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CONS P EC TU S

F unctional polymeric microparticles with typical sizes of 1�1000 μm have received
considerable attention for many applications. Especially in biomedical fields,

polymeric microparticles with advanced functions such as targeted delivery, controlled
encapsulation, or “capture and release” show great importance as delivery systems
for active molecules and drugs, as imaging agents for analytics and diagnostics, as
microreactors for confined bioreactions, and more. Generally, the functions of these
microparticles rely on both their structures and the properties of their component
materials. Thus, creating unique structures from functional materials provides an
important strategy for developing advanced functional polymeric microparticles.

Several methods, such as dispersion polymerization, precipitation polymerization,
copolymer self-assembly, and phase-separated polymer precipitation can be used to
make functional microparticles, but each has limitations, for example, their limited
control over the particle size and structure. Using emulsions as templates, however, allows precise control over the size, shape,
composition, and structure of the resulting microparticles by tuning those of the emulsions via specific emulsification techniques.
Microfluidic methods offer excellent control of emulsion droplets, thereby providing a powerful platform for continuous,
reproducible, scalable production of polymeric microparticles with unprecedented control over their monodispersity, structures,
and compositions. This approach provides broad opportunities for producing polymeric microparticles with novel structure�
property combinations and elaborately designed functions.

In this Account, we highlight recent efforts in microfluidic fabrication of advanced polymeric microparticles with well-designed
functions for potential biomedical applications, and we describe the development of microfluidic techniques for producing
monodisperse and versatile emulsion templates. We begin by describing microparticles made from single emulsions and then
describe those from complex multiple emulsions, showing how the resulting microparticles combine novel structures and material
properties to achieve their advanced functions. Monodisperse emulsions enable production of highly uniform microparticles of
desired sizes to achieve programmed release rates and passive targeting for drug delivery and diagnostic imaging. Phase-separated
multiple emulsions allow combination of a variety of functional materials to generate compartmental microparticles including hollow,
core�shell, multicore�shell, and hole�shell structures for controlled encapsulation and release, selective capture, and confined
bioreaction. We envision that the versatility of microfluidics for microparticle synthesis could open new frontiers and provide
promising and exciting opportunities for fabricating new functional microparticles with broad implications for myriad fields.

1. Introduction
Polymeric microparticles are particles in size range of

1�1000 μm, usually with solid, porous, or compartmental

polymeric interiors. Polymeric microparticles with ad-

vanced functions, such as targeted delivery and controlled

encapsulation or capture and release, show great impor-

tance in numerous applications, including drug delivery,

diagnostic imaging, and confined microreaction.

In general, the overall functions of microparticles are

largely governed by both their structures and the properties

of their component materials. To ensure that each individ-

ual microparticle has uniform and controllable perfor-

mance, uniformity in size and shape is essential, since most

of their physical/chemical properties are size- and shape-

dependent. For example, uniform sizes and shapes are

critical for microparticles to achieve quantitative
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encapsulation and uniform release kinetics for desired

delivery.1 Compared with microparticles with the simplest

solid structures, construction of microparticles with porous

networks can provide permeable structures with large spe-

cific surface area for load and release and as scaffolds for

tissue engineering. Alternatively, creation of hollow or liquid

cores in microparticles can produce compartmentalized

structures with large inner volume that are more useful for

active encapsulation and confined microreaction. Further

engineering of their internals into multicompartments al-

lows separate encapsulation of multiple incompatible com-

ponents without cross-contamination for applications such

as triggeredmicroreaction and drug co-delivery.2 Moreover,

addition of holes in their shell can facilitate mass transport

through the shell for loading and release of substances

based on size or functional selectivity of the hole.3 These

diverse architectures can be integrated with myriad func-

tional materials to endow the microparticles with elabo-

rately tailored functions. Thus, combination of unique

structures and integrated properties of functional materials

creates vast opportunities for developing advanced func-

tional polymeric microparticles.

Polymeric microparticles can be fabricated by various

methods. Generally, solid or porous microparticles can be

fabricated by a batch process such as dispersion polymeri-

zation and precipitation polymerization; however, they

usually have polydisperse sizes and limited microsize

range.1 Compartment microparticles can typically be pro-

duced by copolymer self-assembly, phase-separated poly-

mer precipitation, and techniques that utilize sacrificed solid-

core templates such as layer-by-layer deposition.4 Usually,

these techniques also provide limited control over particle

size and are restricted to particular materials. More impor-

tantly, controllable generation of microparticles with com-

plex internal components remains difficult to achieve with

these techniques.

Utilization of emulsions as templates allows production

of versatile microparticles with their size, shape, and struc-

ture largely relying on those of the emulsions. Among

various emulsification techniques, the microfluidic techni-

que enables controllable generation and manipulation of

microsized emulsion drops,5�7 which provides a powerful

platform for continuous, reproducible and scalable produc-

tion of polymeric microparticles with unprecedented control

over their monodispersity, shapes, structures, and composi-

tions. The monodisperse emulsions from microfluidics effi-

ciently guarantee the production of highly uniform spherical

or even nonspherical microparticles that are challenging to

conventional methods.8 Moreover, the most highlighted

feature is that the microfluidics can generate complex emul-

sions with precisely controlled internal components for

controllable production of monodisperse microparticles

with well-tailored inner architectures. These phase-

separated emulsions allow flexible integration of various

functional materials in the aqueous and organic phases and

at the interfaces to produce microparticles with diverse

functions.

