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ABSTRACT: A simple and versatile strategy is developed for
one-step fabrication of uniform polymeric microparticles with
controllable highly interconnected hierarchical porous struc-
tures. Monodisperse water-in-oil-in-water (W/O/W) emul-
sions, with methyl methacrylate, ethylene glycol dimethacry-
late, and glycidyl methacrylate as the monomer-containing oil
phase, are generated from microfluidics and used for
constructing the microparticles. Due to the partially miscible
property of oil/aqueous phases, the monodisperse W/O/W
emulsions can deform into desired shapes depending on the
packing structure of inner aqueous microdrops, and form
aqueous nanodrops in the oil phase. The deformed W/O/W emulsions allow template syntheses of highly interconnected
hierarchical porous microparticles with precisely and individually controlled pore size, porosity, functionality, and particle shape.
The microparticles elaborately combine the advantages of enhanced mass transfer, large functional surface area, and flexibly
tunable functionalities, providing an efficient strategy to physically and chemically achieve enhanced synergetic performances for
extensive applications. This is demonstrated by using the microparticles for oil removal for water purification and protein
adsorption for bioseparation. The method proposed in this study provides full versatility for fabrication of functional polymeric
microparticles with controllable hierarchical porous structures for enhancing and even broadening their applications.
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■ INTRODUCTION

With inspiration from hierarchical porous materials from nature
such as biominerals, trabecular bones, and sea sponges,
materials with hierarchical pores from nanometer to micro-
meter scales have been extensively developed for various
applications.1−3 Especially, porous polymeric materials in
microparticle shape have attracted great interest in myriad
fields, such as adsorption,4,5 drug delivery,6,7 tissue engineer-
ing,8 sensing/detecting,9,10 and chromatography.11 Elaborate
integration of controllable highly interconnected hierarchical
porous structures containing micrometer-sized pores and
nanometer-sized pores within polymeric microparticles enables
combined advantages of pores at both micro- and nanoscales to
achieve fascinating properties for enhanced applications.
Usually, nanometer-sized pores with high interconnectivity
and functionality can provide large functional surface area for
interaction with molecules, while micrometer-sized pores can
offer easier access with low resistance for the molecules,
especially biomacromolecules, through the porous matrix. A
combination of the nanometer-sized pores with micrometer-
sized pores allows synergetic advantages of the large functional
surface area and the enhanced mass transport to achieve
advanced overall performance. Control of the porosities of both

nanometer-sized pores and micrometer-sized pores plays an
important role in determining the loading capacity and mass
transfer profile. Meanwhile, the uniform size and shape of
microparticles are crucial for regulating their assembly
behaviors,12,13 drug release kinetics,14,15 and packing perform-
ance.16−18 Therefore, development of uniform microparticles
containing controllable highly interconnected hierarchical
porous structures, with tunable pore size, porosity, function-
ality, and particle shape, is imperative for enhancing their broad
applications.
Typically, pores in materials can be created by template-

directed synthesis.19 Pores with sizes ranging from nanometer-
scale to micrometer-scale can be produced by templates such as
assembled surfactants20,21 or copolymers,4,22−24 colloids,25−29

emulsion drops,30,31 bubbles,32 phase-separated domains,33 and
bacterials.34 Combination of multiple templating strategies
enables production of hierarchical porous materials.35−39

Manipulation of the macroscopic interfaces of the porous
matrix can produce particle-shaped porous materials, but they

Received: February 3, 2015
Accepted: April 29, 2015
Published: April 29, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 13758 DOI: 10.1021/acsami.5b01031
ACS Appl. Mater. Interfaces 2015, 7, 13758−13767

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01031


are usually particles with polydisperse sizes. With ultimate
control of microdrop interfaces,40,41 microfluidic techniques
provide a powerful platform for engineering controllable porous
polymer microparticles with monodisperse size. Most of the
templating strategies can be adapted into the controllable
microfluidic drops, with size ranging from several to hundreds
of microns, for pore generation.19 Thus, uniform porous
polymeric microparticles can be fabricated by using mono-
disperse emulsion drops to shape the particle,42 and using
templates within the emulsions such as drops,43,44 bubbles,45

assembled copolymers,46 as well as packed colloids,10 to
engineer the pores. However, these strategies that employ
templates at one size scale usually produce porous polymeric
microparticles containing pores with single size scale. Recently,
hierarchical porous inorganic microparticles have been
developed by assembly of silica nanoparticles on the inner
drops of microfluidic W/O/W emulsions via evaporating the
middle solvent layer.47 The inner drops create micrometer-
sized pores, while the voids between the packed silica
nanoparticles create nanometer-sized pores in the inorganic
microparticles; however, the nanoporosity remains difficult to
flexibly adjust. Moreover, it requires post-treatment for further
functionalization of these inorganic microparticles. Thus, for
hierarchical porous polymeric microparticles, it is still
challenging to simultaneously achieve accurate and independ-
ent control of their hierarchical porous structures with tunable
pore size, porosity, functionality, as well as the particle shape in
a single step. Therefore, techniques to realize such controls for
developing controllable functional polymeric microparticles
with highly interconnected hierarchical porous structures are
highly desired.
Here we report a simple and versatile microfluidic approach

