporous particles

Macroporous polymer resins have a permanent well-defined porous
structure comprising pores in the size range of 10-10 000 A,>*%%
Their preparation methods can be divided into 2 types: synthesis
of monolithic resins and synthesis of particulate materials.>*” %%
Table 1 compares several fabrication methods.

The resins can be applied either as porous monoliths
or as porous beads."* Rigid monoliths perform better in high-
throughput separation processes and in catalytic reactions.>?%%3
Unfortunately, they suffer from high initial flow resistance and alter
ions in the breakthrough curve. In contrast, the size distribution of
particulate macroporous resins obtained by milling macroscopic
materials to form irregular particles is controlled by subsequent
fractionations.’® Though easy to fabricate, these particles
show poor packing behavior and may block the column due
to the presence of tiny secondary particles.”” Alternatively,
heterogeneous techniques such as suspension polymerization
can be practical and useful for the synthesis of microspheres
with diameters in the range of 0.1-1.5 mm and relatively broad
size distributions.">"

Suspension polymerization and seeded emulsion
polymerization'®*'% are among the most common preparation
methods. In the former, drops of a mixture of a monomer,
an initiator and an inert solvent (porogen) are dispersed in the
immiscible continuous phase aided by vibration jetting, stirring
or sonication. Often, the residual porogen is more miscible
with the monomer rather than with the polymer phase. Residual
porogens and monomers can be removed by solvent extraction
or steam distillation, while enhancing the particle porosity.
Generally, particles <200 pm are obtained with a broad range

99,102,121-123

53,55,96
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of sizes, depending on the precise control of the emulsification
process and the hindrance of droplet coalescence in the poly-
merization stage. In contrast, seeded emulsion polymerization
can render polymer particles <50 um with more narrow size
distributions. This occurs in 2 steps:***™°7 (1) quick swelling of
monodisperse latex emulsions (seeds) followed by polymeriza-
tion to solid particles and (2) removal of immiscible solvent
residues to form a porous structure. Using seed particles with a
low cross-linking degree is time-consuming, especially when
particles >100 um are envisioned. For macroporous particles
with diameter <10 pm, precipitation polymerization in organic
solvents can be used. For instance, toluene and xylene were used
as co-solvents in acetonitrile to fabricate monodisperse highly
cross-linked divinylbenzene particles.'*®

Advantages of microfluidic devices include low reagent
consumption, facile mass/heat transfer, high safety and a high
surface-area-to-volume ratio, with various outstanding features
superior to conventional approaches."**™**" Most importantly,
the size distribution of the macroporous particles obtained by
microfluidic synthesis can be controlled more precisely thanks to
the flow-focusing mechanism of monomer emulsification. Besides,
on-chip continuous polymerization prevents droplet coalescence.
Particles synthesized by microfluidic synthesis have a finer and
more ordered internal structure. However, the generation of
particles with diameters in the range of 50-100 pm employing
microfluidic methods may be more challenging; particles fab-
ricated by suspension polymerization'*> show specific surface
areas around 400 m’> g~ ' compared to only 30 m*> g~ for
particles with the same composition obtained by the micro-
fluidic technology."**

4. Microfluidic methods for the
preparation of macroporous particles
Recently, microfluidic techniques have been employed using single
setup devices (lab-on-a-chip) to produce monodisperse porous

particles.”**'** The microfluidic technique is an advanced
version of conventional suspension polymerization, where

This journal is © The Royal Society of Chemistry 2017
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Table 1 Comparison of different fabrication methods of macroporous particles

Diameter
Method of beads Minimum Fabrication
(discovery) (um) CV of beads easiness/cost Schematic illustration Ref.
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e
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(2000s) 10-1000 <1% Costly device sscse v E’:‘}E“‘“‘“’ 116 and 120

monomer droplets are formed one by one in a controlled and
reproducible manner. In general, droplet fabrication between 2
immiscible liquid phases can be obtained by various setups
such as T-junction (also known as cross-flow'*?), flow focusing
or co-flow geometries.® By a precise selection of the discrete

This journal is © The Royal Society of Chemistry 2017

4 BDK

polymerization
[

B & N
Water phase 2
— 4

Oil phase 2

phase, various morphologies can be obtained including non-
porous particles,'*® capsules’*® and porous particles.?®'2%133:134
According to the pore formation mechanism, microfluidic methods
are divided into 5 methods (Fig. 3): polymerization with/without
porogens, sacrificial template, flow reaction, self-assembly and
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Fig. 3 Schematic representation of microfluidic pore formation mechanisms of macroporous particles.

Table 2 Detailed comparison between the 5 microfluidic-based porous particle fabrication methods

Microfluidic-based porous
particle fabrication

methods Merits

Demerits

Applicability

Polymerization
with porogens

Wide universality
Wide variety of porogens

Need post-processing to obtain
a porous structure

Radially “opened” macroporous particles
with regular shape

Pores’ random distribution
Unmanageable pore size

Polymerization
without porogens

Without post-processing

For specific phase component
Pores’ random distribution

Radially “skin” or “opened” macroporous
particles with regular shape

Unmanageable pore size

Sacrificial templates Excellent pore shape
Uniform pore size

Flow reaction High porosity

Complicated process

For specific phase component
and reaction

Ordered or radially hierarchical porous
particles with regular or irregular shape
Radially “skin” or “opened” macroporous
particles with regular shape

Unstable pores’ formation

Self-assembling High porosity Unmanageable particle shape Radially “opened” macroporous particles
Pores’ random distribution with regular or irregular shape
Unmanageable pore size
Flow photolithography Customized particle shape High cost of designed Customized ordered or hierarchical porous
Customized pore shape photomask particles with regular or irregular shape
and distribution Low-yield

flow lithography. Besides, a detailed comparison between the
different microfluidic-based porous particle fabrication methods
is included (Table 2).

4.1.

4.1.1. “Skin” or “closed” macroporous particles. “Skin”
particles, also denominated ‘“‘closed” macroporous particles,
are microparticles with pores having their interior area
mostly hindered. These morphologies can be obtained by
varying the monomer composition, the chemical reagent
dosage, the conditions (reaction time, temperature, etc.)
and the pore-formation mechanism (porogens, chemical reaction,
self-assembly, etc.). However, some molecules with certain
dimensions can permeate this skin and reach the interior of
the beads.'> '>*"13%137 purther classification is addressed in
this review: smooth “‘skin” microspheres and golf-ball-shaped
microparticles.

Radially macroporous particles

860 | Chem. Soc. Rev., 2017, 46, 855-914

4.1.1.1. Smooth ‘“skin’’ spheres. Smooth “skin’’ spheres have
their surface covered with a thin dense layer with some small
pores, if any. Ford et al." reported the formation of a dense and
smooth layer when using (chloromethyl) styrene and divinyl-
benzene added in 4-methyl-2-pentanol. Detailed mechanistic
information on particle formation lacked in the study. Pelzbauer
et al™® fabricated a similar architecture on the surface of
poly(glycidyl dimethacrylate-ethylene methacrylate) macro-
porous particles when cyclohexanol or cyclohexanol-dodecanol
was added as a porogen. They discovered that the formation
of the smooth “skin” can be suppressed by tuning the poly-
mer composition. Dubinsky et al.'” synthesized poly(glycidyl
methacrylate-ethylene dimethacrylate) (poly(GMA-EGDMA))
droplets using dioctyl phthalate (DOP), diisodecyl phthalate
(DDP) and their mixtures as porogens. Subsequently, the droplets
were exposed to UV-irradiation for 60 s on-chip and 180 s off-chip

after polymerization. Then, the porogen liquids were removed

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 SEM images of (a and c) surface and (b and d) internal structure of
“skin” macroporous poly(GMA-EGDMA) particles, synthesized in the
presence of (a and b) DBP/DOP 1:1 (v/v) and (c and d) DOP (0.5 wt%
Triton X-100). Reproduced with permission from ref. 17. Copyright 2009
American Chemical Society.

by washing microparticles with methanol and acetone. They
observed smooth ‘“skinned” surfaces and had some control
over the internal particle structure (Fig. 4).

The employment of porogens leads to porosity development,
but it imposes an extra step for the removal of these agents.
Watanabe et al."*® reported the controlled preparation of poly-
electrolyte particles in the 10-100 um range through selective
solvent extraction in a cross-flow microfluidic device. Mixtures of
poly(styrene sulfonate) and water (dispersed phase) were introduced
into the T-junction to form plugs in hexadecane (continuous phase).
Subsequently, the obtained plugs were introduced into methyl ethyl
ketone which is miscible with hexadecane and water but not with
poly(styrene sulfonate) in a flow-focusing microchannel (in situ
precipitation) or in a prepared vessel (ex situ precipitation) (Fig. 5a
and b). Smooth “skin” macroporous particles were obtained (Fig. 5¢)
with a gradient internal porous structure (Fig. 5d).

18,138

q In-situ precipitation

Carrier phase

Emulsion

Polymer / Solvent
b Non-solvent

ex-situ precipitation

Carrier phase =———> E—
Emulsion
@

Polymer / Solvent

Non-solvent

Fig. 5 (left) Ilustration of (a) in situ and (b) ex situ preparation via
microfluidic emulsification, precipitation and solvent extraction. (right)
SEM images of the (c) smooth “skin” surface and (d) internal structure.
Reproduced with permission from ref. 139. Copyright 2014 American
Chemical Society.
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Fig. 6 SEM images of (a) broken porous microparticles with a smooth
surface and internal porous structure, (b) hemispherical microparticles,
(c) triangular microparticles with an inclined side wall and (d) stellate micro-
particles with a curved surface. Scale bars are 1 pm (a) and 10 pm (b—d).
Reproduced with permission from ref. 140. Copyright 2014 Wiley-VCH.

Besides, Sim et al.**° fabricated microparticles whose top or
side surface was not flat but curved, such as circular, square,
triangular and stellate microdisks (Fig. 6a-d), by introducing a
novel double-layered PDMS microfluidic device, combining
conventional photolithography and multilayer soft-lithography
(microfluidic molding). Two straight control channels, used for
pneumatic actuation of the membrane to mold and release the
particles, were situated on the top layer while a T-junction channel,
used for suspension flow, was integrated in the bottom layer.
Interestingly, by controlling the pressurization in the top channel,
the membrane was either deformed to confine the suspension into
the designed shape and then polymerized by UV-irradiation or
recovered to the original shape by releasing the obtained particles.
Finally, microparticles could exit through the bottom channel.

The cycle of molding, polymerization and particle release
could only be achieved by pneumatic force in the microfluidic
device. By introducing a photo curable suspension of silica
nanoparticles in the microfluidic molding process and sub-
sequent selective wet-etching of the silica nanoparticles with a
HF solution, a polymerized matrix with regular pores and
structural colors was obtained.

Unlike the works of Pelzbauer et al.'* and Dubinsky et al.'”
in which porogens were used to obtain closed macroporous
particles, more recently, Udoh et al."** employed a microfluidic
solvent extraction approach to prepare “skin” polymer particles
(Fig. 7). At the same time, they also deeply investigated the
effect of polymer solution thermodynamics in the particle
fabrication process by comparing two different non-solvents
(ethyl acetate (EA) and methyl ethyl ketone (MEK)) in the extrac-
tion of a polymer/solvent (NaPPS/H,0) system. The outstanding
control of particle size and closed porous structure verified that
the solvent extraction method is more convenient than ones
that need conventional porogens or a complex post-processing
process.
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Fig. 7 SEM images of (A and E) external surface and (B—D and F—H) cross
sections of “skin” polymer particles obtained by extraction in MEK and EA.
(A,C,Eand Q) CNaPSS;f:O =3.5wt%, (Band F) CNaPSS;t=O =1.0wt%, (D and H)
Cnapss:t=0 = 10 wt%. Reproduced with permission from ref. 141. Copyright
2016 American Chemical Society.

4.1.1.2. Golf-ball-shaped particles. Golf-ball-shaped micro-
particles'*>™** show dimple surface patterns or internal pore
structures and therefore have larger surface areas than smooth
microparticles. Therefore they improve the adhesion and pro-
long the distance of flight by reducing the air drag force.**>™*
Conventional fabrication methods include:'>'431497154 (1)
seeded dispersion/emulsion polymerization and (2) emulsion
stabilization using small colloidal particles. However, the former
techniques cannot be applied in biological systems (toxicity) and
the latter one lacks precise control of the particle internal
architecture. Microfluidic methods have emerged as a versatile
alternative for this type of microparticles. Kim et al'>® used
photocurable suspended droplets containing colloidal silica
nanoparticles. The surface of these monodisperse emulsion
droplets, obtained from 2 coaxial glass capillaries with different
diameters,">® was decorated with a hexagonal array of silica particles.
After UV-irradiation for 1 s, raspberry-like microparticles>**>”
were obtained and transformed to golf-ball-shaped structures
(Fig. 8) by etching away the silica nanoparticles on the surface
of the raspberry-like microparticles using either 1 wt% NaOH
or 5 wt% HF.

Particle horing 1%’

Fig. 8 (a) lllustration of the fabrication steps of golf-ball-shaped micro-
particles. SEM images including close-up of microparticles with arrays of
235 nm silica nanoparticles (b) before and (c) after the wet etching process.
Scale bars in (b) and (c) are 20 pum, while 1 pm in close-up images.
Reproduced with permission from ref. 155. Copyright 2009 IOP Publishing
Ltd and Deutsche Physikalische Gesellschaft.
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Fig. 9 (a) lllustration of patterned polymeric domes, (b) SEM image of a
single polymeric dome, including magnification of the porous surface
morphology. Scale bar is 100 pm. Reproduced with permission from
ref. 158. Copyright 2009 Wiley-VCH.

In the same year, Kim et al.*>® adapted the technique for the

controlled fabrication of hemispherical golf-ball-shaped struc-
tures or so-called photonic domes by using photocurable emul-
sion droplets as templates.">® The patterned polymeric domes
(Fig. 9) were prepared in 3 steps: (1) fabrication of ethoxylated
trimethylolpropane triacrylate (ETPTA) droplets containing a high
load of silica nanoparticles, (2) UV-irradiation of droplets for 10 s
inducing polymerization and (3) selective removal of silica nano-
particles on the surface by a HF solution."”*'* Kim et al.*®® added a
post-treatment of these golf-ball-shaped microparticles by reactive
ion etching with sulfur hexafluoride resulting in microparticles
composed of super hydrophobic and hydrophilic surfaces.

Hwangbo et al.*®" proposed a novel method to obtain micro-
particles with both a golf-ball-shaped surface and an internal
porous structure using various polymers in a one-pot method
(no post-treatment), similar to the breath figure method."*® In
their fabrication process, an inert organic volatile phase change
material (PCM) was employed, e.g. dichloromethane (DCM).
Dimple patterns were created already in the first stage by fast
DCM evaporation (Fig. 10a).

Along with DCM evaporation, phase separation between the
polymer and PCM led to PCM droplet formation inside the oil
droplets. The particle solidification process was accompanied
by volume shrinkage. Eventually, surface dimples formed
on the PCM surface covering the oil phase droplet, while the
PCM inside the oil phase droplet contributed to form a closed
porous structure. Soft stirring of the aqueous medium before
surface solidification generated smaller and more even dimples.
Interestingly, the SEM images (Fig. 10b—g) showed that the golf-
ball-shaped microparticles exhibited a dimple surface pattern
with no pores using amorphous polymers (PSf and PDLA), while
the ones obtained with semi-crystalline polymers (PLLA and
PCL) contain surface pores.

Based on Hwangbo et al.’s work, Lee et al. > could enhance the
diameter of the surface dimples (thereby lowering the specific
number of dimples) by increasing the PCM to PLGA ratio in the
same tube-type microfluidic device (Fig. 11). A subsequent study
found that because of this unique structure, active agents can be
released faster from surface dimples than from interior dimples,
which opened routes for drug release strategies. Compared to
hollow and open porous microparticles, golf-ball-shaped ones
can avoid interference from the external environment with the
internal encapsulated material.
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Fig. 10 (a) Illustration of golf-ball-shaped microparticle fabrication. SEM
images of the surface (up) and internal structure (down) using (b) poly(p.L-
lactide-co-glycolide) (PLGA), (c) poly(methyl methacrylate) (PMMA),
(d) polysulfone (PSf), (e) poly(o.L-lactide) (PDLA), (f) poly(L-lactide) (PLLA)
and (g) poly(e-caprolactone) (PCL). Scale bars are 50 um (b, down), 100 pm
(b, up and c¢) and 200 um (d—qg). Reproduced with permission from ref. 161.
Copyright 2011 The Royal Society of Chemistry.

4.1.2. “Opened” macroporous particles. “Opened’” macro-
porous microparticles have macropores distributed not only on
their surface, but also in their interior. Besides, the internal
and external pores are interconnected, which facilitates rapid
mass/energy exchange between external media and the polymer
matrix. Generally, the fabrication of these particles in micro-
fluidic devices is based on 4 methods: (1) simple polymerization
with or without porogens, (2) phase emulsions as templates, (3)
flow reactions under specific conditions and (4) nano- or micro-
particle self-assembly.!”"19133:134,156,163-172 Thege macroporous
particles can show a microsphere morphology or an irregular
microstructure.