In this Account, we highlight the development of poly-

meric microparticles with well-designed functions that ben-

efit from the controllable microfluidic emulsions for poten-

tial biomedical applications. This is introduced by starting

with the synthesis of uniform microparticles from single

emulsions for drug delivery and bioimaging, and then the

engineering of hierarchically compartmentalized micropar-

ticles with diverse structures from versatile double and triple

emulsions for controlled encapsulation/release, selective

capture, and confined bioreaction is discussed. While focus-

ing on the microparticle functions, we also describe the

microfluidic techniques for controllably generating the

emulsion templates.

2. Functional Microparticles from
Controllable Single Emulsions
Single emulsions are mixed systems consisting of two im-

miscible liquids, with drops of one liquid dispersed in the

continuous phase of another one. They are widely used for

template synthesis of polymeric microparticles. Typically,

bulk emulsification can produce single emulsions but with

polydisperse sizes. More uniform drops can be produced

by membrane emulsification, but they are still quasi-

monodisperse due to the quasi-monodisperse size distribu-

tion of membrane pores.8 Recent advances in microfluidics

enable generation of monodisperse emulsion drops for

producing microparticles with even greater control over

their size and monodispersity.9 Moreover, the produced

water and oil drops can dissolve a variety of water-soluble

and oil-soluble materials for synthesizing diverse micropar-

ticles. This sectionmainly focuses on the controllablemono-

disperse microparticles developed from microfluidic single

emulsions for drug delivery and bioimaging, which usually

require well-controlled particle size and size distribution to

achieve predictable and improved performances.

2.1. Microfluidic Generation of Controllable Single

Emulsions. To form controllable monodisperse emulsions,

microfluidic capillary devices9 and polydimethylsiloxane

(PDMS) devices10 are usually used. Capillary devices are
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3D geometries with coaxially assembled capillaries on glass

slides. Typically, two cylinder capillaries, used as the injec-

tion and collection tubes, are aligned inside a square capil-

lary to construct a coflow geometry (Figure 1a). To form

single emulsions, the inner fluid (I.F.) flowing through the

injection tube is broken into drops at the tapered orifice by

the outer fluid (O.F.) coflowing through the square tube

(Figure 1b).

PDMS devices are 2D geometries with microchannels

created by soft lithography.11 They offer more flexible

microchannels than capillary devices for drop generation

and manipulation but usually require modification of the

microchannel wettability. In a typical PDMS device with

flow-focusing cross-junction (Figure 1c,d), liquid that

flows in channel A is broken into drops at the orifice

D by two flows of a second liquid from two outside

channels (B and C).

Both devices produce highly monodisperse drops

(Figure 1e,f) with their coefficient of variation (CV) less than

5%. The drop size can be well-controlled by adjusting flow

rates or device dimensions. Moreover, enhanced-through-

put production of the emulsions can be achieved by paral-

lelizing emulsification geometries.12 These features allow

mass production ofmicroparticleswithwell-defined size and

size distribution from microfluidic emulsions.

2.2. Microparticles for Drug Delivery and Bioimaging.

Microparticles have an enormous impact on medical tech-

nology such as drug delivery and bioimaging, since they

enable flexible delivery of existing drugs with improved

performance.13 Typically, microparticle size strongly affects

their drug release profile, biodistribution, and administra-

tion route.1 From microfluidic drops, uniform microparticles

with controlled sizes can be generated to tailor these size-

dependent features for desired release.

Generally, microparticle size strongly affects their drug

release rate.With controllablemonodisperse size, micropar-

ticles would allow more controllable and uniform release

kinetics. A typical example is the monodisperse biodegrad-

able microparticles fabricated by solvent removal of micro-

fluidic drops containing poly(lactic-co-glycolic acid) (PLGA)

and drugs (Figure 2a).14 The smaller PLGA microparticles

(11 μm) release drugs faster in vitro than the larger ones

(41 μm), due to their larger surface-area-to-volume ratio.

Moreover, these microparticles exhibit significantly reduced

initial burst release and slower sustained release compared

with microparticles with similar average sizes but broader

size distributions prepared from conventional emulsification

methods. Such size-dependent release kinetics may allow

combined release patterns by mixing monodisperse micro-

particles with different size combinations. Further adjustment

of the release behavior can be achieved by creating micro-

particles with size-tunable pores via encapsulation of pore-

forming agents in the emulsion templates (Figure 2b,c).15

The size and uniformity of microparticles also greatly

influence their biodistribution in vivo. For example, upon

intravenous injection, the particle size determines which

FIGURE 1. Microfluidic generation of monodisperse single emulsions.
(a�d) 3D capillary device with two cylinder capillaries aligned inside
a square capillary (a) and 2D PDMS device with cross-junction
microchannel (c) for generating single emulsions (b, d). (e, f)Monodisperse
O/W(e) andW/O (f) emulsions frommicrofluidics.3,37 Scalebarsare200μm.

FIGURE 2. Functional microparticles for drug delivery and bioimaging.
(a�c) SEM images of PLGA microparticles (a)14 and PLA microparticles
with size-tunable pores (b, c).15 (d) Lung perfusion SPECT scan using
99mTc-microparticles (A), and the same data but shown in the transverse
direction through liver with a much more sensitive radioactivity
threshold to depict thyroid and liver activity (B).16 (e) Surface-rendered
microSPECT/CT image (with radioactivity shown in red) of rat taken 5min
after tail vein injection of 99mTc-microspheres.16 Scale bars are 10 μm.
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organ or tissue traps the microparticles while their unifor-

mity determines the uptake efficiency. Thus, microparticles

with well-defined size would allow targeted intravascular

delivery to different organs or tissues by clogging small

blood vessels.16 This size-dependent passive-targeting con-

cept is typically demonstrated by using monodisperse

[99mTc(CO)3]
þ-radiolabeled poly(L-lactide) (PLA) microparti-

cles (99mTc-microparticles) from microfluidics for lung perfu-

sion imaging of rats.16 Upon intravenous tail vein injection,
99mTc-microparticleswith size (∼9 μm) larger than that of the

typical rat lung capillary (∼5.7 μm) can be retained by these

capillaries (the first capillaries they encounter) for lung

targeting. The biodistribution results (Figure 2d,e) show their

homogeneous and efficient retention (99.4%) in the lung

region, indicating excellent performance. In this case, parti-

cle aggregation is minimized by providing a hydrophilic

particle surface via PEGylation, which can also increase the

blood circulation time of particles.17 With such passive-

targeting, targeted drug delivery can be realized by further

encapsulating the microparticles with drugs.