for controllable fabrication of uniform polymeric microparticles
containing highly interconnected hierarchical porous structures.
The hierarchical porous microparticles possess well-defined
micrometer-sized pores that are derived from the packed inner
microdrops of W/O/W emulsions, and controllable nano-
meter-sized pores that are derived from water nanodrops
formed in the oil phase of W/O/W emulsions via mass transfer.
The pore size, porosity, functionality, and particle shape of the
hierarchical porous microparticles can be individually and
flexibly manipulated in one step. These microparticles
elaborately combine the advantages of enhanced mass transfer,
large functional surface area, and flexibly tunable functionalities
from the hierarchical porous structures, thus providing an
efficient strategy to physically and chemically achieve enhanced
synergetic performances for extensive applications. This is
demonstrated by applying the microparticles in oil removal for
water purification and protein adsorption for bioseparation.
The approach in this study provides full versatility for
controllable fabrication of functional polymeric microparticles
with highly interconnected hierarchical porous structures to
achieve improved performances for myriad applications.

■ EXPERIMENTAL SECTION
Materials. Methyl methacrylate (MMA, ≥99%, Tianjin Bodi

Chemicals), ethylene glycol dimethacrylate (EGDMA, 98%, Sigma-
Aldrich), and glycidyl methacrylate (GMA, ≥97%, Sigma-Aldrich)
were used as the oil phases of W/O/W emulsions for constructing the
polymeric matrix of the microparticles. 2-Hydroxy-2-methyl-1-phenyl-
1-propanone (HMPP, 97%, Sigma-Aldrich) was used as the oil-soluble
photoinitiator. Polyglycerol polyricinoleate (PGPR) (99.8%, Danisco,
Denmark) and poly(propylene oxide)-block-poly(ethylene oxide)-
block-poly(propylene oxide) triblock copolymer Pluronic F127 (Bio-

Reagent, Sigma-Aldrich) were used as emulsion stabilizers in the oil
phase and the aqueous phase, respectively. Glycerin (≥99%, Chengdu
Kelong Chemicals) was used to adjust the viscosity of the aqueous
phase. Magnetic Fe3O4 nanoparticles (diameter: ∼12 nm) modified
with oleic acid for magnetic functionalization of the microparticles
were prepared according to our previous work.48 Fluorescein-
isothiocyanate-labeled bovine serum albumin (FITC-BSA, Sigma-
Aldrich) and bovine serum albumin (BSA, Sigma-Aldrich) were used
for adsorption experiments. Other chemicals were all of analytical
grade and used as received. Deionized water from a Milli-Q Plus water
purification system (Millipore) was used throughout the experiments.

Fabrication of Hierarchical Porous Microparticles. The glass-
capillary microfluidic device for generating W/O/W emulsions was
fabricated according to our previous work.49 The inner diameters of
the injection tube, transition tube, and collection tube were 550, 150,
and 300 μm, respectively. Typically, MMA (4 mL) containing cross-
linker EGDMA (0.2 mL, 5% (v/v)), surfactant PGPR (0.2 g, 5% (w/
v)), and photoinitiator HMPP (20 μL, 0.5% (v/v)) was used as the
middle fluid. Deionized water (50 mL) containing glycerin (2.5 g, 5%
(w/v)) and Pluronic F127 (0.5 g, 1% (w/v)) were used as the inner
and outer aqueous fluids. Monodisperse W/O/W emulsions were
generated by separately pumping the inner, middle, and outer fluids
into the injection tube, transition tube, and collection tube of the
microfluidic device. The generated emulsions were collected in a
container and kept for 20 min to allow the mass-exchange between the
oil phase and the aqueous phases for deformation of the W/O/W
emulsions and formation of aqueous nanodrops in the oil phase. Then,
the controllably deformed W/O/W emulsions were converted into
hierarchical porous microparticles by UV-polymerization for 20 min. A
250 W UV lamp with an illuminance spectrum 250−450 nm was
employed to produce UV light. The obtained microparticles were
washed with ethanol and deionized water for further use.

For magnetic functionalization of the microparticles, 0.5% (w/v)
magnetic nanoparticles were dispersed in the middle fluid by ultrasonic
treatment. For fabrication of poly(EGDMA) (PEGDMA) micro-
particles, EGDMA solutions containing 0% (w/v), 5% (w/v), 10% (w/
v), 20% (w/v), 30% (w/v), and 50% (w/v) of PGPR were used as the
middle fluids. For fabrication of poly(MMA-co-EGDMA-co-GMA)
microparticles, the oil phase containing GMA, MMA, EGDMA, and
PGPR with volume ratio 25:25:50:10 was used as the middle fluid. For
all the middle fluids, 0.5% (v/v) HMPP was added for UV-
polymerization.