4.1.2.1. Macroporous spheres. Polymeric cryogels, which are
sponge-like materials with a super macroporous structure, are
of interest as new chromatographic supports, cell scaffolds and
drug carriers in biological and biomedical areas. In general, the
matrices of the gels are prepared in the form of monoliths by
polymerization under cryogenic conditions. Alternatively, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 SEM images of golf-ball-shaped microparticles with PLGA : PCM
ratios of (@) 9:1, (b) 8:2, (c) 7:3 and (d) 6: 4. Reproduced with permission
from ref. 162. Copyright 2014 American Chemical Society.

cryogels can be produced in the form of suitable adsorbent
microspheres. Yun et al'®® provided a novel approach by
combining the microchannel flow focusing technique with cryo-
polymerization for the preparation of polyacrylamide-based gel
microspheres with narrow particle size distribution (Fig. 12).

Dubinsky et al."*® reported a semi-continuous photo-initiated
microfluidic synthesis method of macroporous polymer micro-
spheres in the size range of 10-100 pm with narrow size
distribution. Monodisperse droplets were obtained with different
compositions by employing different porogens: diethyl phthalate
(DEP), diisobutyl phthalate (DBP), dioctyl phthalate (DOP) and
diisodecyl phthalate (DDP), followed by UV-induced polymeriza-
tion and washing with methanol and acetone for porogen
removal (Fig. 13). The surface of the microspheres had a well-
defined and interconnected porous structure, depending on the
type of porogen used. The mean particle diameter increased in
the order DEP < DBP < DOP < DDP, while the specific surface
area decreased in the same order. Dubinsky et al'” added
variations to this preparation method by applying not only
different porogens, but also their mixtures. Fig. 14 shows the
surface morphology and the internal structure of macroporous
poly(GMA-EGDMA) particles using a DBP: DOP (3: 1 v/v) mixture
as a porogen. Interestingly, the interconnected morphology
remained, but the surface morphology changed to porous or
smooth. Additionally, they built a map (Fig. 15) demonstrating
the relationship between the solubility parameter and the inter-
facial tension “map”, which predicts the surface morphology as
a function of the monomer and porogen.

Kim et al.'®® introduced a two-step method composed of
photopolymerization and wet etching for the synthesis of
porous photonic spheres in a co-flow capillary device (Fig. 16a).
Interestingly, the pores packed on the outer layer showed well-
ordered arrays, while near the core the structure became less
ordered due to the high curvature. By tuning the diameters of
the embedded silica particles from 145 to 152 and 190 nm, the
emulsion droplets exhibited different colors from blue to green
and red, opening potential application in optical research.
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(a) lllustration of the cryo-polymerization process for the synthesis of macroporous microspheres. SEM images of (b) surface morphology and (c)

internal structure. Scale bars are 500 um (b) and 50 pm (c), respectively. Reproduced with permission from ref. 168. Copyright 2012 Elsevier B.V.

Fig. 13 SEM images of surface morphology of macroporous micro-
spheres prepared with (a) DEP, (b) DBP, (c) DOP and (d) DDP as porogens.
Scale bar is 500 nm. Reproduced with permission from ref. 133. Copyright
2008 American Chemical Society.

Fig. 14 SEM images of the (a) internal structure and (b) surface morphol-
ogy of macroporous microbeads, generated with mixtures of DBP: DOP
3:1 (v/v). Reproduced with permission from ref. 17. Copyright 2009
American Chemical Society.

The introduction of porosity in microbeads requires poro-
gens which are emulsified with other microbead components

864 | Chem. Soc. Rev., 2017, 46, 855-914
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Fig. 15 Map of interfacial tension (y) and solubility parameter (9) of porogens
using a 2.5 wt% aqueous solution as the continuous phase and different
porogen solvent compositions as the dispersed phase. Reproduced with
permission from ref. 17. Copyright 2009 American Chemical Society.

during the synthesis. To produce the pores effectively, porogens
must be removed in a second leaching process, which requires
harsh conditions. Therefore, the removal may be assisted by
taking away the encapsulated active compounds also.'”*"”* This
limitation can be overcome by using new miscible porogens or
new synthesis strategies, like those that employ permanent geo-
metric templates or scaffolds to avoid the leaching step.'”>™"”
Duncanson et al.'® introduced a self-assembling perfluorinated-
dendrimer-dye complex as a novel pore forming agent to generate
monodisperse macroporous microspheres (Fig. 17) in a micro-
fluidic flow-focusing device (FFD). After removing the organic
solvent, residual water and gas were released from the micro-
spheres under vacuum conditions followed by further drying
and solidification of the droplets. The porogen not only acted

This journal is © The Royal Society of Chemistry 2017
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Fig. 16 (a) lllustration of uniform droplets generated in the microfluidic
device. SEM images of (b) whole photonic sphere embedded with 165 nm
silica particles and (c) porous surface of the sphere. Reproduced with
permission from ref. 156. Copyright 2008 Wiley-VCH.

Fig. 17 SEM micrographs of macroporous microspheres made by
using the (a) [G 1.5]-dye complex and (b) [G 3.5]-dye complex. Repro-
duced with permission from ref. 169. Copyright 2012 The Royal Society
of Chemistry.
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as a pore formation agent, but also played a role as a carrier for
additional active materials. It encapsulated efficiently active
materials avoiding their disruptive removal. These microbeads
could be applied in liquid-gas mixtures.

Jiang et al.'’® created a new type of discrete immunebeads
using microfluidic microspheres. Three interesting features
are associated with their synthesis route: (1) SR454 serving
as a trivinyl cross-linker increased the pore dimensions and
therefore enhanced the transport and exchange of biomolecules,
(2) decyl alcohol was adopted as a safer porogen rather than
conventional phthalate plasticizers, without compromising
the precise control of the final pore morphology and (3) the
microfluidic apparatus was simple and cheap compared to
conventional ones.””'”*'®® The immune active ligands were
first decorated on the porous surface followed by macropore
formation (Fig. 18a). The proteins (anti-IgG) were anchored on
the porous surface with 2 separate processing routes, using
either glutaraldehyde (GLU) or N-gamma-maleimido-butyryloxy-
succinimide (GMBS). In the former, the GMA surface epoxides
were reacted first with ethylenediamine and then consented
with GLU through aldehyde-amine interaction (Fig. 18b).'®!
The remaining free aldehyde group on GLU was then reacted
with IgG primary amines to decorate the antibodies on the
polymer surface.'®* Some interference was observed due to
background fluorescence and unsaturated imine formation.
In the GMBS procedure, a thiol group was first grafted onto the
monolith via epoxide-cysteamine reaction. Subsequently, GMBS
was anchored on the newly formed thiol group, by reacting
with the GMBS maleimide terminus. The auto fluorescence
interference was repressed in this procedure. As a result, the
microspheres grafted with bioactive proteins gradually evolved
to discrete immune sensor elements.

0
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Illustration of (a) macroporous microsphere fabrication and surface modification for ligand anchoring, (b) GMBS and GLU approaches for

anchoring an antibody on the polymer surface and (c) optical image of the macroporous microspheres. SEM images of the (d) whole microsphere, (e)
macroporous surface and (f) cleaved microspheres showing a uniform and cellular structure throughout the whole particle. Reproduced with permission

from ref. 178. Copyright 2012 Elsevier Ltd.
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Fig. 19 SEM images of macroporous poly(HEMA-MMA) microspheres with PVP/(HEMA + MMA) wt% of (a) 3%, (b) 5% and (c) 7%. Scale bar is 20 pm.

Reproduced with permission from ref. 18. Copyright 2009 Elsevier Inc.

Emulsion templating is among the most convenient and
commonly used macroporous microparticle fabrication methods.
By fabricating monomer-comprised single emulsions as templates
in a microfluidic device, with appropriate initiators and different
types of porogens, microspheres can be controllably prepared
with a monodisperse and highly interconnected structure. Zhang
et al.'® proposed a novel and simple method to prepare mono-
disperse poly(HEMA-MMA) microbeads with macroporous
structures, using oil-in-water (O/W) emulsions as templates with
2,2-dimethoxy-2-phenylacetophenone as a photo-initiator and
poly(vinyl pyrrolidone) (PVP) as a porogen in a flow-focusing
capillary microfluidic device.®'*** The microbeads showed slow
biodegradability, increased chemical stability due to their poly-
meric 3D networks (formed after free radical co-polymerization
of MMA with 2-hydroxyethyl methacrylate (HEMA))'®* and high
specific surface area. SEM images (Fig. 19) illustrate that upon
altering the [PVP)/([HEMA] + [MMA]) mass ratio, the final morphol-
ogy of microspheres varied significantly. Remarkably, the mechan-
ical strength decreases with increasing contents of PVP.

High-internal-phase emulsion (HIPE) is another emulsion
templating method,'®"*® where the volume fraction of the dis-
persed phase exceeds the 0.74 threshold value for monodisperse
emulsions and can reach up to 0.99. PolyHIPE beads contain
larger cavities within an average size range of 10-100 pm. These
cavities are interconnected by a series of smaller pores that enable
them to communicate with the adjacent ones. For their fabrica-
tion, first water, an initiator and a salt were mixed together for the
formation of the interior phase. Then, this interior phase was
mixed with the organic phase and an emulsifier to constitute
a water-in-oil (W/O) HIPE. Finally, after polymerization of the
continuous phase and removal of the aqueous droplets, porous
particles with spherical geometry were obtained'**** under
controlled conditions. Gokmen et al'®'>'*® also fabricated
poly(HIPE) microspheres using a microfluidic approach. Both
dimension and morphology of the microspheres were precisely
controlled. The obtained beads showed significantly smaller pore
diameter, even down to 15 pm (Fig. 20). A post-modification
was also demonstrated to modify the chemical functionality of
the internal structure.

Double emulsions such as water-in-oil-in-water (W-O-W)
and oil-in-water-in-oil (O-W-0O) are complex colloidal systems, where
dispersed droplets contain smaller droplets. They are potential
devices to encapsulate active substances, e.g. cosmetics,®”
drugs,'*® 2% living cells,>®* and food supplements.??*2%

866 | Chem. Soc. Rev., 2017, 46, 855-914
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Fig. 20 (a) Optical microscopy images of porous poly(HIPE) beads. SEM
images of (b) whole microspheres, (c) surface of a microsphere and (d)
inner structure of the microspheres. Reproduced with permission from
ref. 19. Copyright 2009 American Chemical Society.

Stable double emulsions can be fabricated in fluidic devices based
on microchannels, both in PDMS devices and in capillaries.
Two-step droplet break-up at the T-junction®**?°* and hydro-
dynamic flow focusing”®'**?°%*%7 were the common setups used.
The double emulsions often rendered excellent characteristics,
such as uniformity in terms of diameter, shape, wall thickness
and the number of encapsulated droplets. Moreover, simple
fluidic devices constructed from glass capillary tubes, needles
and PVC tubes were also developed for this purpose.'®®?°>'°
Choi et al.'” introduced a fluidic device with one extra fluid
channel in the above described system (3 flow channels totally),
yielding uniform double emulsions (Fig. 21a). In this W-O-W
system, both the W-O emulsion obtained in the first step and
the W-O-W emulsion obtained after the second step were
prepared in a dripping mode, leading to more uniform dimen-
sions than those obtained in a jetting mode.?***'> The W-O-W
emulsion droplets evolved gradually to large interconnected
pores (Fig. 21b and c). This method was employed in numerous
Studies‘192,2137215

Jeong et al."”® created photo- and thermoresponsive macro-
porous core-shell spheres with reversible membrane permeability

This journal is © The Royal Society of Chemistry 2017
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Fig. 21 (a) Illustration of the microfluidic apparatus for W-O-W emulsions.
SEM images of (b) the porous surface including a close-up (scale bar is 5 um)
and (c) the cross-sections and the internal structure of PLGA microbeads.
Reproduced with permission from ref. 175. Copyright 2009 Wiley-VCH.

using a simple microfluidic device (Fig. 22). Highly uniform
W-0O-W double emulsion droplets with an aqueous core and
interconnected porous shell were generated as templates, whose
outer layer is then covered with an ethyl cellulose membrane
with densely packed poly(N-isopropylacrylamide) (pNIPAAm)
nanoparticles containing gold rods, which endowed the macro-
porous spheres with thermoresponsivity. The size of the pores
was in the range of submicrometers to several micrometers. The
ethyl cellulose membrane aided in the mechanical strength and
was hardly affected by light, heat and chemicals. Interestingly,
the permeability of the pNIPAAm nanoparticle embedded

Biocompatible shell : ethylcellulose

PNIPAAm particle containing
gold nanorods

Fig. 22
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membrane was regulated by temperature, as a function of its
phase transition behavior. When the temperature was raised
beyond a certain value, the microspheres shrunk and start to
allow much bigger molecules to pass through. This feature
would not be achieved without the gold nanorods on the
microspheres. By using near-infra-red (NIR) irradiation, the
reversible membrane permeability could be remote controlled.

Next to single and double emulsion templates, a three
phase emulsion was used by Wan et al."** to produce porous
polyacrylamide microspheres. The emulsion consisted of gas,
water and oil, applied in flow focusing or T-junction devices,
FFD (Fig. 23a) and FFT (Fig. 23b), respectively. Individual gas
bubbles were encapsulated by monodisperse photopolymerizable
acrylamide (AAm) aqueous droplets (Fig. 23c). After UV-irradiation,
these droplets gradually evolved to highly porous microspheres.
The gas pressure played a major role in the droplet size in the FFT
device, but it was only marginally affected in the DFF device.

The formation of macropores by reaction between reagents,
e.g. thiol-ene and thiol-yne reactions,”’®>'” has become an
attractive alternative because it omits tedious templates and
porogen removal procedures. Prasath et al'®' presented a
method to apply thiol-ene and thiol-yne reactions followed by
UV-induced polymerization in a simple co-flow capillary device
as a one-step preparation procedure of macroporous micro-
spheres containing different functional groups with different
morphologies (Fig. 24). Li et al>'® improved this strategy by
two reactions occurring successively in a single droplet: an
exothermic free radical polymerization of an acrylate monomer
followed by an endothermic polycondensation with a urethane
oligomer, activated by the heat generated from the first reaction.
As a result, an interpenetrating polymer network is obtained
within the macroporous structure.

As a variation of this method, Gong et al.*®* prepared porous
beads via simultaneous reactions within a single droplet
in a microfluidic FFD. Monodisperse droplets, containing a
H,0, solution, were fabricated with several precursors: NOA 61

l. 16

Illustration of (a) the fabrication and (b) the structure of macroporous core—shell pNIPAAM microspheres with the corresponding SEM images of

(c and d) porous surface and (e and f) cross-sections. Reproduced with permission from ref. 170. Copyright 2013 American Chemical Society.

This journal is © The Royal Society of Chemistry 2017
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Fig. 23

Illustration of the (a) DFF and (b) FFT microchannel geometry of the microfluidic apparatus and (c) optical image of microspheres from three-

phase emulsions (scale bar is 50 pum). Reproduced with permission from ref. 134. Copyright 2008 Wiley-VCH.

100 pm

Fig. 24 SEM images of (al-d1) whole microparticles and (a2—-d2) surface morphology of macroporous microparticles generated from the “thiol-ene”
formation of (al and a2) TT/(DAP + AA)* (bl and b2) TT/(DAP + AA)P, (c1 and c2) TT/PTEP and (d1 and d2) (TT + MA)/TTTP. SEM images of (el and f1) whole
microparticles and (e2 and f2) relative surface morphology from the “thiol—yne” formation of (el and e2) TT/(OY + PA)® and (f1 and f2) TT/(QOY + DPPD)F.
Reproduced with permission from ref. 164. Copyright 2010 The Royal Society of Chemistry.

(a mixture of trimethylolpropane diallyl ether, isophorone
diisocyanate ester, trimethylolpropane tris thiol and a benzo-
phenone photo-initiator),>'*>*> EGDMA or tripropylene glycol
diacrylate (TPGDA)."*”*** The droplets were further encapsulated
in the outer phase (either liquid paraffin for NOA 61 or silicon oil
for EGDMA and TPGDA) and exposed to UV-irradiation until the
desired number of cores was generated. The UV-light and/or heat
induced the polymerization of the shell and the decomposition
of H,0,, and the precursors were solidified while oxygen and
water vapor (after further heating) were released through the
shell creating a porous structure (Fig. 25). These porous micro-
spheres had a pore dimension in the range of 1-100 pm and a
maximum internal void volume fraction up to 70%, similar to
the HIPE microbeads.