3. Functional Microparticles from
Controllable Double Emulsions
Multiple emulsions are complex nested systems, with liquid

drops of decreasing sizes placed one inside another. As the

simplest multiple emulsions, double emulsions are usually

with dispersed drops containing smaller drops inside. They

are widely used as templates for creating compartmental

microparticles; where their outer and inner drop, respec-

tively, becomes the particle shell and core. Both bulk mixing

and membrane emulsification produce double emulsions

with poorly controlled internal compositions.8 More pre-

cisely and flexibly controlled double emulsions can be

generated from microfluidics for fabricating highly control-

lable microparticles.9 The microfluidic double emulsions

allowelaborate incorporationof variousmaterials, including

water-soluble and oil-soluble organic materials and inor-

ganic materials, into particle shell and core to achieve

desired functions. This section describes some novel con-

cepts and strategies for developing functionalmicroparticles

for controlled encapsulation or capture and release and

confined bioreaction.

3.1. Microfluidic Generation of Controllable Double

Emulsions. One of the significant advantages for microflui-

dic techniques over other emulsification techniques is their

excellent extendability by combining drop-making geome-

tries for controllably producing double emulsions or even

higher-order multiple emulsions.9 As typically illustrated in

Figure 3a, by use of an extended capillary device that

combines two coflow geometries, a two-step emulsification

process (Figure 3b,c) can be employed for generatingmono-

disperse double emulsions (Figure 3d,e). The separated

emulsifications allow accurate and independent control

over the number and size of inner drops by adjusting flow

rates and device dimensions (Figure 3f).18

Double emulsions with more diverse structures can be

developed by encapsulation of inner drops containing dif-

ferent contents. This can be achieved by usingmore flexible

devices constructed from three basic building blocks

(Figure 4a).19 Different combinations of the building blocks

enable a versatile route to create branched devices for

producing multicomponent multiple emulsions with highly

controlled yet exceptionally diverse structures. Typically, as

illustrated in Figure 4b, different drops formed in two drop

makers can be merged by the connectors and further

encapsulated in the drop maker downstream to produce

FIGURE 3. Microfluidic generation of controllable double emulsions.
(a�c) Capillary device with two coflow geometries (a), and the two-step
emulsification process for producing double emulsions (b,c).38 (d,e)
CLSM images of monodisperse O/W/O (d) and W/O/W (e) emulsions
with oil phase containing fluorescent dye LR300.37,38 (f) Optical micro-
graphs of double emulsions containing inner drops with controlled
number and size.18 Scale bars are 200 μm.
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quadruple-component double emulsions. Accurate control

over the number, ratio, and size of different inner drops can

also be achieved (Figure 4c). Moreover, inner drops of other

contents can also be introduced by adding more branch

channels. These highly controlled double emulsions provide

excellent platforms for fabricating compartmentalmicropar-

ticles with versatile structures.

3.2. Microparticles for Controlled Release. Microencap-

sulation and controlled release are of considerable interest

for drug delivery. One of the major challenges in this field

requires the delivery systems to encapsulate drugs with

desired dose and release them at a desired site or moment

with controllable rate to achieve more efficient delivery and

fewer side effects. Compartmentalmicroparticles containing

interior with large capacity and shell with controlled perme-

ability or decomposition behavior provide unique advan-

tage for such smart drug delivery. Compared with other

techniques, microfluidic double emulsions provide tremen-

dous advantages for developing compartmental micropar-

ticles with advanced functions. For example, integration of

inner and outer drops with different functional components

allows separate design of the shell and core for flexible

controlled release. Control of the size, number, and content

of inner drops allows precisemanipulation of the encapsula-

tion characteristics for diverse or even incompatible compo-

nents. Such excellent controllability also provides nearly

100% encapsulation efficiency for drugs. Moreover, the O/

W/O and W/O/W emulsions can offer a favorable particle

corewith increased solubility for oil- andwater-soluble drugs

to increase their loads. Stimulated by these advantages,

functional microparticles with high potential for controlled

sustained release, burst release, and synergetic release have

been developed.

3.2.1. Microparticles for Stimuli-Responsive Sustained

Release. Self-regulated release of actives such as hormones

is important for biological function regulation of humans.

For drug delivery systems, similar functions are required to

release drug in a controlledmanner. For example, a delivery

system that enables glucose-responsive insulin release can

achieve more efficient drug delivery for diabetes therapy

and relieve the pain of patients from insulin injections.

Usually, such smart delivery can be realized by hollow

microparticles containing aqueous interior and controllably

permeable shell.

