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s and fluidic modules for
customizable droplet generators†
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We developed a rapid and simple method to fabricate microfluidic non-planar axisymmetric droplet

generators using 3D printed fittings and commercially available components. 3D printing allows facile

fabrication of microchannels albeit with limitations in the repeatability at low resolutions. In this work, we

used 3D printed fitting to arrange the flow in the axisymmetric configuration, while the commercially

available needles formed a flow-focusing nozzle as small as 60 mm in diameter. We assembled 3D

printed fitting, needle, and soft tubes as different modules to make a single droplet generator. The

design of our device allowed for reconfiguration of the modules after fabrication to achieve customized

generation of droplets. We produced droplets of varying diameters by switching the standard needles

and the minimum diameter of droplet obtained was 332 � 10 mm for 34 G (ID ¼ 60 mm). Our method

allowed for generating complex emulsions (i.e. double emulsions and compartmented emulsions) by

adding 3D printed sub-units with the fluidic connections. Our approach offered characteristics

complementary to existing methods to fabricate flow-focusing generators. The standardized needles

serving as a module offered well-defined dimensions of the channels not attainable in desktop 3D

printers, while the 3D printed components, in turn, offered a facile route to reconfigure and extend the

flow pattern in the device. Fabrication can be completed in a plug-and-play manner. Overall, the

technology we developed here will provide a standard approachable route to generate customized

microfluidic emulsions for specific applications in chemical and biological sciences.
Introduction

This paper describes a rapid and simple method to fabricate
microuidic non-planar axisymmetric droplet generators
using 3D printed ttings and commercially available needles
and tubes. Droplets can be manipulated using microuidic
devices that allow one phase to be dispersed in another
immiscible phase.1 Droplet microuidics has evolved as
a multidisciplinary platform with a broad spectrum of appli-
cations in the elds of analytical chemistry,2,3 materials
synthesis,4–8 drug delivery,9–11 biological assays,12–14

imaging15,16 and food chemistry.17,18 Microuidic droplet
generators have been widely used to produce highly controlled
and monodisperse droplets with various degree of complexity.

Fabrication of such droplet generators has been demon-
strated primarily in three different routes: (1) so lithography
and replica molding19–21 (2) 3D printing22–27 and (3) manual
assembly of uidic units.28–34 So lithography employs
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tion (ESI) available. See DOI:
photolithography followed by replica molding with poly-
dimethylsiloxane (PDMS). Fabrication of microuidic devices
in cleanroom is relatively expensive and laborious.24 In addi-
tion, replica molding creates primarily planar devices where
surface wettability and solvent compatibility need to be opti-
mized to achieve the stable generation of droplets. To this end,
additional modications of the surface of channels are
required to maintain preferred surface properties, solvent
resistance, and wettability.35–38 Alternatively, the recent
advance in 3D printing has allowed fabricating microuidic
devices designed in computer-aided design (CAD) les.22–27 In
stereolithography and polymer jetting 3D printing, the evac-
uation of the uncured resin or the support materials to form
narrow channels is oen challenging.23–25,27 Multistep post-
processing to remove uncured resin23 or support material27 is
oen required. This limitation hampers the resolution, and
complexity of the channels and orices in the 3D printed
droplet generators. Recently, the clogging of resin in fully 3D
printed devices was addressed by printing the entire device in
small modules that can be post-assembled.27,39 In another way,
ow-focusing droplet generators can be fabricated by assem-
bling subunits. For example, glass capillaries are arranged in
the co-axial conguration to form a droplet generator.28,31,32

The capillary devices made of glass have been successfully
employed for the generation of single and multiple emulsions,
This journal is © The Royal Society of Chemistry 2019
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while the alignment of glass capillaries poses the difficulty in
fabrication and operation.25,26 Manual assemblies of the
subunits such as tubes, needles, and adapters allowed creating
low-cost microuidic droplet generators suitable for gener-
ating single emulsions29,30,33 and double emulsions.40 While
the use of commercially available parts as the subunits makes
the fabrication simple, the fabricated devices are limited in
their complexity of the conguration of the channel, which in
turn limits the complexity of the emulsions that can be
generated.