The microfluidic technology provides a method to precisely
control the fabrication of porous beads. However, microfluidic
devices are often limited in channel size and therefore compli-
cations may arise when materials are difficult to solidify, e.g.
when they are light/heat sensitive or absorb light too strongly.
Photopolymerization or photo cross-linking can help the pre-
cursors to react and solidify more rapidly. Superparamagnetic
porous microbeads can be subjected to an external magnetic

868 | Chem. Soc. Rev., 2017, 46, 855-914
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Fig. 25 (a) llustration of the structural evolution from emulsion to
macroporous microspheres. SEM images of (b and c) polyTPGDA micro-
spheres and (d) cross-section of polyNOA microspheres. Scale bar is
50 pm (c). Reproduced with permission from ref. 163. Copyright 2009
American Chemical Society.

field to simplify the particle separation process.***>*® Moreover,
particles can be selected on the basis of size and magnetic
susceptibility in miniaturized on-chip systems.>”” They are fabri-
cated with porogens or double emulsions in microfluidic channels
with good control over size and distribution,'”8:133,134,163,228
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Fig. 26 SEM images of the internal structure of the macroporous microbeads collected in (a) O, (b) 25, (c) 50 and (d) 100 mM SDS solutions, and of the
microbead interior using (e) chloroform, (f) THF : toluene mixture (3: 2), (g) toluene and (h) hexane as the dispersed phase. Scale bars are 1 um (a—d) and
10 um (e—h). Reproduced with permission from ref. 167. Copyright 2012 American Chemical Society.

However, superparamagnetic iron oxide nanoparticles (SPIONs)
absorb light strongly, thus being more difficult to photopolymerize.
Paquet et al.'®” addressed this limitation by preparing super-
paramagnetic microbeads based on the assembly of materials
rather than any other chemical transformation such as poly-
merization or cross-linking, so making it suitable for fabrica-
tion with materials which are sensitive to light or heat. Different
microbead morphologies resulted from alterations in the assembly
processes, depending on the rate of solvent depletion from the
droplet, the absorption of sodium dodecyl sulfate (SDS) at the
droplet interface and the solubility of the SPIONs in the droplet
phase. By adjusting the SDS concentration (Fig. 26a-d) and the
polarity of the disperse phase (Fig. 26e-h), the porosity gradually
evolved from non-porous to a dense and opened cellular structure.
Wacker et al.'®® combined evaporation-induced solidification and
silica nanoparticle self-assembly to fabricate porous microspheres.
Upon changing the nanoparticles’ dimension from 50 to 500 nm,
the porous microspheres present different surface morphologies
(Fig. 27). Their hypothesis states that if the pores were too small,
evaporation of water to vapor affected the final morphology
resulting in wrinkled surfaces. In contrast, when the pores
were wide enough, the water vapor passed through the surface
without any obstacle.

4.1.2.2. Macroporous irregular microstructure. Non-spherical
particles are rather difficult to fabricate in microfluidic devices
due to their high droplet surface tension and their microchannel
geometry. Therefore, stabilizers are added to reduce the surface
tension, combined with a meticulously designed confined space
which determines the final particle shape. Both spherical and
non-spherical shapes were obtained by Gokmen et al.'® The non-
spherical shape of poly(HIPE) particles was rather difficult to
reproduce. This was dramatically improved by applying a different
HIPE formulation,**® resulting in the reproducible fabrication
of porous rods (Fig. 28). For this, (PEO-PPO-PEO) 4000 was
used as a surfactant instead of (PEO-PPO-PEO) 2800. The
poly(HIPE) porous rods had a diameter of around 0.2 mm,
which was considerably smaller than the 0.8 mm inner diameter
of the continuous channel, suggesting that the viscosity of

This journal is © The Royal Society of Chemistry 2017

Fig. 27 SEM images of porous spheres assembled by silica nanoparticles
with increasing diameter (d/nm) and colloid weight concentrations (c).
Scale bars are 10 pm. Reproduced with permission from ref. 166. Copyright
2011 American Chemical Society.

the dispersed phase regulated the final shape rather than the
microchannel geometry.

Wacker et al.**® also obtained rod-like micro-objects, deformed
from porous spheres (Fig. 29), in this case by evaporation-induced
solidification and silica particle self-assembly. Increasing the
oscillation time resulted in more elongated shapes and a too high
oscillation frequency led to smaller clusters rather than porous
rod-like structures.

Important in view of possible applications, the morphology
of microgels directly affected the response rate to external
stimuli. For instance, conventional poly(N-isopropylacrylamide)
PNIPAAm microgels usually showed a homogeneous but dis-
connected internal structure, which slowed down the response
rate.”*>*3! Several attempts were made to improve the response
rate of microgels, such as constructing a more heterogeneous
internal structure,>' % grafting functional groups onto the
microgels>****” or employing different porogens to improve the
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(a) Optical microscopy of poly(HIPE) rods. SEM images of (b) partial rod and (c) porous surface of a rod. Reproduced with permission from ref. 19.

Fig. 29 SEM images of porous rod-like particles. Reproduced with permission from ref. 166. Copyright 2011 American Chemical Society.

porosity,”**>*° albeit with only moderate success. But, Chu and

co-workers'® generated monodisperse pNIPAAm microgels
with spherical voids via embedding solid polystyrene micro-
beads inside and then dissolving them with xylene, giving
significantly improved response rates. Huang and his team>*!
also successfully fabricated pNIPAAm microgels with a good
porous structure and response rate, using polyethylene glycols
as porogens. Yue et al.*** improved their response rate as well,
but by introducing nanogels into the microgels. Still, these
fabrication methods are tedious.

PNIPAAmM microcapsules can shrink upon exposure to external
stimuli like heating and to certain chemicals, which finally
ruptures the hydrogel surface membrane, while the oil cores

Qil phase

i |
Aqueous phase

Homogenizing
—

inside the microcapsules squeeze out.”**>*® Based on this, Mou

et al'”* fabricated environmental stimuli-responsive microgels with
a highly interconnected open cellular structure by combining homo-
geneous emulsification and polymerization by UV-irradiation
(Fig. 30). The initial homogeneous O/W emulsions served as the
inner phase and soybean oil with 5% w/v PGPR as the outer
phase, which were successively injected into a co-flow capillary
device to obtain monodisperse (O/W)/O emulsions. Upon expo-
sure to UV-irradiation in an ice-water bath, followed by addition
of isopropanol or heating, pNIPAAm microgels with open
internal structures were obtained through volume shrinkage
of the microgels. They compared them with microgels obtained
under identical conditions but with conventional emulsions,

Collection Tube

&

o

Microgel

Fig. 30

Injection Tube

Outer Fluid

(a) Illustration of porous pNIPAAM microgel formation. SEM images of pNIPAAmM microgels obtained with (bl and b2) W/O emulsions and

(c and d) (O/W)/O emulsions, with molar ratios of MBAAmM to NIPAM of (cl and c2) 2% and (d1 and d2) 4%. Scale bars are 50 pm (b1, c1 and d1) and 20 um
(b2, c2 and d2). Reproduced with permission from ref. 171. Copyright 2014 American Chemical Society.
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where the aqueous phase replaced the O/W emulsion. The
(O/W)/O directed microgels exhibited a much higher response
to environmental stimuli, such as temperature, pH, etc.>*”4°
These results make them attractive for application in sensors,
separations and actuators.”*%>>!

Thin membranes can be fabricated in a microfluidic system,
by cherry-picking the immiscible solutions and precisely tuning
the viscosity to attain laminar flows, followed by polymerization
at the liquid-liquid interface. However to date, thin mem-
branes formed using conventional approaches have very small
pore size and sometimes even lack pores, which limits their use
in biological applications such as cell migration and molecule
detection. Based on the study of surface tension and laminar
flow behavior,?**">** an in situ fabrication method was reported
by Kim and Beebe,*”® relying on the interfacial reaction of a
two-phase system to produce a porous nylon membrane with
pore dimensions 0.1-1 um (Fig. 31c-e). This approach made it
possible to generate very thin porous membranes, firmly fixed
inside the microchannel without any other bonding process. As
shown in Fig. 31a, 2 partially separated microchannels existed
in the fluidic apparatus.®®>>* After washing one microchannel
with hexadecane and the other one with a mixture of hexade-
cane and octadecyl trichlorosilane, the 2 microchannels turn
hydrophilic and hydrophobic, respectively. Then an aqueous
solution and organic solution, respectively, were introduced into
the microchannels. 1,6-Diaminohexane in water and adipoyl
chloride in toluene reacted at the interface resulting in a
membrane. After 15 min, the aqueous and organic solutions
are replaced with MeOH and toluene, respectively, followed by
washing and drying. Most of the PEG (poly(ethylene glycol) was
removed with the aqueous phase as it is highly soluble in water.

View Article Online

Review Article

Fig. 31b shows that different morphologies existed on both sides
(asymmetric membrane). The organic side showed a ridge-and-
valley structure (2-5 pm), while the aqueous side had a smooth
skin surface (about 0.5 pum). Thus, the polymer transport
occurred from the aqueous solution side to the organic solution
side. This technique was also employed for the formation of
chitosan and polycarbonate porous membranes.***>>

Materials can also be decorated with a 3D porous ‘“‘coat”,
via photo-induced radical polymerization in a microfluidic
device. Wang et al.'”* fabricated a sensitive surface-enhanced
Raman scattering (SERS) optrode from GMA, ETPTA and DMPA,
densely decorated with silver nanoparticles, covering the tip of
an optical fiber (Fig. 32). The porous layer thickness and the pore
size increased with irradiation time, ranging from 4 to 149 pm
and from 0.4 to 1.0 um for 1 and 4 min polymerization time,
respectively.

More recently, Liu et al.>*® unprecedentedly reported a direct
and versatile approach that combines a modified electrospinning
setup based on a microfluidic nozzle with nonsolvent-induced
phase separation to fabricate ultrafine fibers with interconnected
macropores (Fig. 33). It exhibited higher specific surface area
(48.66 + 8.30 m”> g~ "), larger pore size (116.73 nm) and pore
volume (0.169 + 0.007 cm® g~ ') in comparison to conventional
electrospun porous fibers. In brief, two immiscible solvents, a
polymer solution (20% polystyrene solutions with different THF/
DMF ratios) and a mixing solvent (cyclohexane) were, respectively,
pumped into the channel and well mixed before simultaneous
electrospinning processes under selected operating conditions
according to their previous studies.>*>**° More importantly,
various immiscible solvents/solutions can be electrospun by
in situ mixing without solute precipitation. The oil adsorption

a /“’"""“‘“ / OTS#Hexadecane
A -
=
Ports \ Hexadecane
step 1 step 2

Fig. 31

(a) lllustration of interfacial membrane fabrication and SEM images of (b) a porous membrane formed by interfacial polymerization (angled view)

and membranes obtained with (c1 and c2) 0, (d1 and d2) 10 and (el and e2) 20 mg PEG in a 60% 1,6-diaminohexane aqueous solution. The magnifications
are 10000 (b, c1, d1 and el) and 100 000 (c2, d2 and e2). Reproduced with permission from ref. 255. Copyright 2008 Wiley Periodicals, Inc.
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(a) SERS optrode-integrated microfluidic chip. SEM images of porous polymers covering the tip of optical fibers, prepared with UV-irradiation

time (b) 1, (c) 2, (d) 3 and (e) 4 min. The insets are side views. Reproduced with permission from ref. 172. Copyright 2012 American Chemical Society.
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Fig. 33 (a) Schematic illustration of an in situ mixing electrospinning
process for macroporous fiber fabrication. SEM images of the (b) surface
and (c) cross section of macroporous fibers. Reproduced with permission
from ref. 258. Copyright 2016 American Chemical Society.

results of macroporous fibers will be attractive to the investiga-
tion on and generation of heterogeneous fibers by in situ
mixing electrospinning for potential applications.

4.2. Ordered macroporous particles

4.2.1. 3D scaffolds. For the engineering of functional tissues
to improve biological functions or even replace damaged body
parts, porous scaffolds provide a 3D template for the initial cell
attachment. The porous architecture of the scaffold can be vital
to the tissue morphology, as it depends on metabolic transport
between cells. The mechanical properties of the scaffold material
are also important. Conventional approaches to fabricate 3D
scaffolds include freeze drying, phase separation, gas faming,
solvent casting and particulate leaching,*** % but may produce
disinterconnected irregular pores. Well-ordered and highly
uniform structures are preferable.”®® To date, new fabrication
techniques such as photolithographic patterning and layering,
direct writing, and two-photon stereo lithography have been
applied to create high quality 3D ordered scaffolds, each at the
expense of costly resources and time.>*”>”° The scaffolds should
permit precise control of the pore dimension and interconnects

872 | Chem. Soc. Rev., 2017, 46, 855-914

between them.'***”'?”3 Microfluidics-based fabrication has
some important advantages, e.g. biocompatibility, no extra
template removal step, as well as finely-controlled pore size and
connectivity with acceptable reproducibility, which conventional
porous scaffolds generated by replicating from colloidal crystal
cannot address.””*

Chung et al.>”® created porous scaffolds for tissue engineering
via adjusting the flow rate of an alginate solution and the gas
pressure to reach steady state monodisperse alginate droplets,
which encapsulated nitrogen gas bubbles in a continuous mode
generated in a microfluidic FFD. At a low liquid flow rate
and high gas pressure, the microbubbles were less stable and
more polydisperse. The microbubbles were closely packed in a
container with a concentrated CacCl, solution, where it gelated by
vacuum degassing. The alginate scaffold exhibited a periodic
interconnected porous structure (Fig. 34). Furthermore, the pore
size could be adapted by varying the fluid velocity, gas pressure
as well as the viscosity of the solutions. The pores were well-
ordered near the surface, whereas deep inside the scaffold, the
porous structure became less ordered and the size distribution of
the pores became broader but still superior to scaffolds prepared
by conventional methods. The feasibility of the microfluidic-
generated scaffolds was further explored.*®

More recently, Wang et al.>’® designed a novel microfluidic
FFD device for the formation of highly organized honeycomb-
like scaffolds. In their setup (Fig. 35a), the liquid phase and gas
phase were introduced in the upper and lower inlets in the
opposite direction. Gas-in-liquid microbubbles were generated
at the liquid-gas interface. The scaffold showed a hexagonal
close-packed porous texture, which facilitated cell attachment
and physiology.?”>*77*78

In the FFD setup of van der Net ¢ al.,>”® 2 different solutions A
and B were pumped separately at identical flow rates in a
parallel mode to create the continuous phase in the micro-
channels (Fig. 36a).

The gas phase is sheared by the continuous phase and deformed
to form monodisperse microbubbles. The polymerization did

This journal is © The Royal Society of Chemistry 2017
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(a) Co-flow microfluidic device for alginate microbubble generation, (b) monodisperse microbubbles, (c) honeycomb structure after gelation,

(d and e) confocal microscope images of 3D ordered scaffold after vacuum degassing and (f) SEM image of a sponge-type alginate scaffold. Reproduced

with permission from ref. 28. Copyright 2011 Elsevier Ltd.

Fig. 35 (a) Counter-flow microfluidic FFC device, (b) confocal micro-
scopy showing the layer assembly of microbubbles and (c) highly
organized structure. Reproduced with permission from ref. 276. Copyright
2009 Wiley Periodicals, Inc.

not start until solutions A and B met. Although the obtained
hexagonal structures in the foam (Fig. 36b) were compactly
arranged, their packing directions vary. One is the (100) direction
of the face-centered-cubic (fcc) packing (square arrangement of
bubbles at the surface, Fig. 36¢), whereas the other one is the (111)
direction of fcc packing (triangle arrangement of bubbles at the
surface, Fig. 36d). After polymerization, the hexagonally struc-
tured foam could be dried and re-swollen reversibly. However,
incomplete polymerization was observed in some cases, as some
bubbles maintain the initial spherical morphology.

Colosi et al*®® also obtained ordered and interconnected
porous 3D scaffolds using a FFD microfluidic foaming technique,
based on the work of Chung et al>’> But, here the alginate
solution and nitrogen gas were replaced by an aqueous

This journal is © The Royal Society of Chemistry 2017

poly(vinyl alcohol) (PVA) solution and argon gas. Immediately
after generation, the monodisperse microbubbles were cross-
linked with glutaraldehyde (GLU) and freeze-dried by liquid
nitrogen to obtain an irreversible scaffold structure. These were
compared to the ones formed by a traditional gas foaming
technique. The scaffolds generated by the microfluidic foaming
technique presented a superior porous structure compared
to the ones made by traditional gas foaming, based on the
pore size and wall thickness distribution and high-resolution
computed micro-tomography (LCT) and SEM images (Fig. 37).
However, the microfluidic scaffolds showed rather scarce
pore interconnectivity, moderated pore volume and a limited
production rate.