Morphological Characterization. The generation process of W/
O/W emulsions in the microfluidic device was observed by high-speed
digital camera (Phantom Miro3, Vision Research). The morphologies
of W/O/W emulsions and microparticles were characterized by optical
microscope (BX 61, Olympus) and field emission scanning electron
microscope (FESEM, JSM-7500F, JEOL), respectively. The deforma-
tion processes of the W/O/W emulsions were monitored by the
optical microscope. To estimate the deformation behavior, the oil shell
thickness (δ) of W/O/W emulsions with a single inner microdrop,
and the ellipticity ( f) of W/O/W emulsions with two inner
microdrops, were, respectively, calculated by the following equations:

δ = −b a( )/2 (1)

= ′ − ′ ′f b a b( )/ (2)

Here a and b are, respectively, the inner and outer diameters of the W/
O/W emulsions with a single microdrop, and a′ and b′ are,
respectively, the minor axis and major axis of the W/O/W emulsions
with two microdrops.

The formation process of aqueous nanodrops in the oil phase was
monitored by CLSM (SP5-II, Leica). EGDMA (ρ = 1.051 g cm−3)
microdrops containing 10% (w/v) PGPR, with density larger than
water, were used as samples and added into aqueous phase for
monitoring. Fluorescent Rhodamine B was dissolved in the aqueous
phase to trace the diffused water in the oil microdrop during the
formation of aqueous nanodrops.

Pore Characteristics and Mechanical Property. The sizes of
the micrometer-sized pores were estimated by measuring the sizes of
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inner microdrop templates from the optical micrographs. The average
pore sizes and specific surface areas of the nanoporous structures were
determined by mercury intrusion porosimetry (PoreMaster 33,
Quantachrome). Nanoporous PEGDMA microparticles and poly-
(MMA-co-EGDMA-co-GMA) microparticles, both prepared with 10%
(w/v) PGPR, were used as the representative samples for measuring
the sizes of the nanometer-sized pores. The effect of surfactant amount
on the porosity of the nanoporous structures was studied by using
PEGDMA microparticles prepared with 0% (w/v), 5% (w/v), 10%
(w/v), 20% (w/v), 30% (w/v), and 50% (w/v) PGPR as samples. The
porosity (ε) of the microparticles was calculated by the following
equations:

ρ =
m
V0

0

0 (3)

ρ =
m
Vi

i

i (4)

ε
ρ
ρ

= −1 i

0 (5)

Here ρ0, m0, and V0 are, respectively, the density, mass quality, and
volume of the nonporous microparticles without PGPR; and ρi, mi,
and Vi are the density, mass quality, and volume of the nanoporous
microparticles with i% (w/v) (i = 5, 10, 20, 30, and 50) PGPR. For
each type of microparticles, 500 dried samples were used for
measurements of mass quality. The N2 adsorption−desorption data
of the microparticles were measured by using Quantachrome NOVA
1000e analyzer with N2 adsorption at 77 K.
The mechanical strength upon compression of PEGDMA micro-

particles, which were prepared with the same size of ∼450 μm but
different PGPR amounts, including 0% (w/v), 5% (w/v), 10% (w/v),
20% (w/v), 30% (w/v), and 50% (w/v), were investigated by using an
electronic universal testing machine (EZ-LX, Shimadzu) at a speed of
0.1 mm/min.
Since hierarchical porous and nanoporous microparticles used as

control groups for quantitative oil removal and BSA adsorption were
prepared from emulsion templates with the same chemical
compositions, the nanoporous matrixes possess the same porous
property. Thus, the pore characteristics of nanoporous microparticles
were characterized to reflect those of the nanoporous matrixes of
hierarchical porous microparticles.
Oil Removal. EGDMA and benzyl benzoate were, respectively,

used as model oils for oil removal. Briefly, the oil (30 μL) dyed with
Lumogen Red 300 (LR300, BASF) was added into water and shaken
into drops. Then, the magnetic hierarchical porous poly(MMA-co-
EGDMA) microparticles containing three micrometer-sized pores
were added into the water and mixed with the oil drops by shaking for
oil adsorption. After that, the oil-adsorbed microparticles were
separated by a magnet, and washed with ethanol for reuse.
The effect of hierarchical porous structure on the oil-adsorbing

property was investigated by using poly(MMA-co-EGDMA-co-GMA)
microparticles with nanoporous structures and different hierarchical
porous structures for quantitative oil removal. The nanoporous
structures of the samples were all fabricated with addition of 10% (w/
v) PGPR in the recipe. For each type of samples, microparticles with
total mass quality of 0.02 g were used. LR300-dyed EGDMA drops
were gradually added (5 μL per time) into water that contained the
sample microparticles for oil removal.
BSA Adsorption. The effect of nanoporous structures on protein

adsorption was studied by using the nanoporous PEGDMA micro-
particles for adsorbing FITC-BSA (0.5 mg mL−1) in aqueous solutions.
The CLSM images of the microparticles before and after adsorption
for 2 h were recorded by CLSM. Nonporous PEGDMA micro-
particles, the same size as that of the nanoporous microparticles, were
used as the control group.
The BSA adsorption profile of the hierarchical porous micro-

particles was investigated by measuring the BSA concentration with a
UV−vis spectrophotometer (UV-9600, Rayleigh) at 280 nm. Four
samples, including nonporous PEGDMA microparticles, nanoporous

PEGDMA microparticles, magnetic nanoporous poly(MMA-co-
EGDMA-co-GMA) microparticles, and magnetic hierarchical porous
poly(MMA-co-EGDMA-co-GMA) microparticles containing two
micrometer-sized pores, were, respectively, used for the BSA
adsorption. The nanoporous structures of the samples all resulted
from addition of 10% (w/v) PGPR in the recipe. For the BSA
adsorption, 0.5 g of microparticles was added into 5 mL of BSA
solution (1.0 mg mL−1), and kept still at room temperature for BSA
adsorption. The time-dependent change in the absorbance of BSA
solution was monitored by UV−vis spectrophotometer to estimate the
change of BSA concentration in the solution. The adsorption amount
(Qm, mg g−1) at t min can be calculated by the following equation

= −Q C C V m( ) /m 0 t (6)

where C0 and Ct are the BSA concentration in solution at 0 min and t
min, respectively; V is the volume of the BSA solution; and m is the
mass quality of the microparticles.