Stimuli-responsive polymeric materials are widely uti-

lized as particle shell for controlled release.20 Typically,

monomers for synthesizing stimuli-responsive hydrogels

can be dissolved in the middle aqueous layer of O/W/O

emulsions for constructing a particle shell with tunable

permeability for drug diffusion. For example, hollow micro-

particles with poly(N-isopropylacrylamide-co-3-acrylamido-

phenylboronic acid-co-acrylic acid) hydrogel shell that are

stable in water have been fabricated from microfluidics for

glucose-responsive drug release. They can release insulin

much faster when glucose concentration changes from

0.4 to 3.0 g/L at physiological temperature in vitro.21 More-

over, their reversible glucose-responsive volume transitions

enable constant monitoring of glucose levels for self-

regulated release and reusable drug loading and release.22

3.2.2. Microparticles for Stimuli-Responsive Burst

Release. Burst release allows one-shot triggered release of

contents with a strong propagating boost for fast and wide-

spread delivery. This release behavior provides a Trojan-

horse-like strategy to protect the contents before triggering

to reduce side effects and then rapidly release themat adesired

site upon triggering to achieve high local concentration.

Usually, burst release frommicroparticles requires break-

ing the particle shell. One of them involves partial shell

FIGURE 4. Capillary device for controlled production of quadruple-
component double emulsions.19 (a) Functional buildingblocks: (a1) drop
maker, (a2) connector, and (a3) liquid extractor. (b) Branched device
constructed from the building blocks for generating quadruple-component
double emulsions. (c) Opticalmicrographs of quadruple-component double
emulsions exhibiting precise control over the number and ratio of inner red
and transparent drops. Scale bar is 200 μm.
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rupture by internal stress for drug release. In nature, plants,

such as squirting cucumber, can squirt their seeds under

disturbance, together with a liquid jet to achievewidespread

dispersion (Figure 5a). Inspired by this interesting phenom-

enon, oil-core/hydrogel-shell bursting microparticles with

similar release behavior have been developed from

O/W/O emulsions (Figure 5b).23 The oil core benefits the

encapsulation of poorly water-soluble drugs, such as anti-

cancer drug paclitaxel, and the hydrogel shell enables stimuli-

induced shrinking behaviors for triggered burst release.

Their typical release behavior is demonstrated by bursting

microparticles with thermoresponsive poly(N-isopropylacryl-

amide) (PNIPAM) shell as an example (Figure 5c).23 Upon

heating above the volume phase transition temperature of

the PNIPAM shell, the shell dramatically shrinks and ex-

trudes the oil core, resulting in final shell rupture for fast

release of the oil core. Moreover, simple change of the shell

materials enables bursting microparticles to be responsive

to other stimuli for applications in different situations. For

example, incorporation in the shell of gold22 or magnetic23

nanoparticles allows volume shrinking induced by near-

infrared light or an oscillating magnetic field.22,24 The

embedded nanoparticles allow local heating of only the

microparticles for release and reduce the burning of nearby

tissues. Furthermore, targeted delivery of the magnetic-

nanoparticle-embedded microparticles can also be realized

under guidance of amagnetic field that focuses on the lesion

site.24

Another style for burst release involves complete shell

breakage by a chemical or physical approach. For example,

microparticleswith a shell consistingof chitosan cross-linked

by terephthalaldehyde via forming Schiff base can be

chemically decomposed in acidic media for drug release,

due to the unstable Schiff base at low pH (Figure 5d,e).25

FIGURE 5. Functional microparticles for stimuli-triggered burst release. (a) Squirting cucumber that can eject seeds with a liquid jet.36 (b) Bursting
microparticles that enable burst release of lipophilic drugs loaded in the oil core by stimuli-induced shrinking of the hydrogel shell. (c) Optical
micrographs showing the thermo-triggered burst release of core�shell PNIPAM microparticle.23 (d,e) Schematic illustration (d) and CLSM images (e)
showing the acid-triggered burst release (pH = 3.1) of core�shell chitosan (CS) microparticles by shell decomposion.25 (f) CLSM images showing the
thermo-triggered burst release of fluorescent beads from core�shell microparticles of fatty acid glycerides.26 Scale bars are 250 μm in panels c and e
and 50 μm in panel f.
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This acid-triggered release could be used for drug delivery in

the stomach. Alternatively, physically induced burst release

is illustrated by microparticles made from microfluidic melt

emulsification.26 FromW/O/W emulsions with melted fatty

acid glycerides (melting temperature Tm = 33�35 �C) as the
oil shell, water-core-containing microparticles can be fabri-

cated by cooling the oil shell into a solid one. The solid lipid

shell can be melted into liquid again at 37 �C, which then

leads to shell breakage and burst drug release (Figure 5f).

These bursting microparticles hold great potential as drug

delivery systems for controlled release.

3.2.3. Microparticles for Stimuli-Responsive Synergetic

Release. Recently, co-delivery of different components such

as anticancer drugs and DNA or antigen and adjuvant to

achieve a combined curing efficacy has attracted increasing

interest for disease treatment. To ensure optimized efficacy,

precise encapsulation of each component with desired

dosage is critical. Moreover, when co-delivery of incompa-

tible actives or reactants is desired, isolated encapsulation

before release becomes essential. Microparticles with sepa-

rate compartments have unique advantages for isolated

coencapsulation and on-demand synergetic release. The

major challenge for fabricating such microparticles is

the creation of separate compartments into a single particle,

especially with precise control over the multicompart-

ment structures for optimizing the encapsulation of each

component.

Comparedwith techniques that employ stepwise encapsula-

tion of one particle in another for fabricatingmulticompartment

microparticles, phase-separated double emulsions offer

more advanced platforms for one-step fabrication of con-

trollable microparticles with separate compartments. From

microfluidic W/O/W emulsions, core�shell microparticles

with hydrophilic doxorubicin hydrochloride contained in the

aqueous core and hydrophobic paclitaxel incorporated in

the solidified lipid shell are developed for co-delivery

(Figure 6a).27 Burst release and sustained release of both

drugs can be achieved at 37 �C by using a lipid shell with

different Tm. The effectiveness of the co-delivered drugs is

investigated by in vitro cell viability studies, in which viability

rates of 0% are observed for both immortal human cervix

cancer cells and mouse hybridoma cells after 20 h.