3D scaffolds can also be prepared from HIPE monomers.
However, polyHIPE scaffolds fabricated by conventional methods
show rather poor reproducibility with uneven small pores, which
may not satisfy the demand of tissue engineering. On the basis of
Gokmen’s study,"® Costantini and co-workers successfully pre-
pared polyHIPE scaffolds from dextran-methacrylate (DEX-MA)
using a microfluidic technique (Fig. 38a).>**** In the first step,
two immiscible phases added with DEX-MA or cyclohexane were
introduced into a microfluidic FF chip to generate homogeneous
O/W emulsions. In the second step, the O/W emulsions were
cross-linked under UV-light (4 365 nm) and then cured in an
oven at 50 °C. In the third step, the product was placed in an
organic polar solvent to extract the inner oil phase and create the
macroporous structure. After washing with water and freeze-
drying, the polyHIPEs presented a more interconnected and
ordered architecture, compared to conventional HIPE templated
scaffolds. By adjusting the flow rates of the 2 phases, distinct
morphologies were obtained. The pore size of the scaffold
increased upon using microchannels with larger dimensions
(Fig. 38c—e). Three different lattice structures were present, including
closed hexagonal packing together with [100] and [111] fec packing
(Fig. 38f-h). The concentration of the surfactant seemed to be vital to
the final cellular structure. With higher surfactant concentrations,
the closed porous structure evolved to a more open and inter-
connected one (Fig. 38i-k). However, the low production rate of
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Fig. 36 (a) Parallel microfluidic FFD device and (b) unit cell of the fcc structure. SEM images of 3 ordered foam layers of the (c) (100) direction and (d)
(1112) direction of fcc packing in the swollen state. Scale bar is 1 mm. The inset images are taken with the foam in the dried state (scale bar is 500 um).
Reproduced with permission from ref. 279. Copyright 2009 Elsevier B.V.

Fig. 37 uCT images of PVA scaffolds generated by (a) microfluidic foam and (b) traditional gas foam. SEM images of (c) microfluidic foam and (d)
traditional gas foam. Reproduced with permission from ref. 280. Copyright 2012 American Chemical Society.
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Fig. 38 (a) Illustration of polyHIPE scaffold fabrication. SEM images of (b) conventional HIPE scaffolds and microfluidic HIPE scaffolds within (c) 1-fold,
(d) 2-fold and (e) 5-fold volume of microfluidic FFD. Optical micrographs of microfluidic polyHIPEs with (f) hexagonal close packed, (g) fcc [100] and (h)
fcc [111] crystal structures. SEM images of microfluidic HIPE scaffolds with (i) 1, (j) 7 and (k) 25% w/v Pluronic F68. Reproduced with permission from
ref. 29. Copyright 2014 The Royal Society of Chemistry.
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Fig. 39 (left) SEM images and (right) schemes of (a) highly ordered
closed-cell polyhedral foam, (b) monodispersed emulsion templates in a
continuous monomer matrix in a highly ordered level, and (c) open-cell
spherical foam. Reproduced with permission from ref. 285. Copyright 2016
American Chemical Society.

the emulsions was still a limiting factor. To address this, paralleliz-
ing chips and junctions on a single chip were introduced.®****?%*
Similar to 3D scaffolds, polymer foams are of particular
interest for packing and insulation materials because of
their low transport and thermal energy consumption. In 2016,
Quell et al.>®® used surfactant-stabilized HIPEs to fabricate two
different kinds of highly ordered porous polymer foams, that is,
closed-cell polyhedral foams (Fig. 39a) and open-cell spherical
foams (Fig. 39c). For closed-cell polyhedral foams, monomers
containing 1.28 mol% potassium persulfate (KPS) served as a
dispersed phase. While for open-cell spherical foams, azobis-
(isobutyronitrile) (AIBN) replaced KPS with the same concen-
tration and was added into the monomers. A mixture solution of
styrene and divinylbenzene containing 10 wt% of the surfactant
Hypermer 2296 was used as a continuous phase. Monodispersed
emulsion templates were fabricated in the microfluidic chip,
and then closely subsided in a continuous monomer matrix at a
highly ordered level. Subsequently, emulsion templates were
polymerized in an oil bath at 70 °C for 48 h. Eventually, the
as-prepared polymer foams were purified by Soxhlet extraction
with excess ethanol for 12 h before drying at room temperature.
More importantly, they attributed different porous structures
to the locus where the polymerization started. In the case of
closed-cell polyhedral foams, initiation starts within the con-
tinuous monomer matrix and neighboring droplets are isolated

This journal is © The Royal Society of Chemistry 2017
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by thin films. Otherwise, interconnected open-cell spherical
foams were obtained.

4.2.2. Inverse-opals. Most of the research focused on the
development of inverse-opaline photonic films rather than
inverse-opal photonic beads.?*®*®” But, Zhao et al.****%° fabri-
cated colloidal photonic crystal spheres with an inverse-opal
structure serving as suspended carriers in a microfluidic device.
Polystyrene spheres (15 wt%, diameter 200-315 nm) were
mixed with silica particles (20 wt%, diameter +5 nm) in an
aqueous solution in a volume ratio of 9:1, creating a binary
colloidal system. The aqueous suspension was sheared to homo-
geneous droplets by the continuous silicon oil phase in the
microfluidic device.>*® The droplets were collected in a container
filled with silicon oil. The water was removed from the droplets
by evaporation, which produced self-assembled polystyrene
spheres with well ordered lattices, while the silica particles
filled the void spaces between the spheres. After washing and
calcination, the polystyrene spheres were removed resulting in
the formation of uniform inverse-opal beads (Fig. 40).

Hexagonal close packed macropores were observed on the
surface and in the interconnected internal structure. To obtain
this morphology the volume fraction of polystyrene spheres to
silica particles was important. More in particular, a volume ratio
below 8 or above 10 gave a more disordered crystal structure and
reduced the mechanical strength. A ratio of 9 led to greater
surface area and more interaction sites, providing easier access
for analyses to their recognition site. The inverse-opal photonic
beads prepared by Zhao et al.**"** were utilized for the label-
free detection of biomolecules. This was demonstrated without
applying time-consuming immune assay methods.

Zhao et al.**® also used silica colloidal crystal beads (SCCBs)
as sacrificial templates and prepared macroporous hydrogel
photonic spheres with a well-ordered inverse-opal structure. First,
the SCCBs were fabricated in a home-made microfluidic device**°
and then calcined to 800 °C for 3 h. The pre-gel solution (39%
PEG, 1% initiator, 2% acrylic acid and 58% water) was filtered
into the voids by capillary force. To ensure full void-filling, the
SCCBs were pre-treated with piranha solution (30% H,0, and
70% H,S0,) for 6 h, followed by washing and drying in nitrogen.
The spheres got their opal architecture by polymerizing the pre-gel
solution under UV-irradiation. After dissolving the template SCCBs
in HF (1-2%), macroporous hydrogel photonic spheres were
obtained. By increasing the PEG concentration, the mechanical
strength was improved at the cost of structure order and a stable
reflection peak position due to swelling. Fig. 41 shows the hexa-
gonal close-packed SCCB surface and the well-ordered open
porous and interconnected texture, before and after etching the
templates. Conventional photonic band gap (PGB) crystals, which
act selectively on photons like semiconductors do with electrons
in electronic devices, can have opaline lattices which results in
cooperative light scattering,>** often resulting in a very limited PBG
and only a few narrow stop bands. Compared with conventional
PGB crystals, macroporous hydrogel photonic spheres show angle-
independent specific color with wider stop band gaps and are
promising for advanced optical applications, such as reflection-
based displays, barcodes and label-free sensors.
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calcination

(a) Illustration of the generation of inverse-opal spheres. Reproduced with permission from ref. 288. Copyright 2014 American Chemical

Society. SEM images of (b) whole inverse-opal spheres, (c) ordered porous surface and (d and e) ordered and interconnected internal cellular structure.

Reproduced with permission from ref. 289. Copyright 2009 Wiley-VCH.

Fig. 41 SEM images of a highly ordered surface of (a) template SCCB and
(b) PEG inverse-opaline photonic sphere. Reproduced with permission
from ref. 293. Copyright 2010 American Chemical Society.

Wang et al.>*®> combined a microfluidic technique and a

templating technique, which differed from the traditional top-
down and bottom-up methods,*®® to prepare multi-responsive
poly(NIPAm-co-methacrylic acid (MAA)) photonic crystal micro-
particles (HPCMs) with an inverse-opal structure (Fig. 42). First,
monodisperse emulsion droplets encapsulating silica nano-
particles with a diameter of around 220 nm were generated in
a co-flow microfluidic device, followed by water evaporation.
After washing with hexane to remove the oil phase and calcination,
silica colloidal crystal microparticles (SCCMs) were obtained,
which acted as templates for the formation of inverse-opal hydro-
gel microparticles. This was carried out in 3 steps: (1) immersion
of the microparticles in a mixture of precursors and photo-
initiators, (2) in situ UV-induced polymerization and (3) selective
removal of templates by HF etching. Eventually, HPCMs with
an inverse-opal structure were obtained. HPCMs bearing
desired reactive functional groups (e.g. NIPAm as a temperature
sensitive group and MAA as a pH sensitive group) showed rapid
and sensitive responses to temperature and pH variations.
Remarkably, the response rate was less than even 1 min. Other
functional behaviors such as magnetic response could be
introduced as well in HPCMs without affecting the temperature
and pH responses too much.

More recently, Ye et al.®>*® developed novel microcapsules
(Fig. 43a) consisting of densely packed opal photonic crystal
(PhC) cores and responsive inverse-opal PhC hydrogel shells
using similar SCCB templates.>*

876 | Chem. Soc. Rev., 2017, 46, 855-914

Fig. 42 Inverse-opal HPCM fabrication by combining a microfluidic
technique | and a templating technique Il. Reproduced with permission
from ref. 295. Copyright 2013 American Chemical Society.

The microfluidically-generated SCCB templates had high
monodispersity and brilliant structural colors due to the ordered
arrangement of the spherical silica nanoparticles. After complete
polymerization of the pre-gel solution, the hydrogel was disrupted
by immersion in a buffer solution. Inverse-opal PhC hydrogel
spheres were then fabricated by etching the SCCB templates
inducing pore formation (+5 min). The etching conditions
influenced the thickness of the inverse-opaline hydrogel shell,
resulting in different relative refractive indices of the shell and
core in the PhC microcapsule (Fig. 43b). Their reflection peaks
differed only from those of SCCBs and PhC hydrogel spheres,
exhibiting only one reflection peak (Fig. 43c and d, respectively).
The PhC microcapsules displayed a highly ordered and inter-
connected macroporous structure (Fig. 43e and f), not only on
the surface but also on the inside of the microcapsules, which is
beneficial to diffusion imitated processes.

Inverse-opaline microsphere (IOM) crystals possess an
isotropic band-gap property, differing from conventional 2D
or 3D film-type colloidal ones,”"*”*°® making them attractive
for optical applications. Ionic liquids are salts consisting of
organic anions and cations and are liquid below 100 °C. They
have some advantages, such as negligible vapor pressure, incom-
bustibility, reasonable chemical and thermal stability and
high ionic conductivity.>®® Poly-ionic liquid inverse-opaline

This journal is © The Royal Society of Chemistry 2017
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Fig. 43 (a) Inverse-opaline hydrogel sphere formation. Reflection spectra
and images (insets) of (b) the inverse-opal sphere, (c) SCCB and (d) PhC
hydrogel beads. SEM images of highly ordered and interconnected porous
structure of the (e) surface and (f) inner section. Reproduced with permis-
sion from ref. 296. Copyright 2014 Wiley-VCH.

microsphere (PIL-IOM) crystals showed unprecedented proper-
ties beyond those of their individual constituents. PIL-IOMs
were fabricated by Cui et al*°® using a two-step procedure.
Homogeneous silica nanoparticles were assembled into hexa-
gonally packed crystalline lattices by droplet-based microfluidic
synthesis,****** concomitantly with infiltration of imidazolium-
based PIL monomers in the voids. The PIL-IOMs were isolated
after UV-induced polymerization and removal of the silica nano-
particle templates with HF. The crystals exhibited brilliant color
due to their uniformity in size and architecture (Fig. 44a). Further
observation under SEM (Fig. 44b and c) illustrates the highly
ordered interconnected macroporous structure, distributed over
the whole particle surface. The relatively wide optical stop-band
could be tuned from 400 to 700 nm by introducing different
diameters of silica nanoparticles. PIL-IOMs could not only be used
as stimuli-responsive photonic microgels, but also as multifunc-
tional particles that mimic conventional molecules in terms of
optical properties, molecular recognition, derivation and anisotropy.

4.2.3. Ordered porous films. Based on the previous studies®*?
on the influence of different parameters on the bubble bursting
process, in 2016, Elsayed et al.*** introduced a one-step fabrication

View Article Online

Review Article

approach with a simple microfluidic junction to synthesize
ordered porous films. In brief, by adjusting the gas pressure
via a digital manometer and the flow rate of the polymeric
solution, highly monodispersed bubbles with different sizes
were firstly generated in T-junction microfluidic capillaries.
And then, as-prepared microbubbles were collected on a glass
slide until the bubbles burst, resulting in ordered porous
structures (Fig. 45a and b). It is particularly worth mentioning
that the control of pore size depends on the polymer concen-
tration (Fig. 45¢) and the surfactant type (Fig. 45d). Due to good
control over the pore structure of films by employing the
microfluidic technique, this strategy overcomes the previous
application limitation, such as lack of pore size, shape and
surface control in the scalable formation of polymeric films.
Moreover, via embedding designed/selected nanoparticles, they
offered a possibility to fabricate multifunctional porous films,
which greatly expands and enhances their utilization in a wide
range of biomedical applications, particularly in drug delivery
and tissue engineering.

4.2.4. Gradient porous particles. Gradient surfaces with
continuously varying pore sizes along one direction present an
interesting morphology.>*®>=" Collins et al*°® utilized electro-
chemical etching to generate silicon films possessing a pore size
gradient in the range from 10 to more than 500 nm. Later,
Woodfield et al.*'® exploited the bionics structure to fabricate
gradient porous morphology with pore sizes ranging from 200 to
1650 um. Alternatively, Oh et al.*"” introduced centrifugal forces
for the generation of cylindrical scaffolds with pore sizes from
88 to 405 um. Kreppenhofer et al.*'® reported gradient porous
polymethacrylate films, employing a novel microfluidic chip
composed of a cascade micromixer**®**? and a reaction chamber
(Fig. 46a). Two different polymerization mixtures 1 (30 wt%
EGDMA), 20 wt% BMA, 1 wt% DMPA and 50 wt% cyclohexanol)
and 2 (30 wt% EGDMA, 20 wt% BMA, 1 wt% DMPA, 50 wt%
1-decanol and 0.1 wt% Rhodamine B) were injected at the chip
inlets at equal flow rates. Cyclohexanol acted as a porogen to
form pores with sizes around tens of nm, whereas 1-decanol
gave large pores ranging from 1 to 2 um.*** After UV-initiated
polymerization in the chip chamber (15 min), the PDMS part
was removed from the glass side of the chip, leaving a 450 pm
thick porous film on the glass substrate with a pore size linear
gradient, and then washed with methanol and freeze-dried in a
nitrogen steam. The SEM images (Fig. 46b) taken at 8 equidi-
stant measuring points along the linear gradient 10 mm down
the reaction chamber illustrate the gradient porous texture

Fig. 44
ref. 300. Copyright 2014 Wiley-VCH.

This journal is © The Royal Society of Chemistry 2017

(a) Optical image of the ordered macroporous PIL-IOMs. SEM images of the (b) surface and (c) cross-section. Reproduced with permission from
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Fig. 45 Schematic illustration of (a) monodispersed microbubble generation and (b) ordered porous film fabrication process. SEM images of the effect
of the polymer concentration on the porous structure: (c) 0.1 wt%, (d) 0.3 wt%, and (e) 0.5 wt%. And SEM images of the effect of the surfactant (PEG-40S)
concentration on the porous structure: (f) 0.25 wt%, (g) 0.5 wt%, and (h) 0.75 wt%. Reproduced with permission from ref. 304. Copyright 2016 American
Chemical Society.

ranging from micro- to macropores, with the gradient depending mixture 2 at the lower inlet, a wedge-like gradient porous polymer
mostly on the flow rate. Moreover, via changing the chip from a  film was obtained, caused by the density difference between the
horizontal to vertical layout, with mixture 1 at the upper inlet and 2 mixtures (Fig. 46¢c and d). More recently, Watanabe et al.'*°

mixture 1
1 UV light
mixture 2

Chip vertical

.
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Fig. 46 (a) Fabrication and (b) SEM images of a linear gradient porous film. (c) Fabrication and (d) SEM images of a wedge-like gradient porous film. Scale
bars are 20 um (b) and 1 um (d). Reproduced with permission from ref. 318. Copyright 2013 American Chemical Society.
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fabricated smooth “skin” polyelectrolyte spheres using selective
solvent extraction. Beneath the “skin”, an internal pore gradient
was observed with 10-100 pm pore sizes.

4.3. Radially hierarchical porous particles

Nature brings the inspiration for many hierarchical structured
materials, with pores spanning in the range of a few nm to
mm.*>*7*% Sea sponges are typical examples. Such hierarchical
porous structures stand in for their mechanical robustness and
efficient biological exchange processes. In general, large size
pores provide easier access with low resistance for the macro-
molecules, while small size pores can offer large functional
surface area for molecular interaction with grafted functional
groups. Especially in regenerative medicine applications, hier-
archical structured materials with macropores (>300-400 pm)
are indispensable to vascularise the implanted scaffold,**® while
small pores with the dimension range of 50-100 nm are desired
to promote cell migration, proliferation and differentiation to
speed up tissue recovery.>*” Thus, being able to control porosities
in different size ranges allows us to steer the loading capacity and
the mass transfer profile in cell cultures.