■ RESULTS AND DISCUSSION
Strategy for Fabrication of Controllable Highly

Interconnected Hierarchical Porous Microparticles. The
fabrication procedure of the controllable highly interconnected
hierarchical porous microparticles is schematically illustrated in
Figure 1. Monodisperse water-in-oil-in-water (W/O/W)

emulsions, with partially water-soluble organic monomer
solution containing cross-linker and surfactant as oil phase,
are generated from microfluidics for the microparticle
fabrication (Figure 1a). The oil phase is partially miscible
with the inner aqueous microdrop and outer aqueous
continuous phase, leading to deformation of the emulsions
into controllable shapes depending on the confined packing

Figure 1. Strategy for controllable fabrication of highly interconnected
hierarchical porous microparticles. (a−d) Fabrication of microparticles
with controllable micrometer-sized pore structures and shapes from
controllably deformed W/O/W emulsions containing an oil phase that
is partially miscible with the aqueous phases. (e−g) Formation of
nanoporous structures by employing mass-transfer-induced formation
of aqueous nanodrops in oil phase as templates.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01031
ACS Appl. Mater. Interfaces 2015, 7, 13758−13767

13760

http://dx.doi.org/10.1021/acsami.5b01031


structure of the inner microdrops (Figure 1a,b). This process
also facilitates the mass-exchange between the oil phase and
aqueous phase, leading to diffusion of water molecules into the
oil phase to form aqueous nanodrops due to the presence of
excess surfactant (Figure 1e,f). After UV-polymerization,
micrometer-sized pores and nanometer-sized pores can be,
respectively, templated from the inner microdrops and
nanodrops to form uniform hierarchically engineered micro-
particles with highly interconnected hierarchical porous
structures and controllable shapes (Figure 1c,d,g). For these
hierarchical porous microparticles, the nanoporous structure of
the polymeric matrix determines the specific surface area, while
the micrometer-sized pores determine the shape of the
nanoporous polymeric matrixes. The porosity of the micro-
meter-sized pores and nanometer-sized pores can be separately
tuned by simply changing the size and number (N) of the inner
drops and the amount of the surfactant in the oil phase.
Meanwhile, these hierarchical porous microparticles can be
flexibly functionalized by adding functional nanoparticles and
monomers in the oil phase of the recipe in the fabrication.
Thus, this approach allows controllable fabrication of uniform
polymeric microparticles containing highly interconnected
hierarchical porous structures, with pore size, porosity,
functionality, and particle shape individually and flexibly
manipulated in a single step. First, the fabrication approach is
demonstrated by producing hierarchically engineered poly-
(MMA-co-EGDMA) microparticles with controllable hierarch-
ical porous structures and shapes. Then, we demonstrate the
flexible functionalization of our strategy by fabricating
hierarchical porous poly(MMA-co-EGDMA) microparticles
functionalized with magnetic nanoparticles for easy magnetic
separation of oil from water. Moreover, magnetic hierarchical
porous poly(MMA-co-EGDMA) microparticles modified with
functional GMA are synthesized for enhanced protein
adsorption.
Uniform Microparticles with Controllable Micro-

meter-Sized Pores and Tunable Shapes. Monodisperse
W/O/W emulsions are generated from microfluidics as
templates for synthesis of uniform hierarchical porous micro-
particles (Figure 2a). First, we focus on the fabrication of
uniform microparticles with controllable micrometer-sized
pores and tunable shapes. Typically, MMA containing cross-
linker EGDMA, surfactant PGPR, and photoinitiator HMPP is
used as oil fluid to form the middle oil layer of W/O/W
emulsions. An aqueous solution containing glycerin and
surfactant Pluronic F127 is used as inner and outer aqueous
fluids to form, respectively, the inner microdrop and outer
continuous phase. The high controllability of microfluidics
allows precise control of the emulsion drop size,49 and the inner
drop number (N) (Figure 2b,c) by tuning flow rates. Thus,
monodisperse W/O/W emulsions can be generated (Figure
3a), with controllable inner microdrops as templates to create
porous structures with tunable size and porosity of micrometer-
sized pores.
Due to the partially miscible property of the oil phase with

the inner and outer aqueous phases, the W/O/W emulsions
containing inner microdrops with controlled numbers can
controllably deform into desired shapes depending on the
confined packing structure of the inner microdrops (Figure
3a,b). It is worth noting that the deformation process can lead
to partial dewetting of the oil phase on the inner microdrops,
resulting in a thin film consisting of surfactant bilayers between
the inner aqueous microdrop and outer aqueous phase (Figure