Alternatively,multicomponent double emulsions provide

different inner drops as efficient templates for co-delivering

drugswith samehydrophilicity or hydrophobicity. For example,

PNIPAMburstingmicroparticleswith controllablemultiple com-

partments (Figure 6b) can be developed frommulticomponent

O/W/O emulsions for synergetic release of hydrophobic drugs

(Figure 6c).28Withmicrofluidics, the concentration of each drug

in these carriers canbeoptimizedby tuning the sizeof shell and

core27 or the number of inner different cores.28 All this research

highlights the power of microfluidic double emulsions for

designing multicompartment microparticles for coencapsula-

tion and synergetic controlled release.

FIGURE6. Functionalmicroparticles for stimuli-responsive synergetic release. (a) CLSM imagesof core�shellmicroparticleswith lipid shell containing
paclitaxel (green) and water core containing doxorubicin (red) (a1) for synergetic release of both drugs upon shell melting at 37 �C (a2�a4).27 (b, c)
Dark-field optical micrographs of multicore�shell PNIPAMmicroparticles controllably coencapsulated with different oil cores (b) for thermo-induced
synergetic release (c).28 Scale bars are 20 μm in a1 and 100 μm in the rest.
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3.3. Microparticles for Confined Bioreaction. The lipo-

some is a self-closed structure composed of a phospholipid

bilayer membrane with inner aqueous compartment, and

liposomes are extensively used as carriers for delivering

pharmaceuticals.29 Liposomes can be typically formed by

techniques that involve the self-assembly of phospholipids

in an aqueous environment under shear or electric field.

However, with limited control over the self-assembly behav-

ior, these techniques usually lead to polydisperse liposomes

and low encapsulation efficiency. More controllable self-

assembly behaviors can be performed with microfluidic

W/O/W emulsions, in which the amphiphilic phospholipids

dissolved in the middle oil phase can assemble at the

oil/water interfaces to produce monodisperse liposomes

by solvent extraction (Figure 7a).30 These uniform liposomes

enablemore controllable performancewith high encapsula-

tion efficiency for drug delivery. Besides, with biomembrane-

like structures, the liposomes can also serve as artificial cells

to perform confined bioreactions. For example, extracts

from Escherichia coli, including a plasmid containing the

green fluorescent protein (GFP) gene and nutrients for

protein synthesis, can be encapsulated in liposomes via

FIGURE 7. Functional microparticles for confined bioreaction and controlled capture and release. (a) Fluorescent image showing liposomes of
1,2-dioleoyl-sn-glycero-3-phosphocholine labeled with Fluorescent DiI-C18. (b�d) Schematic illustration (b), fluorescent intensity (I) changes (c), and
sequential fluorescent images (d) for theGFP expressionprocess in liposomesof diphytanoylphosphatidylcholine encapsulating E. coliextracts forGFP
expression.31 (e�g) Optical images of hole�shell microparticles (HS-MPs) with controllable structures.3 (h) SEM image showing bowl-shaped
hole�shell microparticles (blue) capture microspheres (orange) based on “lock�key” size-match.3 (i) Optical micrograph showing that fishbowl-
shaped hole�shell microparticles selectively capture smaller microspheres (red) from larger microspheres (gray) for size-classification.3 (j) Schematic
illustration of hole�shell microparticles with a thermoresponsive gate for controlled release.32 Scale bars are 50 μm in panel a, 20 μm in panel d and
200 μm in panels e�i.
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microfluidics to perform cell-free in vitro synthesis of

proteins.30,31 As shown in Figure 7b�d, continuous GFP

expression for more than 5 h is observed.31 The liposomes

hold great promise as cell-like bioreactors for synthesizing

biomolecules.

3.4. Microparticles for Controlled Capture/Release. Mi-

croparticles with hydrogel or porous shell offer excellent

performance for encapsulation and controlled release. How-

ever, transport of molecules through the cross-linked poly-

meric networks or the tiny pores of shell is usually a slow

diffusion process, which leaves the transport of largermicro-

sized objects such as particles and cells even more difficult.

Creation of a well-defined microsized hole in the micropar-

ticle shell can provide hole�shell structures with more

versatility by facilitating mass transport through the shell.

Such hole�shell particles can be typically prepared by

freeze-drying solvent-swollen polymeric particles.32 With

microfluidics, the phase separation behavior of double

emulsions can be precisely manipulated to produce hole�
shell microparticles with more flexible structures. Typical

examples are the versatile hole�shell microparticles fabri-

cated from controllably evolvedW/O/W emulsions.3 Mixed

oil solution containing photocurable ethoxylated trimethy-

lolpropane triacrylate monomer and polyglycerol polyrici-

noleate surfactant with poor solubility in the monomer is

used as the oil phase of W/O/W emulsions. The poor

solubility of monomer for the surfactant reduces the solvent

quality and leads to adhesion of the inner drop with outer

phase. This produces controllably evolved W/O/W emul-

sions from core�shell to different acorn-shaped configura-

tions, which can be precisely manipulated by varying

the monomer fraction. Combined with the flow-rate strat-

egy for structure adjustment, such emulsions allow con-

trollable production of versatile hole�shell microparticles

FIGURE 8. Microfluidic generation of controllable triple emulsions. (a) Extended capillary device for generating triple emulsions. (b) Optical
micrographs of triple emulsions containing inner andmiddle drops with controlled number.18 (c) Branched device extended for generating sextuple-
component triple emulsions.19 (d) Opticalmicrographs ofmonodisperse sextuple-component triple emulsions controllably coencapsulating different
inner and middle drops.19 Scale bars are 400 μm.
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(Figure 7e�g). Thesemicroparticles enable capture of living

cells, size-match capture of microspheres (Figure 7h), and

selective capture of smaller microspheres from larger ones

for size classification (Figure 7i).3 Further corking the hole of

such hole�shell structures with phase-change materials

allows encapsulation of drugs for thermo-triggered release

(Figure 7j).32 The hole�shell microparticles create new

opportunities as microcontainers for controlled capture

and release.