Methods to design meso and macroporous materials include
phase separation phenomena,**® removal of templates such as
bubbles, particles and droplets***** and conventional emulsifica-
tion and foaming techniques, often leading to broad pore size
distributions.*****® Additional physical or chemical gelation
reactions are required to fix the structure because the templating
bubbles, particles and droplets tend to coalescence and show
Ostwald ripening.>'?*>?%” In 2009, Lee and Weitz®” reported
the fabrication of hierarchical porous inorganic microparticles
via simple evaporation of the middle solvent layer. Moreover,
droplet condensation on the surface of polymer solutions is
regarded as an elegant physical method to generate pores of a
few micrometers.**® Despite all these, this method was limited to
obtain 2D structures with little flexibility to tune the pore size
according to different requirements. Choi et al.'”> employed the
W-W/W-0 emulsion as a modified microfluidic device (Fig. 47a)
to prepare radially hierarchical porous microbeads. The dimension
and morphology of the droplets were affected by the setup.”**'>
In a dripping mode double emulsions were obtained. To form
the hierarchical porous structure, they used fast evaporation
of the organic solvent and emulsion templating. In contrast,
slow evaporation of the solvent leads to microbeads with a
dense structure. Interestingly, the final porous beads presented
2 different types of pore surface (Fig. 47b). The development of
the small pores could be attributed to fast solvent evaporation,
while the large pores were formed upon introducing a homo-
genized W/O emulsion.

Later, practical fabrication of bimodal macro/mesopore struc-
tures was introduced by Zhai et al.,**® based on a temperature-
induced gelation (rather than a polymerization reaction) integrated
with a microfluidic coaxial microdevice. Methylcellulose (MC,
showing reversible-thermosensitive behavior) and PEG (featured
with auxiliary functional groups) were used for the synthesis
of radially hierarchical porous microspheres with diameter
around 490 um. First, monodispersed droplets were generated

This journal is © The Royal Society of Chemistry 2017
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Fig. 47 (a)

emulsions. SEM images of a (b) radially hierarchical porous surface and (c)
cross-sections of PLGA microbeads. The scale bar of the inset in (b) is 5pm.
Reproduced with permission from ref. 175. Copyright 2009 Wiley-VCH.

and treated in water baths at 90 °C (Fig. 48a). After complete
gelation, the solid spheres were washed with acetone, dried at
80 °C and calcined at 550 °C. The spheres produced from
sample 1 (containing 0.50 g MC) and sample 2 (0.25 g MC) showed
distinct morphologies (Fig. 48b-g). Sample 1 spheres showed a
densely porous surface and homogeneous macroporous interior
structure (around 1 um), whereas sample 2 spheres presented
dense pores on the surface but smaller more homogeneous
macropores (around 0.1 um) in the interior. Mesopores also
widely existed in the spheres with pore sizes of 13.8 nm in
sample 1 and 20.5 nm in sample 2, as determined by nitrogen
adsorption-desorption measurements.

In addition, Kim et al**° introduced a simple one-step
double emulsion strategy to prepare multi-cored microcapsules
with a porous surface in a dual-continuous coaxial microfluidic
apparatus (Fig. 49a). Silica particles (900 nm), pretreated with
dichlorodimethylsilane (DCDMS), were added to the ETPTA
solution to obtain a silica-ETPTA suspension (middle phase).
The emulsion droplets were generated in the capillary device
and then polymerized by UV-irradiation for 1 s. By precisely
adjusting the flow rates of the 3 phases, the number of
cores could also be manipulated (Fig. 49b). The diameter of
the silica nanoparticles embedded in the thin ETPTA membrane
was slightly greater than the membrane thickness, resulting
in partial exposure of the particles on both core and outer sides
(Fig. 49c). Ultimately, the wet etching process with 5% HF
solution dissolved the embedded silica nanoparticles creating
a well-defined porous surface.

Uniform polymeric microparticles with controllable hier-
archical interconnected porosity have also been reported using
W/O/W emulsions®>" (Fig. 50h). First, monodisperse W/O/W

Chem. Soc. Rev., 2017, 46, 855-914 | 879
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) Schematic diagrams of the coaxial device. SEM images of (b and c) spheres, (d and f) porous surface and (e and g) internal structures of

sample 1 and sample 2, respectively. Reproduced with permission from ref. 349. Copyright 2010 American Chemical Society.
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Fig. 49 (a) Schematic illustration of multi-cored microcapsule fabrica-
tion. SEM images of a (b) microcapsule with 10 cores in gyro-elongated
square dipyramid geometry and porous membrane, (c) surface and (d)
cross-section. Reproduced with permission from ref. 350. Copyright 2011
Wiley-VCH.

emulsions were generated in the glass-capillary microfluidic
device. Herein, the partially water-soluble oil phase contained a
surfactant (PGPR). Depending on the numbers of inner micro-
droplets (N, Fig. 50a), the inner structures were closely packed
in distinct ways. Mass exchange between the inner and the
outer aqueous phase occurred through the oil phase and was
facilitated by the surfactant. The oil phase was partially mis-
cible with the aqueous phases, resulting in the formation of
fine aqueous nanodroplets (Fig. 50e and f). After UV-induced
polymerization of the monodisperse W/O/W emulsions, hierarch-
ical porous microparticles with well-defined micrometer- and
nanometer-sized pores (Fig. 51a) left from the inner micro-
droplets and the mass transfer-induced aqueous nanodroplets,
respectively (Fig. 50c, d and g). The combination of these two
size-scaled highly interconnected pore structures was trans-
lated into advanced features, such as enhanced mass transfer,
increased specific surface area and flexible morphology and
functionality. The introduction of magnetic nanoparticles

880 | Chem. Soc. Rev., 2017, 46, 855-914
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Fig. 50 (a—g) Schematic illustration of the fabrication of microparticles with
controllable interconnected hierarchical porosity using W/O/W emulsions
and (h) corresponding SEM images (scale bar 200 pm). Reproduced with
permission from ref. 351. Copyright 2015 American Chemical Society.

(Fig. 51b) showed synergy with the porous structure, useful
for further application.

Carroll et al.*** designed a surfactant micelle nano-emulsion
mixture and combined it with tinplating silica microparticles to
fabricate hierarchical porous spheres. Nifio-emulsion droplets
evolved into large pores with a diameter of tens of nm, while
self-assembled surfactant micelle structures resulted in a sub-
set of small pores with a diameter of several nanometers.*>
First, the silica precursor droplets were formed in the micro-
fluidic device with 2 different geometries, T-junction and flow
focusing (Fig. 52a), and collected in a reservoir. The remaining
water and the silicate reaction by product ethanol were eliminated
via evaporation-induced solidification. Then, the solids were

This journal is © The Royal Society of Chemistry 2017
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Fig. 51 SEM images of the cross-section of hierarchical microparticles
obtained from a W/O/W emulsion with (al) non-magnetic and (bl)
magnetic nanoparticles, with the corresponding magnifications (a2 and
a3) and (b2 and b3). Scale bars are 50 pm in (al and bl) and 20 pm in the
rest. Reproduced with permission from ref. 351. Copyright 2015 American
Chemical Society.

immersed in water or toluene to form the interconnected
pores followed by washing and drying. Eventually, hierarchical
porous spheres with honeycomb-like surface were obtained
(Fig. 52b and c). Carroll also demonstrated that these particles
can be used as replica electrocatalyst materials®*>**>> and high-
surface-area scaffolds.****"

More recently, Fan et al.**® provided a simple and robust
in situ microfluidical fabrication of hierarchical porous
poly(e-caprolactone)/silica (PCL/SiO,) hybrid microspheres.
The superiority of this new strategy for radially hierarchical
porous architecture lies in a synergistic effect between the sol-
gel process (hydrolysis and condensation of a silane precursor)
and solvent extraction in droplets. More importantly, this
process not only avoided the complicated post-treatment by
using porogens/sacrificed templates, but also ensures the uniform
distribution of silica in the PCL matrix. In brief, the uniform
droplets were firstly generated in the microchannel, and then
collected in a certain concentration of PVA aqueous solution.

Fig. 52 (a) Illustration of microfluidic-derived hierarchical porous spheres
obtained with a micellar nano-emulsion and silica microparticles. SEM
images of (b) tha honeycomb-like porous surface and (c) corresponding
magnification. Reproduced with permission from ref. 352. Copyright 2013
American Chemical Society.

This journal is © The Royal Society of Chemistry 2017
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Fig. 53 SEM images of PCL/SiO, hybrid microspheres fabricated by
adjusting the ammonia concentration in the continuous phase and/or
collection solution. Reproduced with permission from ref. 358. Copyright
2016 American Chemical Society.

After being solidified at room temperature for 1 day, the micro-
spheres were centrifuged and washed with excess deionized water
before the final freeze-dry process. It is found that ammonia, used
as a catalyst for silane hydrolysis, played a decisive role in the
formation of hierarchical porous structures. At the same time,
via adjusting ammonia concentration, the porous structures and
the surface morphology can be easily controlled (Fig. 53).
Besides, Sommer et al.*>*° used monodisperse PCL particles
obtained by microfluidics*® as sacrificed templates, combining
with the 3D printing technique, to fabricate hierarchical silk
porous materials with unprecedented structural control shown
in Fig. 54. In detail, the microfluidically-synthesized PCL
templates with different magnitudes in size were firstly added
into silk fibroin-based ink to obtain the original materials by
the 3D printing technique. Secondly, the removal of templates
led to hierarchical porous silk-based materials. Finally, the PCL
particles can be electrostatically coated with latex nanoparticles
to build a porous architecture at three hierarchical levels.
Due to moderate biodegradability of silk, the resulting struc-
tures turned from close to open porosity. Subsequently, these
pore templating particles can be further modified with func-
tional nanoparticles for various application fields from struc-
tural materials to thermal insulation. Meanwhile, Sommer
and coworkers®®® also introduced silk fibroin scaffolds with
an inverse opal structure for tissue engineering application.

4.4. Ordered hierarchical porous particles

Several research groups considered the inverse-opal architecture
as a good scaffold for tissue engineering, mostly because the
3D structure is highly interconnected.**'*** But, most of
the materials were neither biodegradable nor biocompatible,
which limit their potential applications. Chitosan was applied
as a biodegradable material by Choi et al®* to fabricate
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(a) Schematic illustration of the fabrication of 3D printed silk fibroin with a hierarchical porous structure. (b and c) SEM images of the resulting

hierarchical porous silk fibroin structures. Reproduced with permission from ref. 359. Copyright 2016 American Chemical Society.

inverse-opal scaffolds. Moreover, chitosan is not toxic, anti-
microbial and biocompatible. Poly(e-caprolactone) (PCL) microbeads
with an average diameter of 147.7 pm were obtained in a simple
microfluidic device (Fig. 55a) and then used as cubic close packed
(cep) lattice templates.”'® Unlike the commonly used assembling
methods for ccp lattices,>**3%33%33% here sedimentation-
evaporation was employed to assemble the PCL microbeads into
ccp lattices. A unique nanofibrous structure could be obtained
during the freeze-drying of chitosan. Next to highly ordered
macropores formed after the selective dissolution of PCL to
remove the templates, randomly distributed smaller pores from
a nanofibrous matrix were also present as a result of the phase
separation (Fig. 55b-d). Other biocompatible materials such as
gelatine, collagen and hyaluronic acid were also tested under
similar conditions, but with smaller mechanical performance.
Studart et al.*®” described a versatile and simple approach to
fabricate customized porous materials with up to 3 hierarchical
levels. Surprisingly, the principle relied solely on the process of
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drying complex suspensions containing droplets, colloidal
particles and surface active molecules dispersed in the absence of
any type of gelation. Monodisperse polystyrene particles (400 nm)
were prepared by surfactant-free emulsion polymerization.
Homogeneous oil droplets were obtained in a dripping
mode*"? in 2 kinds of glass microcapillary devices: co-flow and
flow-focusing geometry. The flow rates of dispersed and continuous
phases were constant in all experiments. The resulting oil
droplets were stabilized by adsorbing either in situ hydro-
phobized colloidal droplets (silica or polystyrene) or surface
active molecules at the oil-water interface (Fig. 56).

The stabilized droplets were polymerized and deposited on a
glass substrate, followed by self-assembly (buoyancy effect)
to highly ordered hexagonal arrays in the case of surfactant-
stabilized droplets, whereas particle-stabilized droplets were
able to form both compact ordered and random disordered
arrays. For the particle-stabilized droplets, a textured coating
on the surface of particles was observed (Fig. 56d). In contrast,

(a) Illustration of the generation of uniform PCL microbeads. Reproduced with permission from ref. 210. Copyright 2009 Wiley-VCH. SEM

images of (b) the freeze-dried ccp lattice, (b) top view of the inverse opal scaffold, (c) magnified view of the top surface and (d) side wall in a macropore
with several smaller pores. Reproduced with permission from ref. 347. Copyright 2009 Wiley-VCH.
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(a and c) Schematic diagrams and (b and d) top views of surfactant-stabilized and particle-stabilized droplets, respectively. Hierarchical porous
, (f) silica- and (g) CTAB-stabilized droplets. (h) Magnification of (e) illustrating the interstices between the macropores. (i and j)

Magnified FESEM images of the region close to a macropore indicated in (g). Scale bars in the insets of (e) and (h) are 100 nm and 10 pum, respectively.
Reproduced with permission from ref. 367. Copyright 2010 American Chemical Society.

Table 3 Hierarchical porous structure as a function of conditions for colloidal directed polymerization

Morphology Structure with closed ordered arrays

Structure with open ordered arrays

Droplet type Particle-stabilized

Dispersed phase
composition

Photosensitive oil mixture containing 1,6-hexanediol
diacrylate + trimethylolpropane ethoxylate triacrylate

Surfactant-stabilized
PVA-stabilized
Octane

CTAB-stabilized
Octane

(monomers), 2-hydroxy-2-methyl-.-phenyl-L-propanone

(initiator) and toluene (diluent)
Continuous phase

composition silica particles

+140
+110

Average large pore size (um)
Average small pore size (nm)

only a thin air-water layer was present on the surface of
the surfactant-stabilized droplets (Fig. 56b). Remarkably, the
surfactant-stabilized droplets lead to an open ordered cellular
structure (Fig. 56¢), whereas the particle-stabilized droplets resulted
in fully closed ordered arrays (Fig. 56f). Additionally, the nano-
particles compactly packed in the voids between the large pores
(inset of Fig. 56e) were removed in the subsequent steps, resulting
in a secondary pore hierarchy. The dried structures (Fig. 56i)
presented ordered secondary pores in the vicinity of the large
primary pores while more disordered pores were observed more
distantly. The pore wall thickness could be adjusted by tuning the
TEOS concentration in the aqueous feed (Fig. 56j), while the initial
droplet diameter determined the ultimate aperture. Moreover, the
type of droplet stabilizer (surfactants or particles) had a great
influence on the interconnectivity between macropores (Table 3).

This journal is © The Royal Society of Chemistry 2017

Aqueous suspension containing CTAB and

Aqueous suspension
containing PVA and
silica particles

Aqueous suspension
containing CTAB,
polystyrene particles

and TEOS
+125 +140
+110 +400

4.5. Complex cavity structures

Besides spherical also non-spherical monodisperse morphol-
ogies can be created using double emulsion templates. Lee and
Weitz?”79?9%?%3 demonstrated the synthesis of non-spherical
colloidosomes with a multi-compartmentalized structure in a
glass capillary microfluidic device, combining a co-flow and a
flow-focusing geometry. Colloidosomes are hollow capsules
whose shells consist of densely packed colloidal particles.®*>”*
These materials are attractive in encapsulation and delivery
applications due to their outstanding functional properties such
as permeability, biocompatibility and selectivity.****”> Non-
spherical particles were able to encapsulate multiple materials
independently in different subdomains (compartments) without
cross-contamination.’*® Some could pack more densely than
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(a) W/O/W double emulsion template evolving to non-spherical colloidosome with multiple compartments. (b) Optical microscopy images of

aqueous droplets encapsulated by W/O/W double emulsions. SEM images of colloidosomes with (c) 2, (d) 3, (e) 4, (f) 5 and (g) 6 compartments (N).

Reproduced with permission from ref. 27. Copyright 2009 Wiley-VCH.