3c). Meanwhile, this deformation process also squeezes the
inner microdrops together, forming a thin oil film between the
inner and outer aqueous phases. The thin films could rupture
after polymerizing the emulsion templates; thus, they are crucial
for creating highly interconnected open micrometer-sized
pores. Besides the packing microdrop structure, the processing
time also influences the emulsion structures such as the shell
thickness and shapes, which are dependent on the inner
microdrop number (Figure 3d,e). For example, for W/O/W
emulsions containing one microdrop, after processing for 6
min, the emulsions remain spherical, but the oil shell thickness
decreases from tens of microns to several microns (Figure 3d).
For W/O/W emulsions containing two microdrops, the
emulsion shape changes from sphere into ellipsoid with the
time going (Figure 3e). Thus, combination of the controllable
inner microdrops and the processing time allows good control
of the emulsion structure as well as the resultant microparticle
shape and the micrometer-sized pore structure (Supporting
Information Figure S1). After UV-polymerization of the
controllably deformed emulsions containing inner microdrops
with tunable numbers, uniform microparticles with controllable
shapes and highly interconnected micrometer-sized open pores
can be produced (Figure 4).

Uniform Microparticles with Controllable Highly
Interconnected Hierarchical Porous Structures. Integra-
tion of controllable nanometer-sized pores in the microparticles
containing micrometer-sized pores is achieved by using mass-
transfer-induced formation of aqueous nanodrops in the oil
shell of W/O/W emulsions as templates. During the emulsion
deformation, the partially miscible property of the oil phase
with the aqueous phase facilitates the mass-exchange between
the oil and aqueous phases. Thus, water molecules diffuse into
the oil shell to form aqueous nanodrops, which can be
stabilized by the excess amount of surfactant PGPR in the oil
phase. We confirm this nanodrop formation by adding
EGDMA microdrops containing 10% (w/v) PGPR into the
continuous aqueous phase (Figure 5a). Fluorescent Rhodamine

Figure 2. Microfluidic production of controllable W/O/W emulsion
templates. (a,b) Microfluidic device for generating monodisperse
controllable W/O/W emulsions, with high-speed optical micrographs
showing their generation process (b). (c) Effect of flow rates on the
number (N) of inner microdrops in the W/O/W emulsions. The flow
rates of the inner fluid (Q1) and middle fluid (Q2) are 400 and 1000
μL h−1, respectively. The flow rate of the outer fluid (Q3) is adjusted to
tune the N values. Scale bar is 400 μm.
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B is added in the aqueous phase to allow confocal laser
scanning microscope (CLSM) to trace the diffusion of water
molecules into the microdrops. With increasing processing
time, red aqueous nanodrops with increasing numbers are
observed inside the EGDMA microdrop, resulting in an
increased fluorescent intensity. Since the mass-exchange-
induced nanodrop formation is mainly due to the presence of
excess surfactant PGPR, change of the surfactant amount in the
oil phase allows adjustment of the nanodrop formation; thus,
the nanoporosity can be tuned. For example, the nanoporosity
of PEGDMA microparticles that is synthesized from EGDMA
microdrops increases from 0% to 49.4% with an increasing
amount of surfactant PGPR from 0% (w/v) to 50% (w/v)

(Figure 5b). With an increase in the PGPR amount, the
mechanical strength of the PEGDMA microparticle decreases
due to the increased porosity (Figure 5b and Supporting
Information Figure S2). As observed in the SEM images
(Figure 6), the PEGDMA microparticles with 0% (w/v) PGPR
show nonporous structures (Figure 6a) due to the absence of
nanodrops in the oil phase, while the PEGDMA microparticles
prepared from EGDMA drops with 10% (w/v) PGPR content
(Figure 5a) exhibit highly interconnected nanoporous
structures (Figure 6e). It is worth noting that, by gradually
increasing the PGPR content from 0% to 10% (w/v), the
PEGDMA microparticles exhibit a structure transition from a
nonporous structure (Figure 6a), to an isolated porous
structure (Figure 6b), to a highly interconnected porous
structure (Figure 6c−e), depending on the PGPR content as
well as the fraction of aqueous nanodrops in the oil phase.
Moreover, by further increasing the PGPR content from 10% to
50% (w/v), microparticles with highly interconnected porous
structures of increased porosity can be obtained (Figures 6f and
5b). As a typical example, the average pore size of the
nanoporous PEGDMA microparticles prepared with 10% (w/
v) PGPR is ∼180 nm (insert in Figure 5b), as measured by
mercury intrusion porosimetry. The N2 adsorption isotherms of
the nanoporous microparticles also indicate the pore sizes fall in
the “macroporous” (pore size >50 nm) category based on the
IUPAC definition (Supporting Information Figure S3).50

An elaborate combination of the highly interconnected
nanometer-sized pore structures and the micrometer-sized pore
structures enables fabrication of highly interconnected hier-
archical porous microparticles (Figure 7). The SEM images of
the hierarchical porous poly(MMA-co-EGDMA) microparticles

Figure 3. Controllable deformation of W/O/W emulsion templates. (a, b) Optical micrographs showing W/O/W emulsions containing microdrops
with tunable number (N) before (a) and after (b) controllable deformation. (c) Optical micrograph of a deformed W/O/W emulsion containing
two microdrops, with oil shell partially dewetting on the inner microdrop to form a surfactant bilayer. (d,e) Time-dependent change in the shell
thickness (δ) of W/O/W emulsions containing one microdrop (d), and in the ellipticity ( f) of W/O/W emulsions containing two microdrops (e).
Scale bars are 200 μm in parts a and b, and 50 μm in part c.