4. Functional Microparticles from Controlla-
ble Triple Emulsions
Triple emulsions are multiple emulsions with drops contain-

ing smaller double emulsion drops. With very good scal-

ability, a microfluidic device also allows controllable pro-

duction of triple or even higher-order multiple emulsions.9

The multilayered triple emulsions allow fabrication of more

hierarchical microparticles that other techniques usually

cannot achieve for advanced functions. To illustrate this

advantage, more hierarchical bursting microparticles for

delivery of nanoparticles and hydrophilic drugs are intro-

duced as typical examples.

4.1. Microfluidic Generation of Controllable Triple

Emulsions. The controllable generation of triple emulsions

is typically illustrated by examples involving capillary de-

vices. By addition of a third coflow geometry to the device in

Figure 3a, the extended device (Figure 8a) allows further

encapsulation of double emulsions to produce triple

emulsions.18 Again, both the size and number of inner and

middle drops can be individually and precisely controlled

(Figure 8b).

More flexible scale-up strategy based on combinations of

the building blocks allows controllable generation of multi-

component multiple emulsions with much more complex

structures.19 For example, by adding another drop maker to

each branch channel of the device in Figure 4b, more

complex sextuple-component triple emulsions containing

two different kinds of double emulsion drops are formed

(Figure 8c,d). Even with such complex structures, precise

control over their inner structures is still achievable. All these

results highlight the remarkable controllability and scalabil-

ity of microfluidic techniques for producing higher-order

multiple emulsions with specified complex structures. These

emulsions create exciting opportunities for fabricating hier-

archically compartmental microparticles with novel archi-

tectures and functions.

4.2. Microparticles for Burst Release of Nanoparticles.

Nowadays particles with nanosizes have attracted consider-

able interest for drug delivery. In some cases, encapsulation

of nanoparticles within microparticles can provide addi-

tional functions for drug delivery: The nanoparticle-

in-microparticle system can provide combined styles for

FIGURE 9. Functional microparticles with water drops in the oil core for burst delivery of nanoparticles and hydrophilic substances. (a) Dark-field
optical micrographs showing the thermo-triggered squirting behavior of PNIPAM microparticle with oil core containing nanoparticle-loaded water
(NP-W) drops by heating from 20 to 50 �C.36 (b,c) CLSM images and their fluorescence intensity profiles showing the distributions of fluorescently
labeled nanoparticles before (b) and after (c) burst release from the PNIPAM microparticle.36 (d) Optical micrographs showing the thermo-triggered
squirting of water drops with controlled number from the PNIPAM microparticle by heating from 25 to 50 �C.18 Scale bars are 100 μm.
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drug release such as sequential release and reduce un-

wanted initial burst release.33 They can also avoid direct

contact of nanoparticles with physiological fluids to reduce

degradation/aggregation and macrophage clearance.34,35

With such systems, the encapsulated nanoparticles enable

deep lung delivery against exhalation34 and improved

stability in gastrointestinal tract for gene therapy.35

Microfluidic triple emulsions facilitate the development of

nanoparticle-in-microparticle systems. For example, W/O/

W/O emulsions allow production of PNIPAMburstingmicro-

particles with oil core containing water drops for encapsulat-

ing nanoparticles that prefer aqueous environment. A simple

method employs homogenizer-produced W/O emulsions in-

steadof theoil coreofO/W/Oemulsions toproduceW/O/W/O

emulsions for fabricating such bursting microparticles.36

The nanoparticles in the innermost water drops, shielded

by both the oil core and thermoresponsive shell, can be

squirted out via thermo-triggering, as typically demon-

strated in Figure 9a�c.

Finer control over the internal structures of such micro-

particles can be achieved by using microfluidic geometry

instead of homogenizer to prepare the innermost drops.

This produces microparticles containing monodisperse in-

nermostwater dropswith controlled size andnumber,which

allows drug encapsulation with controlled dosages for burst

release (Figure 9d).18 These microparticles also allow sepa-

rate delivery of hydrophilic and hydrophobic species in the

innermost water drops and the oil core, respectively. More

versatile co-delivery could be achieved with multicompo-

nent multiple emulsions as templates.

5. Conclusions and Perspectives
This Account summarizes recent progress on development

of functional polymeric microparticles with advanced func-

tions from controllable microfluidic emulsions for potential

biomedical applications. Thesemicroparticles are fabricated

by taking advantage of the controllably kaleidoscopic struc-

tures and independently tunable compositions of microflui-

dic emulsions. This template-based synthesis strategy has

attracted a great deal of interest because it allows combina-

tion of the shape of emulsion templates and the property of

selected functionalmaterials for creatingmicroparticleswith

elaborately tailored functions for versatile applications. Fu-

ture efforts should focus on creation of emulsionswith novel

structures as new templates, deep exploration of the inter-

facial science in multiphase emulsions for configuration

control, and deep understanding of the structure�function

relationships for microparticle design. Moreover, since the

minimum size of microparticles frommicrofluidic multiple

emulsions is usually tens of micrometers, further mini-

mizing the emulsion size with advanced techniques is

required to make the microparticles more efficient for

in vivo applications. Meanwhile, microfluidic devices that

are more robust and scalable for industrial-scale produc-

tion of microparticles need to be further explored. Such

research would benefit the production of brand-new func-

tional microparticles from emulsions for promising new

applications.