Table 4 Generation of non-spherical morphologies directed by the droplet number of double W/O/W emulsions

Phase composition

Internal W/O Compartment
Outer Middle Inner drop number (1) number (N) Particle morphology
0.2-2 wt% PVA Toluene suspension containing 0-2 wt% PVA 2 2 Peanut-shaped
aqueous solution 7.5 wt% hydrophobic silica nanoparticles aqueous solution 3 3 Three links
4 4 Triangular dipyramid
5 5 Square pyramid
6 6 Pentagonal dipyramid
the spherical ones due to their geometry.*”**”* W/O/W double 5 —_—
emulsions encapsulated different sets of aqueous droplets by
varying the flow rate of 3 phases in the microfluidic device
(Fig. 57a). The silica nanospheres surrounded the inner aqueous 1 3

droplets. Initially, during oil removal, the internal W/O interface
maintained spherical morphologies while the geometry of the
outer O/W interface evolved to non-spherical. After vacuum
drying, non-spherical colloidosomes with various morphologies
and multiple compartments were observed (Fig. 57b-g). The
number of droplets determined the final morphology (Table 4).
Some colloidosomes presented complex (asymmetric) structures,
where the inner and outer shell surfaces consisted of different
nanoparticles.’”>

Later, Fang et al®’® described a simple one-step method for
the dropwise formation of doughnut-shaped silica microparticles
using a novel microfluidic FFD*” device with a serpentine channel
(Fig. 58a), which improved the control over shape and size. Along
the serpentine microchannel the deformation became more pro-
nounced and the droplets gradually shrunk during solidification
from 75 um spheres to 25um doughnut-shapes (Fig. 58b and c),
as a result of the buckling instability at the interface. A thin
membrane (2-3 pm) connected the 2 (asymmetric) cavities
(Fig. 58d).*”® According to the drying hydrodynamics, either
pancake-shaped or torus-shaped silica microparticles could also
be created by adjusting the experimental conditions, such as the
silica content in the dispersed phase (TEOS + triethyl amine),
the flow rates of dispersed and continuous phases,*®” etc.

884 | Chem. Soc. Rev., 2017, 46, 855-914

Spm

Fig. 58 (a) PDMS device with serpentine channel, (b) optical microscope
tilted side view of doughnut-shaped silica particles, (c) SEM image of
whole particles and (d) top (*) or side (1) view TEM image of cross-section
of particles. Reproduced with permission from ref. 376. Copyright 2011
American Chemical Society.

4.6. Customized macroporous particles (flow lithography)

All the particle synthesis methods described above are based
on the precise control over the specific emulsion droplets
inside microfluidic devices. The particle morphology in these
methods is restricted to spheres or some deformed sphere
shapes, such as hemispheres or rods. Photolithography offers a
much easier route to yield such non-spherical particles, because
the method employs versatile photomasks to define the shape.

This journal is © The Royal Society of Chemistry 2017
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(a) Cross-section of a PDMS microfluidic flow lithography device. Reproduced with permission from ref. 380. Copyright 2008 American

Chemical Society. (b) SFL device using a 3-way solenoid valve for rapid flow start and stop before and after polymerization. Reproduced with permission
from ref. 379. Copyright 2007 The Royal Society of Chemistry. (c) SFIL. Reproduced with permission from ref. 382. Copyright 2007 Wiley-VCH. (d) LRL.
Reproduced with permission from ref. 383. Copyright 2009 The Royal Society of Chemistry.

On the other hand, it has not been used often in the fabrication
of particles due to the discontinuous nature of the process (low
throughput). Besides, photoresistant materials are not ideal for
applications that require biocompatible particles.

In order to fabricate the non-spherical particles, novel
microfluidic methods relying on photolithographic techniques
were introduced recently.”**”® Arrays of mask-defined poly-
meric particles were formed under UV-light in the PDMS device
in an automatized way. Fig. 59a shows a cross-section of the
microfluidic device. Mask defined shapes were cross-linked in
the centre of the device under a dynamic oxygen atmosphere,
which was constantly diffusing through the PDMS wall and
forming the inhibition layer above and beneath the particles.
The thin oxide layer prevented clogging of particles allowing
them to elute smoothly.*8°*%! One technique used a continuous
flow of monomers passing through the microfluidic device
producing arrays of arbitrary masked particles (continuous flow

Table 5 Characteristics of flow lithography techniques

lithography, CFL). Another technique employed masks which
were embedded inside the microfluidic device. Eventually, 4
types of flow lithography were developed (Table 5): CFL, stop
flow lithography (SFL), stop flow interference lithography (SFIL)
and lock and release lithography (LRL). An additional advantage
over droplet-based methods is the possibility to fabricate particles
with more than 3 different sections. Extending photolithography
from photoresistant materials to other more bio-friendly materials
could open the range of applications.

4.6.1. Continuous flow lithography (CFL). Dendukuri et al.’*
developed the CFL method. They combined the advantages
of microfluidic techniques (continuous processing and laminar
co-flow) and projection-photolithography (higher resolution and
precise shape control). An oligomer stream continuously flew
in the microchannel while a transparent mask (inserted in the
field-stop position of the microscope) was used to define the
final shape. The exposed parts of the oligomer were cross-linked

Technique (year) Characteristics

CFL (2006)

Automatized fabrication of non-spherical particles with 2D-extruded shapes down to 3 um

Low Pe flows and pattern blurring
Structures with poor resolution

SFL (2007)

Automatized fabrication of heterogeneous biocompatible 2D-extruded particles

Improved resolution for more detailed structures (1-2 pm)
Sharp interfaces between different sections of particles

SFIL (2007)

Predictable internal 3D structures in one shot

High surface-area-to-volume ratio
Controllable 3D porosity

LRL (2009)

3D multifunctional particles with complex structures

Automatized fabrication of composite particles with multiple overlapping sections

This journal is © The Royal Society of Chemistry 2017
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Fig. 60 (A) Fabrication of dot-coded particles, (B) single-probe half-
fluorescent particles, (C) particle subdomains for encoding and analyte
detection and (D) differential interference contrast (DIC) image of particles
(scale bar 100 um). Reproduced with permission from ref. 384. Copyright
2007 Science.

upon exposure to UV-light through the transparent mask to
induce solidification. The particles were eluted from the device
with the continuous phase.

Most of the traditional approaches to make multifunctional
encoded particles used for biomolecule analysis are complicated
and time-consuming. Besides, they often generate only a limited
number of particles. The processes for encoding, functionalizing
or decoding active substrates (particles or surfaces) are expensive.
Pregibon et al.*®* presented a flexible and convenient CFL based
approach, combining particle fabrication, encoding and probe
incorporation into a single process. The obtained multifunctional
particles possessed more than a million unique codes. The mix of
2 monomer flows (one loaded with an acrylate-modified probe
and the other one with a fluorescent dye) constituted the laminar
flow in a microfluidic channel and were then polymerized by
UV-light (Fig. 60A). Particles with different regions were created
in a single step: a graphically encoded region (fluorescent
probe) and a probe-loaded region (modified probe). PEG,
known as a bio-inert polymer, was used as the particle anchor
point to “block” surfaces after the direct incorporation of the
probes into the particles. PEG as a transparent material also
allowed the fluorescent signal to pass through both sides of the
particles. The resulting particles were extruded in 2D shapes
(Fig. 60B-D) with macroporous ‘“block” holes. Their chemical
components were determined by the co-flowing monomer
stream composition. Particles were designed to be “read” along
5 lanes along their length, with alignment indicators as the
identification of the code position.

Later, Lee et al.'®® studied the use of PEG as an effective
porogen to create a macroporous hydrogel and a hydrogel
slab within microfluidic channels. The inert PEG occupied
the space within the polyacrylamide hydrogel without affecting
the protein activity.>®® In contrast to other common porogens, PEG
is more hydrophilic and can be dissolved in water and therefore it
was removed efficiently from the hydrogel.>*® Pre-polymer solu-
tions with 4% (w/v) polyacrylamide were exposed to 320-500 nm
UV-light through a transparency mask, placed between the light
source and microchannel. Upon addition of PEG porogens at

886 | Chem. Soc. Rev., 2017, 46, 855-914

View Article Online

Chem Soc Rev

Fig. 61 (a) Optical image of 5% PEG700DA (M,, 700 Da) macroporous
hydrogel with 20% PEG10000 porogen and (b) SEM image of 5% PEG700DA
macroporous hydrogel slab with 20% PEG35000 porogen. Reproduced
with permission from ref. 165. Copyright 2010 American Chemical Society.

concentrations higher than 5%, the polymerized hydrogel
(Fig. 61a and b) became opaque and macroporous as a result
of polymerization-induced phase separation. Higher loads
of PEG porogens increased the porosity but decreased the
structural strength. To increase the fabrication throughput,
the flow rates of the different phases needed to be enhanced,
but that leads almost inevitably to particle smearing and poor
repeatability (unacceptable deformation) due to the limited
UV-exposure time.*”’

4.6.2. Stop flow lithography (SFL). SFL was developed to
address CFL’s inherent limitations®”® (Fig. 59b). The monomer
solution (composed of a precursor, a porogen and a photo-
initiator) was fed to the PDMS microfluidic device where a
laminar co-flow was already established. As the flow suddenly
halted, the feed was exposed to UV-light through a defined
transparent mask. After that, the flow is restarted again, carry-
ing the polymerized particles from the device into a collector
while the laminar co-flow streams re-established again for the
next cycle.*®' The frequent switching between stop and flow
modes required to respond rapidly to the pressure changes in
the device. The SFL production throughput can be up to 1000
higher compared to CFL. SFL also leads to sharper interfaces
among the different sections by using high flow rates which are
stopped abruptly before subsequent polymerization.

4.6.2.1. Regular macroporous particles. Recently, Li et al.*®”
and coworkers synthesized highly macroporous particles via a
microfluidic flow lithography approach with low-cost porogens
(Fig. 62). The particles’ shapes depend on the designed photo-
mask. Besides, a UV polymerization-induced phase-separation
process results in a highly porous architecture with controllable
pore size ranging from 100 nm to 500 nm. Moreover, they also
systematically studied the pore-forming process with different
operating parameters, such as the porogen type, porogen concen-
tration and UV intensity.

4.6.2.2. Irregular macroporous size square hole particles. The
group of Doyle also demonstrated the advantages of SFL.*>”® The
CFL and SFL methods were compared for the fabrication
of a fixed number of particles using the same type of mask,

This journal is © The Royal Society of Chemistry 2017
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Fig. 62 (a) Schematic illustration of SFL porous particle fabrication. SEM

micrographs of (b) a certain number of polymerized porous particles,
and (b) surface and (c) cross section of polymerized porous particles,
respectively. Scale bars are 2 um (b and c). Reproduced with permission
from ref. 387. Copyright 2016 American Chemical Society.

UV-exposure time (0.05 s) and channel geometry (10 um in
height, 200 pm width and 1 cm length) (Fig. 63a-c). The insets
show magnifications of the transparency masks employed. The
difference between the inner and outer side dimensions of the
concentric squares were 50, 20 and 10 pm, used for the prepara-
tion of particles with dimensions around 6, 2.5 and 1.25 pm,
respectively (Fig. 63d, f and h). They showed well-defined
morphology, the smaller particles however lacked sharp edges
(Fig. 63h). The particles prepared using the CFL method are
shown in Fig. 63e, g and i, having blurred edges and being less
uniform than the ones obtained using the SFL method.

4.6.2.3. Macroporous microgears. SFL was also reported as an
effective tool for the generation of particles with more complex
geometries, such as microgears, with uniform sizes ranging
from 20 to 300 um.>**® Unlike simple geometries which could be
obtained in short time, the complex microgears required much
longer time to ensure complete polymerization to avoid their
destruction during the ejection process. To enhance their
structural integrity, the colloidal microgears were transformed
to dense glassy silica ones by sintering for 3-10 h. After 10 h
at 1150 °C, smooth transparent surfaces with dense internal
structures were produced (Fig. 64a and b), while after only 1 h
the microgears became translucent and even opaque, but their
surface remained rough on the same size scale of the individual
silica microsphere building blocks (Fig. 64c and d). Fully-open
structures however have not yet been obtained, but might be
created using other polymer types, like those used for photo-
resistant materials.

4.6.2.4. Bar-coded particles. Permeable PEG hydrogel particles
consist of several spatially segregated regions, each hosting a
graphical code in their unpolymerized macroporous holes. Some
particles even carry various probe strips for multiplex target
quantification. Particle-encoding holes can have different sizes

This journal is © The Royal Society of Chemistry 2017
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Fig. 63 Concentric square masks, having differences between inner and
outer sides of (a) 50, (b) 20 and (c) 10 um, used for the SFL generation of
macroporous square particles. (d, f and h) SEM images of SFL particles and
(e, g and i) particles made with the same masks using CFL under the same
conditions as SFL. The scale bars are 10 um (d-i). Reproduced with
permission from ref. 379. Copyright 2007 The Royal Society of Chemistry.

representing 4 coding ‘bits’ (0, 1, 2, and 3). Besides, an extra bit
(4) is used to provide the starting signal. These codes help to
identify the antibody covalently attached on a separate probe
region of the particle. The five bits could be arranged in 192
unique codes,*®" if needed, similar to bar-coded chips.**® The
task of the porous 3D gel matrix was to improve the kinetics of
the recognition chain reaction of nucleic acids.*****" The pore
size could be modulated by varying the load of the cross-linking
agent and porogen(s) in the precursor solution.

More complex particles with multidimensional anisotropy could
also be fabricated with advanced microfluidic designs.*®*?9%73%
However, they sometimes lacked technological solutions to rapidly
decode particles and quantify target binding in a high-throughput
manner, suitable for clinical research applications.***%” To
expand the application of bar-coded hydrogel particles, Doyle
and his group developed a versatile microfluidic flow scanner,
which decoded the particles in an accurate way and up to

Chem. Soc. Rev., 2017, 46, 855-914 | 887


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cs00065c

Open Access Article. Published on 20 January 2017. Downloaded on 11/6/2025 11:53:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

Fig. 64 SEM images of (a) glassy silica microgear sintered at 1150 °C for
10 h, including (b) high magnification and (c) porous silica microgear
sintered at 1150 °C for 1 h, including (d) high magnification. Reproduced
with permission from ref. 388. Copyright 2008 Wiley-VCH.

25 targets per s, with multiplex detection encoded. The device
consisted of 4 major parts: (1) creation of bar-coded micro-
particles, (2) protein target labelling, (3) scanning and analyzing the
particles and (4) automated target identification. The bar-coded
hydrogel particles were produced using a well-designed SFL
device (Fig. 65¢) described by Dendukuri et al.,*”® a flow control
equipment used by Bong et al.*°® and a scan system built on the
microscope that was used for particle generation.***** Stop-flow
cycles were adjusted by the pressure and synchronized with
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O Fluorescent monomer
[ Probe monomer
O Blank monomer

UV source

b Blank

2 0303 / \

Fluorescent code Probe

A

250 uym

Fig. 65
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UV-light pulses to simultaneously synthesize, encode and
functionalize. By high-resolution design of the particle layout,
hosting different adjacent chemical functionalities, reliable
code readouts could be achieved (Fig. 65a). Earlier, scans
occurred on equally spaced probes,’®" whereas Boyle used a
30 pm width blank region inserted in the particle to separate
the code and the probe. Another blank region was incorporated
at the end of the particle to ensure symmetrical exposure of
the probe to the carrier (Fig. 65b). Other studies also explored
bar-coded microparticles for protein detection and other
applications.??940>~0¢

4.6.2.5. High AR functional layered sheets. The aspect ratio
(AR, the ratio of the channel width to height) of microchannels
is a critical parameter of PDMS chips. ARs below 20 resulted
in weak mechanical strength.*®” Channels with too high ARs
resulted in sagging and limited sheet formation. By utilizing a
glass support in stop-flow lithography, the generation of func-
tional layered sheet structures with high ARs was realized in
one step.’®® Li et al.*® introduced slit-channel lithographs to
prepare single- and even multiple-layer hydrogel sheets with
controllable pore shapes and surface morphologies, designed for
utilization in tissue engineering. The UV-shutter and the solenoid
valve were precisely synchronized using a digital controller
(Fig. 66a), which is important for the special morphologies of
the sheets. In the single-layer sheet synthesis, a Pacman-arena
styled sheet (Fig. 66b) with a pore gradient pattern ranging from
5 to 300 pm (Fig. 66¢) was obtained, which can be used in multi-
component filtrations.*'® The pore shape was also altered by
adjusting the location of the UV-focal plane along the micro-
channel. When setting the focal plane in the middle of the
channel, the light beam reached the photomask in a straight
angle resulting in sheets with uniform cylindrical pores (Fig. 66d).

Switching mirrors

Pressure manifold for stream control

(a) Illustration of the fabrication of single-probed particles. (b) A bar-coded particle with code 20303, (c) microscope setup for synthesis and

scanning: laser and PMT for scanning, UV for polymerization and CCD for synthesis and alignment and (d) blue colored feed to identify and adjust the
monomer flow widths easily during the fabrication process: B: blank, P: probe and C: code. Reproduced with permission from ref. 381. Copyright 2011

Nature America.
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(a) Illustration of hydrogel sheet production, (b) Pacman-arena styled sheet, (c) gradient pore pattern and (d) cylindrical and conical pore

formation. SEM images of the (e) cylindrical and (f) conical pores in the sheets and (g) multi-layered magnetic hydrogel sheets with square macropores
and (h) corresponding magnification. Scale bars are 1 mm (b, c and g), 40 um (e and f) and 100 um (h). Reproduced with permission from ref. 409.

Copyright 2014 American Chemical Society.