Figure 4. SEM images of poly(MMA-co-EGDMA) microparticles with
tunable number (N = 1−4) of highly interconnected micrometer-sized
pores and controllable shapes. Scale bar is 200 μm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01031
ACS Appl. Mater. Interfaces 2015, 7, 13758−13767

13762

http://dx.doi.org/10.1021/acsami.5b01031


clearly show the single micrometer-sized pore in the micro-
particle, and the highly interconnected nanoporous structures
on the outer surface and the cross-section (Figure 7a). The
emulsion-templated synthesis process of the hierarchical porous
microparticles enables flexible functionalization of the micro-
particles by incorporating functional components into the oil
phase. We demonstrate this advantage by adding GMA and
magnetic nanoparticles (Supporting Information Figure S4) in
the oil phase to produce magnetic hierarchical porous
poly(MMA-co-EGDMA-co-GMA) containing two micrometer-
sized pores (Figure 7b). This fabrication approach enables
formation of controllable highly interconnected porous micro-
particles with both micrometer-sized pores and nanometer-
sized pores, tunable particle shapes, and flexible functionalities
in a single step, thus providing a facile and versatile strategy for
fabricating functional hierarchical porous microparticles.
Removal of Oil Drops from Water for Purification. The

hierarchical porous poly(MMA-co-EGDMA) microparticles
provide hydrophobic porous matrix carriers for adsorption of
oil drops from water. For microparticles with only nanoporous
structure, the hydrophobic surface of the nanometer-sized
pores allows wetting of oil drop on the nanoporous matrixes for
oil loading, while the nanoporosity determines the loading
capacity (Figure 8a). With integration of micrometer-sized
pores in the nanoporous matrixes, the micrometer-sized pores
can serve as microcontainers to provide improved spaces in the
microparticles for oil loading, thus leading to larger capacity for

capturing oil (Figure 8b). Upon further incorporation of the
hierarchical porous matrix with magnetic nanoparticles, the
microparticles can be used to remove oil drops from water via
magnetic manipulation, as demonstrated in Figure 8c. EGDMA
dyed with LR300 (red color) is used as sample oil, and is added
into water (Figure 8c1) and then shaken into microdrops
(Figure 8c2). Then, magnetic poly(MMA-co-EGDMA) micro-
particles with hierarchical porous structures containing three
micrometer-sized pores are added (Figure 8c3), and are mixed
with the EGDMA microdrops by shaking for oil adsorption.
After that, the oil-adsorbed microparticles can be easily
separated by a magnet for oil removal (Figure 8c4), and can

Figure 5.Mass-transfer-induced creation of nanoporous structures. (a)
Time-dependent change in the fluorescent intensity of EGDMA drops
with 10% (w/v) PGPR in aqueous phase. (b) Porosity and the
mechanical strength of PEGDMA microparticles fabricated with
different amounts of PGPR, with the inset showing the size
distribution of the nanometer-sized pores of PEGDMA microparticles
with 10% (w/v) PGPR measured by mercury intrusion porosimetry.
The “Max. Load” in the y-axis presents the maximum load at fracture
upon compression, and the values are obtained from the compressive
load−strain curves shown in Supporting Information Figure S2.

Figure 6. SEM images of PEGDMA microparticles with 0% (a1), 5%
(b1), 7% (c1), 9% (d1), 10% (e1), and 50% (f1) PGPR, and their
outer surfaces (a2−f2) and cross sections (a3−f3). Scale bars are 50
μm in a1−f1, and 20 μm in the rest.

Figure 7. Integration of controllable nanometer-sized pore structures
and micrometer-sized pore structures for fabricating hierarchical
porous microparticles. SEM images of ruptured hierarchical porous
poly(MMA-co-EGDMA) microparticles with one micrometer-sized
pore (a1) and magnetic hierarchical porous poly(MMA-co-EGDMA-
co-GMA) microparticles with two micrometer-sized pores (b1), as well
as their magnified outer surfaces (a2−b2) and cross sections (a3−b3).
Scale bars are 50 μm in a1−b1, and 20 μm in the rest.
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be further recycled by washing off the adsorbed oil with ethanol
for reuse (Figure 8c5). In the experiments, the magnetic
microparticles can be recycled more than 20 times. Moreover,
washing and immersing the microparticles with ethanol makes
no obvious change to the porous structures (Figure 7a and
Supporting Information Figure S5). These hierarchical porous
microparticles can also be employed for magnetic-guided
removal of other oil that can spread on the porous matrix,
such as benzyl benzoate (Supporting Information Figure S6).
Moreover, on the basis of the magnetic-guided movement, the
microparticles can also be used for route-specific targeted
adsorption of oil microdrops (Supporting Information Figure
S7).
Here the magnetic-guided removal of EGDMA oil drops by