At present, there is a trade-off between the ease of fabri-
cating droplet generators and the size and complexity of the
emulsions that can be generated. We addressed this limitation
by combining simple 3D printed modules and commercially
available parts (such as needles and tubes) with a small
dimension to fabricate axisymmetric droplet generators. The
use of 3D printed modules offered integrating large micro-
channels (greater than 500 mm) with branches and other
structures, and the use of commercially available needles and
tubes offered a facile way to create uidic connections with
predetermined dimensions (as small as 60 mm in the circular
diameters). As we employed a modular approach, the device
was assembled and modied in a plug-and-play manner. This
capability allowed customizing the inner diameter (ID) of the
ow-focusing nozzles (from 60 mm (34 G) to 1.4 mm (14 G))
merely by replacing the needles. The reconguration of the
ow-focusing nozzles in serial and parallel arrangement
permitted generating complex, higher-order emulsions. The
simplicity of this method should enable controlled micro-
uidic generation of droplets accessible in various research
elds.
Experimental design

The objective of this research is to develop a simple method to
fabricate a non-planar axisymmetric droplet generator by
assembling readily available modules to generate complex
emulsions. The non-planar geometry of the ow-focusing
device allows for the stable generation of droplets irre-
spective of the combination of uids used as the outer and the
inner phases. Specically, we proposed to develop a method
that is advantageous in the following three aspects: (1) ease of
the fabrication, (2) resolution of the channel, and (3) cus-
tomizability of the channel.

In order to ensure the ease of fabrication, we adopted
a modular approach for fabrication. The different modules
employed to form an axisymmetric droplet generator were 3D
printed ttings and readily available low-cost materials such
as needles and tubes. Rigid ttings fabricated by 3D printing
was readily assembled with other modules, while the elasticity
of the tube naturally provided conformal contact to avoid
leakage of the uids. Other than connecting different modules
together, no additional procedure was involved to make the
ow-focusing device. The 3D printed tting was designed with
large hollow spaces so that resin clogging should not occur,
unlike fully 3D printed devices with embedded
microchannels.23–25
This journal is © The Royal Society of Chemistry 2019
Secondly, one of the current limitations of the 3D printed
microchannels is the attainable resolutions. We overcome this
limitation by integrating standardized needles into the channel
system. Standardized needles were available with smaller inner
diameters (60 mm) than the printable channel widths of the 3D
printed device.22–25 The use of standard needles with xed
apertures also ensured the repeatability of fabrication. The
diameters of the needles can be selected from 60 mm (34 G) to
1.4 mm (14 G).

Finally, it is difficult to alter the conguration of the device
aer fabrication in a completely 3D printed device22–25 as the
channels are xed and there is no modiable component. In
our approach, the modication of the assembled device was
achieved for the geometry of the channels (with different 3D
printed ttings) as well as the dimension of the nozzles (with
different standardized needles). The use of 3D printed ttings
(as compared to simple tubes as ttings) allows altering the
type of droplets produced. It was feasible to add multiple
devices and couple other customized 3D printed ttings (such
as a Y-channel) for the generation of higher-order and complex
emulsions, which would not be possible in the simple
assembly of tubes and needles.29,30
Results and discussion
Fabrication of axisymmetric droplet generator using 3D
printed ttings

We fabricated a non-planar axisymmetric droplet generator
using the modules of 3D printed tting and readily available
low-cost components. The fabricated axisymmetric droplet
generator was tested for its customizability to produce simple
and complex emulsions. Initially, we checked the feasibility to
design and fabricate the modular devices; a single droplet
generator comprising a rigid 3D printed connector,
a dispensing needle and so tubes for connections are illus-
trated (Fig. 1a). The dimensions of the modules used for the
fabrication of axisymmetric ow-focusing devices are given
(Fig. S1†). The rigid connector was designed as a hollow cylinder
with an inlet to permit the uid to ow. The droplet generator
was made by co-axially aligning the 3D printed connector and
dispensing needle with uidic connections for inlet and outlet
(Fig. 1b). We used elastic so tubes (made of silicone rubber) as
an outlet to establish tight connections between the needle and
connector. This arrangement permitted to prevent leakage of
the uid. We further extended our device to generate complex
and higher-order emulsions. The ow-focusing nozzles were
connected in series by arranging two ow-focusing units to
produce multiple emulsions (i.e. emulsions encapsulated in
other emulsions) (Fig. 1c). Alternatively, the ows can be
arranged in parallel using a 3D printed branch (Y-channel) as
a tting. This tting allowed to form a laminar ow of two
parallel streams of uids as a single dispersed phase for the
droplet generation (Fig. 1d). Due to rigidness and large void
space of the 3D printed ttings, we were able to clean the
ttings easily with water and reassemble them for multiple
usages.
RSC Adv., 2019, 9, 2822–2828 | 2823
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Fig. 1 (a) Modules used for the fabrication of microfluidic axisymmetric flow-focusing device: needle (N), 3D printed holder (H), 3D printed Y-
fitting (Y) and tube (T). Schematics and optical images of (b) a single flow-focusing device formed by co-axial arrangement of the 3D printed
connector and a needle, (c) serially connected, two flow-focusing devices to produce double emulsions, and (d) a flow-focusing device with
a parallel laminar flow to produce compartmented particles. Scale bar ¼ 10 mm.
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Customization of ow-focusing nozzle