When lowering the focal plane location, the sheet showed
conical pores caused by the inclination of the light beam
(Fig. 66e and f). Both types of sheets were used in cell culture
and biochemical analysis.*’’*!> Multi-layered sheet structures
were obtained by introducing an external magnetic field.
Fig. 66h shows 3 magnetic hydrogel sheets self-assembled into a
3D hydrogel structure with 60 pm square pores, good for nutrition
supply and waste removal in large tissue growth. Compared to
other techniques such as scanning beam lithography,*'®*!
photolithography*'®**® and soft/hard mold lithography,
the slit-channel lithography technique simplified the fabrication
process considerably.

4.6.3. Stop flow interference lithography (SFIL). The
above lithography methods are restricted to particles with 2D
extruded shapes. SFIL was developed by combining phase mask
based interference lithography with SFL to form particles with
predictable internal 3D structures in one step (Fig. 59c).
Poly(ethylene glycol)diacrylate (PEGDA) equilateral triangular
prisms (present in an oligomer film) with a side length of 60 pm
and a thickness of 25 pm were reported.*®* Via controlling the

407,420

light intensity and the inhibitor concentration, other structures
with various surface morphologies and volume fractions were
created (Fig. 67a-c). The obtained particles lacked a fully open
3D porous structure. Further optimization of the hydrogel
materials and the phase mask enable them to make high-
porosity hydrogel/air biocontinuous structures.

Fig. 67a and b show the cross-sectional views of the 3D
structures obtained at a short exposure time/high inhibitor
load and long exposure time/low inhibitor load, respectively.
The latter 3D structures contained smaller pores and had a
higher volume fraction. Upon shrinking in ethanol, flower-
shaped structures were formed (Fig. 67c).

4.6.4. Lock and release lithography (LRL). More recently
LRL was introduced for the fabrication of a wider range of
3D multi-functional particles containing complex patterns,®®
taking advantage of the CFL/SFL method and the deformation
phenomena in PDMS devices upon changing the external
pressure. This was important to lock and release the particles
from the 3D PDMS ceiling, which contained positive protruding
relief structures to facilitate this. First, a UV-sensitive monomer

Fig. 67 SEM images of PEGDA structures with different morphologies and volume fractions, fabricated with the same phase mask and (a) 700 ms
exposure time with 1.2 wt% hydroquinone (inhibitor), (b) 1000 ms exposure time and 0.3 wt% hydroquinone and (c) special flower shapes fabricated from
ethanol suspension and 300 ms exposure time. Reproduced with permission from ref. 382. Copyright 2007 Wiley-VCH.
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stream was stationed in the microfluidic channel using a 3-way
valve. Then, lithographic printing structures were locked in the
deformed PDMS ceiling by changing the external pressure.
Finally, the particles were released from the deformed ceiling
via high pressure and recovered from the eluent. 3D particles
with macroporous grooves were fabricated in a semi-continuous
manner using an automated valve system (Fig. 59d). In order
to obtain fine (macro)porous structures, the transparency masks
were combined with well-defined interference masks.** Besides the
mask-defined shape, the particle morphology was also influenced by
the channel geometry because this determined the channel defor-
mation degree to lock, polymerize and release the created structures.
The channel width needed to be designed tediously, especially at the
inlet where most of the locking occurred and at the outlet to avoid
clogging by the particles formed. By using stop-flow, higher resolu-
tions and a higher throughput up to 10°-10” particles perusing a
single microscope were attained.*”

The release time was also important. Particles could be released
at a critical pressure as a function of the device deformation. While
the low pressure was maintained, the monomer exchange continued
and addition of new chemical groups was possible before the release
was started. This way, composite particles with multiple chemical
regions and complex porous structures were obtained (Fig. 68a).
First, the multi-inlet was filled with one type of monomer and
precisely locked. Subsequently, by tuning the pressures of the
inlet streams (but keeping them below 10 psi), locked struc-
tures with chemistry 1 were covalently linked to chemistry 2
through mask overlapping, then polymerized under UV-light
and released by high pressure (Fig. 68b-f). The mask was
compatible with different chemistries to selectively polymerize
through overlapping, resulting in different particle types.
Fig. 68g shows a particle obtained by applying 3 chemistries.

Y @ =N

Fig. 68 Composite particle (a) synthesis, (b) structure, (c) DIC image and
(d) fluorescence microscopy image. Fluorescence microscopy images
of (e and f) composite particles with an “autumn tree” pattern, with 6
thicker locks appearing as brighter regions and (g) composite particle
with a “spring tree"” pattern. Scale bars are 100 um (c, d and f) and 50 um
(e and g). Reproduced with permission from ref. 383. Copyright 2009
The Royal Society of Chemistry.
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The lag times were critical, as they determined the fluidic
exchange and mask alignment. However, the production
throughput decreases when multiple chemistries are employed.

5. Applications

5.1. Catalytic applications

The development of different porous materials has opened great
opportunities for catalytic applications, mainly as supports for
catalysts and as nanoreactors (Fig. 69). They can provide efficient
mass and heat transfer and host abundant catalytic active sites.
Graphite, a nanostructured porous material, has intriguing
structural features with a hexagonal close-packed opened porous
structure. Natural and artificial zeolites, with pore sizes less than
1 nm, are widely used as catalytic nanoreactors.**"**> Here,
macromolecules cannot enter and leave the confined space.
Metal-organic frameworks (MOFs) exhibit similar structures
with sub-nanometer-sized pores.*>® Moreover, MOFs can act
both as catalyst supports and as active sites. In general, catalytic
active sites are loaded by covalent grafting, heteroatom doping
or nanoparticle deposition. Larger-pore-sized mesoporous
materials have also been developed.*****> Among these materials,
MCM-41 and SBA-15 are widely used in various catalytic
reactions.””® Compared with microporous structures, meso-
porous ones provide larger pore volumes, which benefits the
mass transfer. Unfortunately, the increase of porosity can result
in less stable cellular structures**”**® and further restrict their
performance over time. Carbon nanotubes with pore sizes
ranging from 1 to 100 nm******> and macroporous materials
have also been employed for catalytic reactions.??*367439
Materials with hierarchical porous structures on the nano-
and micrometer scales have also been explored to improve
conventional micro-/meso-/macroporous materials as catalytic
supports and nanoreactors.**°"**? For this reason, the develop-
ment of microfluidic techniques can play an important role in
catalytic applications. Wacker et al.'®® created magnetic macro-
porous spheres in a microfluidic device using silica particles
and iron oxide nanoparticles and then functionalized them
with horseradish peroxidase (HRP), frequently used as a signal
amplifier in immune assays.**® This way the HRP functiona-
lized particles could be recovered easily.****** Carroll et al.>*?
designed surfactant micelle/oil nanoemulsions and combined
them with silica microtemplates to fabricate hierarchical porous

Zeolite Mesoporous

. Carbon
materials

Graphite sEfGtiEe

Catalytic reactor/supporter

Macrporous
materials

Fig. 69 Common porous materials used as catalytic supports with increasing
pore sizes and nanoreactors with gradually increased reaction spaces.
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spheres to improve the mass selective transfer in catalysis, but also
for electrocatalysis materials.*****> More recently, Kim et al.”” also
demonstrated that the porous microparticles can be used as
catalyst supports thanks to their intrinsic structural features.
However, although microfluidically-generated porous materials
possess so many distinct advantages, for future catalytic applica-
tion, more efforts should be devoted to control their structures and
morphologies. With the rapid progress of microfluidics in porous
material fabrication, macroporous materials with higher specific
surface area, larger pore size and pore volume, as well as better
multi-functionalization superior to the current porous materials
obtained by a conventional approach will certainly face a bright
future in modern catalytic research and applications.

5.2. Optical applications

In recent years suspension-mediated arrays were exploited.**®
Compared with the conventional microarrays on a plate,**”**?
they offer greater flexibility. In particular, self-assembled periodic
arrays of colloidal photonic crystals (CPCs), containing photonic
band gaps (PBGs) which diffract light in long-wave-ranges, are
attractive for application in advanced optical fields such as
photonic crystal devices for light manipulation.****> Due to the
periodic modulation of the refractive index between the building
nanoparticles and the surrounding medium, PBGs allow only
certain light wavelengths to be refracted.”®® CPCs can synchronize
optical signals by stop band positions originating from the
periodic lattice spacing.”*>**® Conventional microcarriers such
as fluorescent dyes or quantum dots,>***%*>374%° \which contain
physicochemical carriers as the main spectrum-encoding
elements, can show some defects: photobleaching during storage,
fluorescent interference between encoding and analyte detection
and biotoxicity of the quantum dots.****°*** CPCs, as an optical
spectrum-encoding carrier, show characteristic reflection peaks
originating from the stop-band. They result in a stable and
sensitive detection.”®*®* CPCs convert small physicochemical
response signals to a well-defined optical change (stop band
positions or structural colors).>?**®>7*% CpCs were developed
for sensing various external stimuli, such as temperature,*®>~*°
solvent,”°*?  humidity,”®*>*”**’®  mechanical stress,
pH,***8 jons,*81783 1ight*8+*%> and electric/magnetic field.******

To date, only a few conventional approaches exist for the
controlled creation of crystals from colloids. Crystal structures
formed from colloids in a state of suspense often show fragile
behavior. The most predominant approaches for this task are:'>°
(1) flow- or evaporation-induced colloidal packing®®>*® and
(2) non-close packing induced by electrostatic energy, followed
by immobilization.**®*” CPCs with various morphologies,
such as thin film or bulk, were fabricated. The Bragg diffraction
that occurs upon irradiation of CPCs generates different struc-
tural colors when observed from different angles, useful in the
construction of some optical materials and devices that require
wider viewing angles.*®® Other drawbacks such as a relatively
slow response rate for certain stimuli and the lack of high
throughput assays limit their application.**®

Photonic crystal beads (PCBs) were created to address these
drawbacks.?”*949° Thanks to their structural symmetry, these

477,478
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spherical CPCs were rotation independent when their surface was
irradiated at a fixed incident angle of the light beam 800!
Crystallization to PCBs was induced by evaporation and polymeriza-
tion of suspensions with droplet template colloidal nanoparticles.>*®
To increase the refractive index, the nanoparticles need to be
removed selectively to generate inverse-opal structures with
broader PBGs and reduced attenuation length. Characteristic
to inverse-opaline PCBs, long-range ordering of pores was crucial
to the optical performance, resulting in stable specific reflection
peak positions.****** Under normal light incidence, the reflec-
tion (stop-band) wavelength 4 of PCBs can be estimated using
Bragg’s equation:>%%29%>0>

A=1.633 x d % Naverage

where d is the centre-to-centre distance between 2 neighboring
pores and 7uyerage iS the average refractive index. Therefore, by
changing the diameters of the pores, a series of PCBs that
display the same size with different diffraction-peak positions
and structural colors were obtained. To optimize the optical
performance of a set of PCBs, the fabrication of the complex
structure should be well controlled. Interconnected pores in the
PCBs facilitate molecular diffusion into their inner structure and
provide more binding sites for probe immobilization. For this
reason, careful separation of the templating nanoparticles was
critical. Evaporation-induced crystallization required time to
ensure complete consolidation, causing almost inevitable cracks
in some crystals. Recently, the development of PCBs with inverse-
opaline structures has progressed significantly by a combination
of microfluidic and templating techniques.'>®>38-291,293,295,296,300
Nanoparticles serving as a sacrificial template allow creation of
interconnected porous structures, while microfluidic techniques
provide PCBs with a highly ordered 3D inverse-opaline structure.
PCBs can be applied in displays, multiplex responses and label-
free detection.

(1) Displays. PCBs were used as building units for reflective
display materials, addressing the shortcomings of emissive
displays that are poorly visible under bright sunlight. PCBs were
assembled into films or used as separated display units.>*>>%*
Unlike spherical CPC-composed films which showed color
variation at different angles, the unit-separated PCBs displayed
constant colors (fixed reflection spectra) for a fixed light
incident angle regardless of the rotation of the PCB sphere
itself (Fig. 70a).”"?88:289,297,298,300,500,501 im et q">° prepared
homogeneous PCBs using a microfluidic technique. The reflec-
tance spectra of ETPTA colloidal crystals containing abundant silica
nanoparticles depended on the particle size and concentration.
After selectively removing the templating silica nanoparticles,
the optical features of the obtained inverse-opaline PCBs were
different (Fig. 70b). Their PBGs became broader due to the shift
in reflectance peaks. By changing the pore diameters and their
arrangements, a series of inverse-opaline PCBs with different
diffraction peak positions (and thus structural colors) were
reported by Zhao et al (Fig. 70c).>®® Cui et al**° fabricated
PIL-IOMs with intrinsic photonic properties, whose PBGs could
be widely tuned from 400 to 700 nm. Interestingly, by precisely
controlling the etching process, Ye et al.>*® obtained PCBs with
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Fig. 70 (a) Reflectance spectra and optical images of red, blue, and green PCBs composed of 190, 152, and 145 nm silica particles. (b) Normalized
reflectance spectra and optical images of photonic balls before and after removing the 165 nm silica particles. Reproduced with permission from ref. 156.
Copyright 2008 Wiley-VCH. (c) Reflection spectra and (d) 3D image (in water) of 7 inverse-opaline PCBs prepared with polystyrene spheres as sacrificial
templates having, from left to right, 200, 215, 238, 262, 280, 298, and 315 nm sizes. Reproduced with permission from ref. 289. Copyright 2009 Wiley-
VCH. (e) Reflection spectra of 5 kinds of inverse-opaline PCBs made with silica nanoparticles of, from top to down, 290, 260, 240, 220 and 200 nm sizes.

Scale bars are 100 pm (a), 500 pm (d) and 200 um (e). Reproduced with permission from ref. 296. Copyright 2014 Wiley-VCH.

close-packed opal cores and responsive inverse-opaline hydro-
gel shells. These exhibited distinct colors as 2 reflection peaks
arose due to the different refractive indices of the shell and
core (Fig. 70d).

(2) Multiplex responses. PCBs were functionalized in
different ways to respond to several external stimuli, such as
temperature, pH, irradiation, etc. However, most of them were
limited to sense only one stimulus at once. In contrast, Wang
et al.*®® generated monodisperse hydrogel photonic crystal
microparticles (HPCMs) with 3D porous structures combining
a microfluidic and a templating technique, to achieve multi-
responsive features. These HPCMs displayed structural color

L Ptk

Fig. 71
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variation almost covering the entire wavelength of visible light
(above 150 nm of the stop band shift) and showed a rapid
response (less than 1 min). Thanks to the high sensitivity of
PIL in PIL-IOMs,** they directly converted these stimuli to
readable optical signals, avoiding the quenching and bleaching
problems.>® Fig. 71a displays their exposure to different solvents,
showing different stop band shifts. Jeong et al.'”® developed novel
porous microparticles with reversible membrane permeability,
controlled by near-infrared (NIR) irradiation. NIR light can be
focused on a small area and penetrate deep into materials without
significant damage, thus providing a promising stimulus.
Photo- and thermoresponsive switches in the particle surface
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(a) Optical response and optical images (insets) of PIL-IOMs upon exposure to aqueous solution with 6 different counter ions. Reproduced with

permission from ref. 300. Copyright 2014 Wiley-VCH. (b) lllustration of the microparticle structure and the payload release upon irradiation with a NIR
laser and (c) normalized volume change of microparticles with (black squares) or without (red dots) gold nanorods according to a cycle laser. Reproduced
with permission from ref. 170. Copyright 2014 American Chemical Society.

892 | Chem. Soc. Rev., 2017, 46, 855-914 This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cs00065c

Open Access Article. Published on 20 January 2017. Downloaded on 11/6/2025 11:53:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

permeability were observed when gold nanorods were embedded
(Fig. 71b). Upon NIR-irradiation the microparticles shrunk and
formed macroscopic gaps, permitting large molecules to diffuse
inside.>** After removing the NIR irradiation and cooling of the
gold nanorods, the light-triggered permeability disappeared in a
reversible manner (Fig. 71c). In contrast, there was no change in
the volume of the same microparticles without gold nanorods,
regardless of being irradiated or not.

(3) Label-free multiplex detection. Detection by labelling targets
is still the most popular method, but the labelling process itself is
time-consuming, can be expensive and may lead to false negative
results.”**>% Therefore, label-free detection techniques are highly
desirable, where target molecules are not labelled but detected in
their original forms.**® More importantly, they also allow for kinetic
measurement of interactions between the target and other mole-
cules. PCBs were suggested as promising materials for label-
free multiplex detection. They had superior optical properties,
which originated from their inverse-opaline structures, such as
their change in refractive indices and diffraction plane spacing,
detected when shifts in their PBGs or structural colors
occurred,>89291,292:499509517 7ha4 et al**' prepared molecularly
imprinted polymer beads (MIPBs) with photonic crystal structures,
which not only provided diffraction peaks for encoding, but also
converted small physicochemical responses to optical signals.**>*¢*
Fig. 72a illustrates the change in the MIPBs’ diffraction peaks before
(dashed lines) and after (solid lines) multiplex detection.

Zhao and co-workers>®® also developed a simple microfluidic
device for in situ detection (Fig. 72b). When the PCBs passed the
detection region, their reflection peaks could be detected using
a microscope. More recently, by employing well-controlled
wet etching processes, Ye et al.>*® fabricated novel PCBs with
close-packed opal cores as their encoding units offering stable
diffraction peaks and responsive inverse-opal hydrogel shells.
The latter acted as the sensing unit for target recognition, based
on the shrinking behavior of the shells. These microparticles
showed 2 reflection peaks, whose shifts could be used for the
estimation of the target concentration (Fig. 72c¢).