hierarchical porous poly(MMA-co-EGDMA-co-GMA) micro-
particles is also demonstrated, and the effects of the nanometer-
sized pores, micrometer-sized pores, and hierarchical porous
structures on the oil capturing capacity are quantitatively
investigated (Figure 8d−f and Supporting Information Figure
S8). For poly(MMA-co-EGDMA-co-GMA) microparticles
containing only one micrometer-sized pore, with average pore
size of ∼120 μm and porosity of 44.1%, oil drop leftovers are
observed upon total addition of ∼10 μL oil drops (Supporting
Information Figure S8a), indicating a maximum oil capturing

capacity less than ∼10 μL. Such an oil capturing capacity is less
than that of the poly(MMA-co-EGDMA-co-GMA) micro-
particles containing only nanometer-sized pores, with average
pore size of ∼580 nm (Supporting Information Figure S9) and
porosity of 47.7% (Supporting Information Figure S8b) (please
see Supporting Information Table S1 for the pore character-
istics of micrometer-sized pores and nanometer-sized pores of
the hierarchical porous microparticles). The results show that
nanometer-sized pores exhibit better performance for oil
capture than the micrometer-sized pore, because the nano-
meter-sized pores provide a nanoporous matrix with a
hydrophobic surface for wetting of oil via capillary force.
Moreover, by gradually adding the oil drops, the nanoporous
poly(MMA-co-EGDMA-co-GMA) microparticles (Figure 8d)
exhibit maximum oil capture upon total addition of ∼20 μL oil
drops (Figure 8d3), while those with hierarchical porous
structures containing two (Figure 8e) and three (Figure 8f)
micrometer-sized pores, respectively, exhibit the maximum oil
capture at total addition of ∼30 μL (Figure 8e4) and ∼40 μL
(Figure 8f5) oil drops. All the results show that the hierarchical
porous poly(MMA-co-EGDMA-co-GMA) microparticles can
capture a larger amount of oil than the nanoporous ones, and
the maximum capacity for oil capture increases with increasing
the number of micrometer-sized pores. Thus, as compared with
the homogeneous nanoporous structures, the hierarchical
porous structures provide opportunities for creating micro-
particles with larger oil capturing capacity from the same mass
quality of matrix materials.

Enhanced Protein Adsorption. The enhanced synergetic
performance of the hierarchical porous microparticles is
demonstrated by using the microparticles for improved protein
adsorption. As compared with nanoporous microparticles
(Figure 9a1), the hierarchical porous microparticles provide
highly interconnected micrometer-sized pores as easier access
for the protein molecules to diffuse into the porous matrix
(Figure 9a2). Meanwhile, the presence of the micrometer-sized
pores also provides the nanoporous matrix with larger
interfacial area between the microparticle and the BSA bulk
solution, including the outer surface of the microparticle and
the internal surface of the micrometer-sized pores, for the
protein molecules to diffuse into the nanoporous matrix. Thus,
faster adsorption of protein can be achieved with the
hierarchical porous microparticles.
First, we demonstrate the protein adsorption performance of

nanoporous microparticles by using nanoporous PEGDMA
microparticles to adsorb model protein FITC-BSA. After
immersion in FITC-BSA solution for 2 h, a large quantity of
FITC-BSA is adsorbed within the nanoporous PEGDMA
microparticles, while nearly no FITC-BSA is adsorbed within
the nonporous PEGDMA ones (Supporting Information Figure
S10). After transfer into water, the distribution of adsorbed
FITC-BSA over the whole internal portion of nanoporous
PEGDMA microparticles further confirms the adsorption
ability and the high interconnectivity of the nanoporous
structures (Supporting Information Figure S10).
The BSA adsorption is further quantitatively investigated to

study the enhanced synergetic performance of hierarchical
porous structures on the adsorption kinetics. Four different
types of microparticles, including nonporous PEGDMA
microparticles, nanoporous PEGDMA microparticles, magnetic
nanoporous poly(MMA-co-EGDMA-co-GMA) microparticles,
and magnetic hierarchical porous poly(MMA-co-EGDMA-co-
GMA) microparticles containing two micrometer-sized pores,