We acknowledge grant support from the National Natural
Science Foundation of China (Nos. 21136006, 21076127) and
the Program for Changjiang Scholars and Innovative Research
Team in University (No. IRT1163).

BIOGRAPHICAL INFORMATION

Wei Wang was born in 1984 in Sichuan, China. He received his
B.S. and Ph.D. degrees from Sichuan University in 2007 and 2012.
He currently works at Sichuan University as an assistant professor.
His current research interests focus onmicrofluidics, interfaces, and
functional materials.

Mao-Jie Zhang was born in 1988 in Sichuan, China. She
received her B.S. and M.S. degrees from Sichuan University in
2010 and 2013. Currently she is a Ph.D. student in Prof. Liang-Yin
Chu's group at Sichuan University. Her research focuses on bio-
medical stimuli-responsive materials.

Liang-YinChuwas born in 1967 inHubei, China. He received his
B.S. andM.S. degrees in 1989 and 1992 from Chengdu University of
Science and Technology (currently Sichuan University) and his Ph.D.
degree in 1995 from Northeastern University. He was a research
fellow at the University of Tokyo (1999-2001), a visiting scholar at
Harvard University (2006�2007), a visiting professor at ESPCI
ParisTech (2007.12�2008.2), and a visiting professor at the Univer-
sity of Birmingham (2011.11�12). He is a Distinguished Professor of
Chang Jiang Scholars Program issued by the Ministry of Education of
China. His research interests include stimuli-responsive smart func-
tional materials, microfluidics, mass-transfer, and separations.

FOOTNOTES

*Corresponding author. E-mail: chuly@scu.edu.cn.
The authors declare no competing financial interest.

REFERENCES
1 De La Vega, J. C.; Elischer, P.; Schneider, T.; Hafeli, U. O. Uniform polymer microspheres:

Monodispersity criteria, methods of formation and applications. Nanomedicine 2013,
8, 265–285.

2 Huang, X.; Voit, B. Progress on multi-compartment polymeric capsules. Polym. Chem.
2013, 4, 435–443.

3 Wang, W.; Zhang, M.-J.; Xie, R.; Ju, X.-J.; Yang, C.; Mou, C.-L.; Weitz, D. A.; Chu, L.-Y.
Hole-shell microparticles from controllably evolved double emulsions. Angew. Chem., Int.
Ed. 2013, 52, 8084–8087.

4 Yow, H. N.; Routh, A. F. Formation of liquid core-polymer shell microcapsules. Soft Matter
2006, 2, 940–949.

5 Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373.



384 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 373–384 ’ 2014 ’ Vol. 47, No. 2

Functional Polymeric Microparticles Wang et al.

6 Utada, A. S.; Lorenceau, E.; Link, D. R.; Kaplan, P. D.; Stone, H. A.; Weitz, D. A.
Monodisperse double emulsions generated from a microcapillary device. Science 2005,
308, 537–541.

7 Stone, H. A.; Stroock, A. D.; Ajdari, A. Engineering flows in small devices: Microfluidics
toward a lab-on-a-chip. Annu. Rev. Fluid Mech. 2004, 36, 381–411.

8 Vladisavljevic, G. T.; Kobayashi, I.; Nakajima, M. Production of uniform droplets using
membrane, microchannel and microfluidic emulsification devices. Microfluid. Nanofluid.
2012, 13, 151–178.

9 Shah, R. K.; Shum, H. C.; Rowat, A. C.; Lee, D.; Agresti, J. J.; Utada, A. S.; Chu, L.-Y.; Kim,
J.-W.; Fernandez-Nieves, A.; Martinez, C. J.; Weitz, D. A. Designer emulsions using
microfluidics. Mater. Today 2008, 11, 18–27.

10 McDonald, J. C.; Whitesides, G. M. Poly(dimethylsiloxane) as a material for fabricating
microfluidic devices. Acc. Chem. Res. 2002, 35, 491–499.

11 Xia, Y. N.; Whitesides, G. M. Soft lithography. Annu. Rev. Mater. Sci. 1998, 28, 153–184.
12 Romanowsky, M. B.; Abate, A. R.; Rotem, A.; Holtze, C.; Weitz, D. A. High throughput

production of single core double emulsions in a parallelized microfluidic device. Lab Chip
2012, 12, 802–807.

13 Langer, R. Drug delivery and targeting. Nature 1998, 392, 5–10.
14 Xu, Q. B.; Hashimoto, M.; Dang, T. T.; Hoare, T.; Kohane, D. S.; Whitesides, G. M.; Langer,

R.; Anderson, D. G. Preparation of monodisperse biodegradable polymer microparticles
using amicrofluidic flow-focusing device for controlled drug delivery. Small2009, 5, 1575–
1581.

15 Duncanson, W. J.; Zieringer, M.; Wagner, O.; Wilking, J. N.; Abbaspourrad, A.; Haag, R.;
Weitz, D. A. Microfluidic synthesis of monodisperse porous microspheres with size-tunable
pores. Soft Matter 2012, 8, 10636–10640.

16 Haefeli, U. O.; Saatchi, K.; Elischer, P.; Misri, R.; Bokharaei, M.; Labiris, N. R.; Stoeber, B.
Lung perfusion imaging with monosized biodegradable microspheres. Biomacromolecules
2010, 11, 561–567.