Currently, the fabrication process of hierarchical porous
particles with inverse opal structures is still complicated and
apt to have deviation, which further affects their optical appli-
cations. One-step microfluidically hierarchical porous particle
fabrication has a long way to go.
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5.3. Drug release and delivery

Microfluidic methods represent a useful platform for therapeutic
agent delivery,”"® as microgels can be fabricated with precise
control over particle dimension and its distribution. Over the past
few decades, much effort has been devoted to develop pm or nm
sized materials for drug-delivery systems (DDSs).>'*>>* DDSs aim to
deliver the therapeutics in a spatio-temporal controlled manner:
loading either hydrophilic or hydrophobic drugs in the desired
dose, releasing them at the desired sites and minimizing side
effects.>>* Toxic effects can be attributed to premature drug release.
Therefore, advanced functional DDSs with remarkable biocompat-
ibility, biodegradability, stability as well as high drug-loading
capacity are highly desired. Porous particles have demonstrated
their benefits over solid ones as a result of their larger specific
surface area for encapsulation and release of substances.’?*™>!
Further design of their internal structure to create multicompart-
ments made the encapsulation of multiple incompatible compo-
nents possible, without cross-contamination.>** The addition of
holes on the particle surface allowed the differently sized molecules
to migrate through the thin wall in a selective way.>** DDSs could
overcome adverse biopharmaceutical properties of the drugs and
improved their bioavailability.>'*>**°%

Recently, porous silicon (PSi) materials were developed as versa-
tile carriers for drug delivery.>>>**>***7>38 The degradation rate of PSi
materials to non-toxic silicic acid in vivo could be controlled
by adjusting their porosity and surface chemistry.**"****! Further-
more, a wide variety of therapeutic and imaging agents have been
successfully incorporated into PSi particles. However, the existence
of free accessible pores imposed the risk of release of drugs from the
particles during their transport.>>***"**> The pores could be sealed
by using a matrix to ensure continuous release of the payloads for
a prolonged time. In the future, customized ordered and/or hier-
archical macroporous particles with regular or irregular shape can
be easily obtained by advanced microfluidic technology according
to the special requirements. It will accelerate the developments
of microfluidically-synthesized macroporous particles in the wider
biomedical field.

5.4. Tissue engineering

Tissue engineering was first introduced in the early 1990s>** to

address the shortcomings of traditional tissue repair and
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(a) Reflection spectra and bright field microscopic images of 3 types of MIPBs. The cyan, green and red MIPBs were imprinted bovine

haptoglobin (Hb), HRP and serum albumin (BSA), respectively. The dashed and solid lines are spectra of the MIPBs before and after multiplex detection.
Reproduced with permission from ref. 291. Copyright 2009 Wiley-VCH. (b) Flow-through microfluidic device used to read reflection spectra of inverse-
opaline PCBs. Reproduced with permission from ref. 289. Copyright 2009 Wiley-VCH. (c) Illustration of PCBs for label-free multiplex detection.

Reproduced with permission from ref. 296. Copyright 2014 Wiley-VCH.
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transplantation, as an interdisciplinary approach between biol-
ogy, materials science, medicine, and engineering. It aims at
the successful transplantation of a bio-factor, such as cells,
genes and proteins, within porous degradable materials,
known as scaffolds.”®”***">® The use of 3D scaffolds in tissue
engineering entailed precise control over the pore size and the
interconnects between them, because these in turn determined
the void space available for cell seeding.”*”**® The intercon-
nected pores provided proper exchange of nutrients and meta-
bolic waste, and acted as a protective barrier for the cells to the
immune system.'”> The mechanical properties were also criti-
cal. Macroporous materials with interconnected morphology
were suitable for tissue engineering.”’****~>*> PolyHIPEs, a
class of porous and permeable materials, were customized to
serve as scaffolds.””® Various macroporous polyHIPE porous
materials, based on both synthetic as well as natural polymers,
were studied for their application in tissue engineering,>**>>°
whereas conventional polyHIPEs based on the action of shear-
ing showed important shortcomings. First, the dimension of
pores in these materials is below 100 pm, which is too small for
cells to colonize, especially because the seeded cells often
proliferated only at the outer surface rather than penetrating
inside the materials.”®® Secondly, both pores and interconnects
were typically highly polydisperse resulting in lower perfor-
mance of the material. Cells grown within such scaffolds may
lead to undesired phenotypic diversity and inhomogeneous
distribution. In contrast, computer-aided microfabrication
techniques such as photolithographic patterning and layering,
and direct writing and two-photon stereo-lithography, may
provide the materials with the desired pore size and 3D inter-
connectivity, but these approaches are usually costly.>®%2%%>¢1
Recently, a microfluidic technique was incorporated into the
HIPE technique to overcome the morphological limitations of
the conventional approaches.’ The microfluidic technique
generated sets of droplets with equal dimensions in a highly
ordered manner without any specific chemical process. This
way, both hydrophilic and hydrophobic 3D porous scaffolds
could be fabricated for tissue engineering applications. The
study and application of microfluidically-synthesized macro-
porous particles as 3D porous scaffolds for tissue engineering
are still insufficient. But, with the fast improvement of
microfluidic-based fabrication, we believe microfluidically-
synthesized macroporous particles will usher a better future
in tissue engineering.

5.5. Water treatment

Common wastewater treatments of streams from improper
operation or accidental leakage during production, storage,
transportation and usage of chemical products harmful to the
environment are often based on chemical, physical and/or
biological methods.>**">** However, operations such as emul-
sification, solidification and photocatalytic degradation require
special conditions and can generate toxic by-products.’®® Bior-
emediation methods may cause unnecessary secondary pollu-
tion from residual nutrients and microbial pollution.>*® Most
of the treatments of oil contaminated wastewater are merely
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physical methods. Adsorption is more suitable for rather small
amounts of organic pollutants. Adsorption not only removes the
pollutants, but also makes the recycling of materials possible. The
most common adsorbing materials include polymers, carbon
materials, natural minerals and biomaterials.”®”"° The ideal oil-
water separation adsorption materials should be: (1) enriched with
alkyl groups, which selectively adsorb and efficiently separate the
oily substances from the water and form strong molecular inter-
atomic forces, (2) present a rich porous structure, high specific
surface area and pore volume contributing to a high uptake
capacity and (3) have excellent recyclability.>”">">

Removal of organic pollutants from surface or sub-surface
aquifer water to reduce the ecological damage in the environment
is a difficult task. The innovation of materials, especially porous
particles, plays an important role in this area.’*>*”>*”* To date,
silica aerogels and activated carbons have been among the most
common materials used for this task. However, with time these
particles become unstable in such aqueous environments due to
their inherent hydrophobic surface nature and eventually they need
to be replaced.””>®”” To achieve good water dispersion of hydro-
phobic particles, their surface morphology characteristics should
be changed. Particles can absorb organic contaminants and remain
well dispersed in aqueous environments by constructing a porous
hydrophobic absorbing core and a hydrophilic surface. By combin-
ing mixing-induced phase separation and precipitation polymeriza-
tion in a microfluidic device, particles with a hydrophobic porous
core and a hydrophilic porous surface were designed to ensure
excellent dispersion of particles in the aqueous phase with good
adsorption capacity’’® (Fig. 73a). Multilayered porous particles
were obtained after removal of the porogen, assisted with a color
change from dark to light (Fig. 73b), ultimately becoming
transparent. The particles were effective for the uptake of organic
oil directly from oil drops as for the uptake of organic molecules
dissolved in an aqueous solution. The recyclability of these
particles was also demonstrated.

In addition to porous materials with only one pore dimen-
sion, recently Zhang et al.*>*" introduced highly interconnected
hierarchical porous microparticles for the adsorption of oil
droplets in water. Magnetic Fe;O, nanoparticles (diameter
12 nm) were prepared and then dispersed by ultrasonic treat-
ment in the middle phase to generate the magnetic hierarchical
porous poly(MMA-co-EGDMA) microparticles. Similar to their
previous work,>*? first EGDMA dyed with red color was added
into water (Fig. 74a) and then dispersed into microdroplets by
shaking (Fig. 74b), serving as an oil contaminated sample. For
the removal of the oil, the poly(MMA-co-EGDMA) porous micro-
particles were added and adequately mixed (Fig. 74c). Remark-
ably, the dyed oil droplets could be separated from the
microparticles by directed guiding with a magnet (Fig. 74d).
The microparticles were recovered by washing the absorbed oil
with ethanol and recycled up to 20 times without structural
deformation (Fig. 74e). The results were compared with those
obtained with poly(MMA-co-EGDMA-co-GMA) to study the effect of
nanopores and different hierarchical porous structures (Table 6).

The ever-increasing requirement for wastewater treatment and
reuse gradually pushes conventional porous adsorbents to their

This journal is © The Royal Society of Chemistry 2017
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Fig. 73 (a) Schematic illustration of the porous particle fabrication. (b) The
optical images describing the process absorption of oil by particles and
consequent increase of inner layer brightness during 48 h time period.
Reproduced with permission from ref. 578. Copyright 2013 Wiley-VCH.

limits. The solutions to the existing and future water challenges will
depend on advanced adsorbents with unprecedented performances,
such as higher specific surface area, distinguished hierarchical
porous morphology, outstanding selective adsorption capacity, as
well as less toxicity and acceptable mechanical properties. However,
the current shortcomings of the microfluidic technique, for example,
low yield and high cost, become another obstacle in the applica-
tion of microfluidically-synthesized porous materials in water
purification. Design and use of microfluidically-synthesized
porous materials to solve these challenges become some of
the most urgent problems in the future.

5.6. Bio-separation

In the field of biology, to study the interactions such as those
between antibodies and antigens, or between receptors and
cells, a series of sequential post-processing, such as separation,
washing and purification, is required. The development of bio-
magnetic porous particles has been shown to be successful in

View Article Online
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Table 6 The effect of different hierarchical porous structures of poly(MMA-
co-EGDMA-co-GMA) microparticles on the oil adsorption capacity

Average pore Porosity 0Oil adsorption
Structure type size (um) (%) capacity (uL)
1 pore type (um) +120 44 <10
1 pore type (nm) +0.58 48 +20
2 pore types (um) — — +30
3 pore types (um) — — +40

this research field, especially because they are simple to handle,
are operated under mild conditions and have high efficiency.””*%°
In a continuous flow, magnetic particles were deflected from the
previous flow direction by applying an external magnetic field.
Thus, they could be separated from each other and from non-
magnetic materials. However, the separation performance relied
on their magnetic susceptibility and size, the strength of the
applied magnetic field and the applied flow rate. To simplify
bio-separations, magnetic properties could be added to porous
particles by embedding superparamagnetic iron oxide nano-
particles with the aid of microfluidic techniques.'?®?**2?
Moreover, by synchronization with other reaction or analysis
devices, this separation method can be used to form an
integrated micro-analysis system.

5.7. Particle sensors - encoded particles

One of the most attractive applications of the complex particles
fabricated by flow lithography within microfluidic devices is
high-throughput particle diagnostics and sensing.’®*"*%* The
major challenge in multiplexing is to provide particles with
unique and easily readable codes in a large amount. SFL was
used to fabricate such particles, having one part with a unique
square macroporous pattern, while the other part contained a
probe molecule with unique signature.’®***®> These particles
served as probes to detect molecular targets present in an aqueous
solution of unknown composition, similar to DNA base-pairing.
By conducting the particles with their unique barcode through
a detector they could be decoded and reveal (quantitative)
target information (Fig. 75).%%°

The advantage over other systems is that the probes were
effectively printed directly into the encoded particles and only
one fluorescent molecule was needed for both target identifi-
cation and quantification. The technique succeeded in detect-
ing DNA oligomer targets down to the picomolar level. Recently,
other researchers designed special shaped particles obtained by
CFL for the detection of some proteins. They were also used for

Fig. 74 Magnetic hierarchical porous poly(MMA-co-EGDMA) microparticles for magnetic-guided removal of dyed EGDMA microdroplets from water.
Reproduced with permission from ref. 351. Copyright 2015 American Chemical Society.
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the specific spatial sensing of ligands through development of
polymeric substrates that contain a specific templating ligand:
molecularly imprinted polymers emerging as a novel research
area. With the help of microfluidic techniques the template was
selectively removed from residual cavities and then the mono-
disperse MIP microbeads were used to detect the specific
ligand molecule target,”®” even in mixtures of various molecule
analogs.”®® With the rapid development and lasting improve-
ment of encoded particles, we will witness the widespread use
of microfluidically-synthesized encoded particles with faster
response and improved accuracy in the future.

5.8. Multiplex protein measurement

Two main methods exist for measuring protein panels in a single
assay: planar arrays and particle-based arrays.>®*® Planar arrays,
also denominated micro-arrays, employ fixed panels of 100-1000
unique probes spatially segregated on a slide for a single assay.
Although this method can measure multiplexed proteins on large
scale, it provides limited flexibility for probe-set modification, due
to the requirement of large quantities of reagents and because
the detection can be expensive and time consuming.>****" In
contrast, particle-based arrays have some advantages over con-
ventional planar arrays, such as improved scalability, shorter
analysis time, and flexible probe set reconstruction (important
to respond to evolving assay demands). Moreover, it requires less
sample and reagents to analyze 100-1000 targets and it can
combine different encoded particles, each identifying a single
target, as a custom chip for tailored assays. They are particularly
suitable for high throughput analysis of focused panels of
biomolecules.*®" However, recently, the low accuracy and high
cost of microfluidic-synthesized particles for multiplex protein
measurement have attracted more and more attention. We believe
that customized particles obtained by an advanced microfluidic
flow photolithography method will overcome these drawbacks,
exhibit huge potential and make better accomplishment in future
multiplex protein measurement.
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6. Conclusion and outlook

This review is intended to introduce microfluidics in an ordered
comprehensive way and to inspire the researchers for the fabrica-
tion of functional macroporous particles. In addition, a section for
current and future application fields is foreseen, with the focus on
particle morphology design as a function of the application
requirements. Currently exciting developments are published
in the field of fabrication, functionalization and application of
macroporous materials. In particular, micro-manufacturing and
micro-machining contribute more and more to the creation of
hierarchical porous materials, made from various compounds
and composites. Hierarchical ordered structures inherently differ
from monomodal ones by the co-existence of multiple pore scales.
The embedded micropores and mesopores offer a higher surface
area and pore volume, resulting in numerous reactive sites, size-
selectivity for different kinds of molecules and a substantial
higher interfacial area. When larger macropores can be incorpo-
rated, without collapsing the micro- and mesoporous structures,
the resultant hierarchical porous materials can offset the diffu-
sion limitations and improve the mass and energy exchange.’
The fabrication of porous materials using microfluidic techni-
ques addresses the drawbacks of traditional synthesis approaches. It
provides accurate control of the particles’ morphology in a highly
reproductive manner. Microfluidic techniques also allow the space
for further development with more complex configurations: from
radially porous particles to ordered ones, from opened porous
structures to closed ones, from regular porous spheres to irregular
ones, from interconnected structures to multi-compartmentalized
structures, from monomodal porous structures to hierarchical ones,
etc. They have opened the way to the production of advanced
materials such as inverse-opals, scaffolds and hierarchical porous
materials, which would be difficult to generate otherwise. Flow
lithography, as the result of simultaneous development of micro-
fluidics and photolithography techniques, unlocks new possibilities
for the synthesis of customized porous materials with a relatively
wide range of morphologies and thus application fields. Microfluidic
techniques allow particles to be fabricated with unprecedented
control over their pore size with narrow distributions. They possess
great potential for encapsulating a wide range of active materials,
even living cells in biomedical applications. Nevertheless some
drawbacks still exist, such as low throughput and tedious device
preparation, limiting their wider range of applications. But this can
be stated in many novel techniques and the research field is still
developing. In this regard, multiple parallel microfluidic devices are
currently considered as a practical but less efficient solution.******
Blocking phenomena occurring during fabrication still remain a
challenge for microfluidic techniques. The existing methods for the
minimization of blocking phenomena, such as surface modification,
flow modulation and external force control, are rather sophisticated.
A facile approach for minimizing this effect is still required.”” To
date, one-step fabrication of macroporous particles has only ren-
dered radially porous structures, whereas a combination of poly-
merization with sacrificial templates and wet etching processes
results in various well ordered porous structures. Hierarchical
porous structures are obtained by introducing sacrificial templating
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nanoparticles on different scales. However, modern microfluidics
still looks for improvements. The main quest still remains how to
simultaneously achieve accurate and independent control of the
ordered hierarchical porous structures in one step.

In conclusion, future research will focus on the improve-
ment of the device simplicity on one hand and on the particle
morphology functional complexity on the other hand. This
change undoubtedly conforms to the development of science
from simple to complicated as well as from the shallower to the
deeper. While initial inroads have been made, more work in the
area of scale-up must still be done.
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