Figure 8. Hierarchical porous microparticles for oil removal. (a, b)
Schematic illustration of oil capture with nanoporous (a) and
hierarchical porous (b) microparticles. (c) Magnetic hierarchical
porous poly(MMA-co-EGDMA) microparticles for magnetic-guided
removal of EGDMA microdrops from water. A large EGDMA drop
(c1) is shaken into microdrops (c2), and then microparticles are added
(c3); next, the oil-adsorbed microparticles are separated by a magnet
(c4), and then washed with ethanol for recycle (c5). (d−f)
Nanoporous (d) and hierarchical porous poly(MMA-co-EGDMA-co-
GMA) microparticles with two (e) and three (f) micrometer-sized
pores for quantitative oil removal.
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are respectively employed. The microparticles are still
immersed in BSA solutions to allow free diffusion of the BSA
molecules. Due to the highly interconnected nanoporous
structures for adsorbing BSA molecules, the nanoporous
PEGDMA microparticles with specific surface area of 16.37
m2 g−1 show a faster adsorption rate with higher adsorption
capacity than the nonporous PEGDMA microparticles (Figure
9b). Improved BSA adsorption can be achieved by using
magnetic nanoporous poly(MMA-co-EGDMA-co-GMA) micro-
particles with specific surface area of 16.83 m2 g−1 as adsorbents
(Figure 9b), because the nanoporous structures with GMA-
modified interfaces provide better interactions with BSA
molecules for enhanced adsorption. The presence of magnetic
nanoparticles in the microparticles facilitates the separation via
magnetic manipulation. The adsorption of such functional
nanoporous poly(MMA-co-EGDMA-co-GMA) microparticles
can be further improved by creating highly interconnected
micrometer-sized pores in the microparticles for enhanced mass
transfer kinetics. With hierarchical porous structures, hierarch-
ical porous poly(MMA-co-EGDMA-co-GMA) microparticles
containing two micrometer-sized pores exhibit a much faster
adsorption rate (3.88 mg g−1 at t = 60 min) than those of the
nanoporous poly(MMA-co-EGDMA-co-GMA) ones with only
nanoporous structures (2.17 mg g−1 at t = 60 min) (Figure 9b).
Since the poly(MMA-co-EGDMA-co-GMA) microparticles

containing nanoporous and hierarchical porous structures with
the same total mass quality are used as adsorbents, and their
polymeric matrixes are both prepared from oil phase with the
same composition, therefore both types of microparticles
exhibit polymeric matrixes with the same nanoporous structures
and the same total mass quality. Thus, both types of these
poly(MMA-co-EGDMA-co-GMA) microparticles exhibit the
same specific surface areas, that are provided by the nanoporous

polymeric matrixes, for maximum BSA adsorption. Therefore,
the faster adsorption of the hierarchical porous poly(MMA-co-
EGDMA-co-GMA) microparticles containing two micrometer-
sized pores mainly results from the highly interconnected
micrometer-sized pores. As compared with nanoporous micro-
particles, hierarchical porous microparticles with such micro-
meter-sized pore structures provide the nanoporous matrix with
larger interfacial area between the microparticle and BSA bulk
solution, including the outer surface of microparticle and the
internal surface of micrometer-sized pores, for BSA to diffuse
easily from bulk solution into the nanoporous matrix
(Supporting Information Figure S11). Since the diffusion rate
of BSA from bulk solution into the nanoporous matrix is the
same, increase of the interfacial area of the microparticle that is
exposed to the BSA bulk solution allows improved mass
transfer of BSA from bulk solution into the nanoporous matrix
for faster adsorption. Thus, for microparticles containing
nanoporous matrixes with the same total mass quality, the
more micrometer-sized pores created in the nanoporous matrix,
the larger the interfacial area of the nanoporous matrix exposed
to the BSA bulk solution (Supporting Information Figure S11);
as a result, we can infer that this provides faster BSA
adsorption. All the results indicate that the functional
hierarchical porous microparticles with combined advantages
of enhanced mass-transfer kinetics and flexibly tunable
functionalities show great potential for enhanced protein
adsorption.

■ CONCLUSIONS
In summary, we have developed a facile and flexible approach
for one-step fabrication of uniform controllable polymeric
microparticles containing highly interconnected hierarchical
porous structures. The controllably deformed W/O/W
emulsions, which are generated from microfluidics, enable
production of uniform hierarchical porous microparticles with
precisely and individually controlled pore size, porosity,
functionality, and particle shape by using the inner microdrops
and the nanodrops as templates for creating micrometer-sized
pores and nanometer-sized pores, respectively. The hierarchical
porous microparticles with controllable physical structures and
chemical properties combine the advantages of porous
structures at both micro- and nanoscales as well as the tunable
functionalities to achieve enhanced synergetic performances for
broad applications. The enhanced synergetic performances are
demonstrated by using them to capture oil from water and
adsorb protein molecules for bioseparation. The proposed
approach provides a versatile strategy for controllable
fabrication of uniform polymeric microparticles with highly
interconnected hierarchical porous structures and tunable
functionalities.
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Optical micrographs of the hierarchical porous microparticles,
compressive load−strain curves and N2 adsorption isotherms of
nanoporous microparticles, TEM image of the magnetic
nanoparticles, SEM images of hierarchical porous micro-
particles after ethanol washing, magnetic-guided removal of
benzyl benzoate, magnetic-guided route-specific adsorption of
oil microdrops, pore size distribution of nanoporous poly-
(MMA-co-EDGMA-co-GMA) microparticles, CLSM images of
microparticles for FITC-BSA adsorption, interfacial area data,
and a table that summarizes pore characteristics of hierarchical

Figure 9. Hierarchical porous microparticles for protein adsorption.
(a) Schematic illustration of dynamic processes of protein adsorption
with nanoporous (a1) and hierarchical porous (a2) microparticles. (b)
BSA adsorption profiles of nonporous PEGDMA microparticles,
nanoporous PEGDMA microparticles, magnetic nanoporous poly-
(MMA-co-EGDMA-co-GMA) microparticles (PMEG), and magnetic
hierarchical porous poly(MMA-co-EGDMA-co-GMA) microparticles
with two micrometer-sized pores (PMEG-2).
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