17 Gref, R.; Minamitake, Y.; Peracchia, M. T.; Trubetskoy, V.; Torchilin, V.; Langer, R.
Biodegradable long-circulating polymeric nanospheres. Science 1994, 263, 1600–1603.

18 Chu, L.-Y.; Utada, A. S.; Shah, R. K.; Kim, J.-W.; Weitz, D. A. Controllable monodisperse
multiple emulsions. Angew. Chem., Int. Ed. 2007, 46, 8970–8974.

19 Wang,W.; Xie, R.; Ju, X.-J.; Luo, T.; Liu, L.; Weitz, D. A.; Chu, L.-Y. Controllablemicrofluidic
production of multicomponent multiple emulsions. Lab Chip 2011, 11, 1587–1592.

20 Kost, J.; Langer, R. Responsive polymeric delivery systems. Adv. Drug Delivery Rev. 2001,
46, 125–148.

21 Zhang, M.-J.; Wang, W.; Xie, R.; Ju, X.-J.; Liu, L.; Gu, Y.-Y.; Chu, L.-Y. Microfluidic
fabrication of monodisperse microcapsules for glucose-response at physiological tem-
perature. Soft Matter 2013, 9, 4150–4159.

22 Kim, B.; Lee, H. S.; Kim, J.; Kim, S. H. Microfluidic fabrication of photo-responsive hydrogel
capsules. Chem. Commun. 2013, 49, 1865–1867.

23 Wang, W.; Liu, L.; Ju, X.-J.; Zerrouki, D.; Xie, R.; Yang, L.; Chu, L.-Y. A novel thermo-
induced self-bursting microcapsule with magnetic-targeting property. ChemPhysChem
2009, 10, 2405–2409.

24 Liu, T.-Y.; Hu, S.-H.; Liu, D.-M.; Chen, S.-Y.; Chen, I. W. Biomedical nanoparticle carriers
with combined thermal and magnetic responses. Nano Today 2009, 4, 52–65.

25 Liu, L.; Yang, J.-P.; Ju, X.-J.; Xie, R.; Liu, Y.-M.; Wang, W.; Zhang, J.-J.; Niu, C. H.; Chu,
L.-Y. Monodisperse core-shell chitosan microcapsules for pH-responsive burst release of
hydrophobic drugs. Soft Matter 2011, 7, 4821–4827.

26 Sun, B. J.; Shum, H. C.; Holtze, C.; Weitz, D. A. Microfluidic melt emulsification for
encapsulation and release of actives. ACS Appl. Mater. Interfaces 2010, 2, 3411–3416.

27 Windbergs, M.; Zhao, Y.; Heyman, J.; Weitz, D. A. Biodegradable core-shell carriers for
simultaneous encapsulation of synergistic actives. J. Am. Chem. Soc. 2013, 135, 7933–
7937.

28 Wang, W.; Luo, T.; Ju, X.-J.; Xie, R.; Liu, L.; Chu, L.-Y. Microfluidic preparation of
multicompartment microcapsules for isolated co-encapsulation and controlled release of
diverse components. Int. J. Nonlinear Sci. Numer. Simul. 2012, 13, 325–332.

29 Peer, D.; Karp, J. M.; Hong, S.; FaroKhzad, O. C.; Margalit, R.; Langer, R. Nanocarriers as
an emerging platform for cancer therapy. Nat. Nanotechnol. 2007, 2, 751–760.

30 Teh, S.-Y.; Khnouf, R.; Fan, H.; Lee, A. P. Stable, biocompatible lipid vesicle generation by
solvent extraction-based droplet microfluidics. Biomicrofluidics 2011, 5, No. 044113.

31 Ota, S.; Yoshizawa, S.; Takeuchi, S. Microfluidic formation of monodisperse, cell-sized, and
unilamellar vesicles. Angew. Chem., Int. Ed. 2009, 48, 6533–6537.

32 Hyun, D. C.; Lu, P.; Choi, S.-I.; Jeong, U.; Xia, Y. Microscale polymer bottles corked with a
phase-change material for temperature-controlled release. Angew. Chem., Int. Ed. 2013,
52, 10468–10471.

33 Hasan, A. S.; Socha, M.; Lamprecht, A.; El Ghazouani, F.; Sapin, A.; Hoffman, A.; Maincent,
P.; Ubrich, N. Effect of the microencapsulation of nanoparticles on the reduction of burst
release. Int. J. Pharm. 2007, 344, 53–61.

34 Wanakule, P.; Liu, G. W.; Fleury, A. T.; Roy, K. Nano-inside-micro: Disease-responsive
microgels with encapsulated nanoparticles for intracellular drug delivery to the deep lung.
J. Controlled Release 2012, 162, 429–437.

35 Bhavsar, M. D.; Amiji, M. M. Gastrointestinal distribution and in vivo gene transfection
studies with nanoparticles-in-microsphere oral system (NiMOS). J. Controlled Release
2007, 119, 339–348.

36 Liu, L.; Wang, W.; Ju, X.-J.; Xie, R.; Chu, L.-Y. Smart thermo-triggered squirting capsules
for nanoparticle delivery. Soft Matter 2010, 6, 3759–3763.

37 Deng, N.-N.; Meng, Z.-J.; Xie, R.; Ju, X.-J.; Mou, C.-L.; Wang, W.; Chu, L.-Y. Simple and
cheap microfluidic devices for the preparation of monodisperse emulsions. Lab Chip 2011,
11, 3963–3969.

38 Liu, Z.; Liu, L.; Ju, X.-J.; Xie, R.; Zhang, B.; Chu, L.-Y. Kþ-recognition capsules with
squirting release mechanisms. Chem. Commun. 2011, 47, 12283–12285.