We demonstrated the advantage of our approach to assemble
and recongure the modules of the ow-focusing droplet
generators. A single ow-focusing droplet generator was fabri-
cated by assembling the modules such as rigid 3D printed
connector, dispensing needle and so tubes. The commercially
available dispensing needles vary in their inner diameters (ID)
from a few tens of micrometers to a few millimeters. We
switched the needle assembled with the ow-focusing device
and our design allowed for this reconguration without altering
the geometry. By this easy reconguration, we generated drop-
lets of varying diameters depending on the ID of the needle for
the same ow conditions (i.e. type of uids and owrate). The
single ow-focusing device was experimented with three
different gauges of needles (25 G, 30 G and 34 G with corre-
sponding IDs of 250 mm, 160 mm, and 60 mm). Water-in-oil
droplets (W/O) were formed using hexadecane containing
Span 80 (2% v/v) as the continuous phase and aqueous solution
containing blue dye (1% v/v) as the dispersed phase. The ow-
rate of the dispersing uid (Qd) was maintained at 10 mL min�1,
while the continuous uid (Qc) was varied between 100
mLmin�1 and 1000 mLmin�1. For the given rates of ow (Qd and
Qc), the diameter of droplets decreased with the decrease in the
ID of needles (Fig. 2a). We studied the effect of Qc on the
diameter of the formed droplet for needles of three different
size and the xed Qd. The diameter of droplets decreased with
the increase in Qc (Fig. 2b). This observation is in accordance
with previous studies carried out in other microuidic ow-
focusing devices fabricated by other methods.20,24 The
minimum diameter of droplet attained in our study was 332 �
10 mm for 34 G (ID ¼ 60 mm) at the owrates of 1000 mL min�1
2824 | RSC Adv., 2019, 9, 2822–2828
and 10 mL min�1 of continuous and dispersed phases, respec-
tively. The minimum diameter of droplets obtained in our
device was smaller than those obtained using fully 3D printed
devices with the orices larger than the diameter of needle.23,25

Our method to fabricate axisymmetric ow-focusing droplet
generator offered three major advantages over 3D printing of
the entire microuidic ow-focusing generators. Firstly, in our
work, the ID of the standard needles used for the dispersing
uid was smaller than the width of channels obtained in a fully
3D printed non-planar device.23,25,27 Secondly, the large void
volume of 3D printed connector used in our work prevented
uncured resin from clogging the space; the clogging of resin was
reported to be a problem in narrow channels embedded in fully
3D printed device.24,27 Thirdly, our ow-focusing device allowed
for reconguration aer fabrication by altering its modules
which is not feasible in a fully printed device. In our approach, it
was possible to change the diameter of droplets only by
changing the needles with varying IDs. We demonstrated that
the IDs of needles connected to the device could be changed
from 60 mm to 250 mm, which were smaller than the minimum
width of the channel of fully 3D printed microchannels (re-
ported as a few hundred micrometers).23,25
Formation of double emulsions by serial connections

Next, we demonstrated the customizability of the device using
our method. We showed that the single ow-focusing device
could be readily extended in series (back to back) to produce
multiple emulsions. To demonstrate the proof-of-principle, we
assembled two identical devices in series to produce double
emulsions. So elastic tubes ensured a tight connection
between the two devices. The needles of the two connected
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Optical micrographs showing the controlled generation of W/O emulsions using three different dispensing needles of varying IDs. (b) A
plot showing the diameter of droplets obtained for three different dispensing needles against varying Qc at Qd ¼ 10 mL min�1. The dispersed
phase was 1% v/v blue dye in water, and the continuous phase was 2% v/v Span 80 in hexadecane. Scale bar ¼ 600 mm.
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devices were aligned co-axially to produce water-in-oil-in-water
(W/O/W) double emulsions with varying numbers of inner
droplets at different ow conditions (Fig. 3). In a preceding
study, multiple needles and PDMS block were successfully
employed to form double emulsions while the alignment was
completed manually in an uncured PDMS.40 In our work, the
use of standard components and straightforward assembly
guided by the 3D printed tting and opening ensured rapid
manual assembly of the devices with repeatability.

Stable generation of double emulsions by connecting the
same type of devices in series conrmed the co-axial arrange-
ment of the ows formed in the non-planar devices. In a planar
3D printed device, surface modication would be required to
change the wettability of channels to produce multiple emul-
sions.26 An axisymmetric ow-focusing device permits genera-
tion of both oil-in-water (O/W) and water-in-oil (W/O) in the
same device. Devices made by the alignment of the capil-
laries31,32 and 3D printing26 were subjected to adequate surface
treatment to produce double emulsions. Surface treatment was
carried out in such devices to ensure that the outer uid
entering the collection tube preferentially ow along the surface
Fig. 3 (a) A schematic illustration of serially connected flow-focusing
produced W/O/W double emulsions with varying numbers of inner dro
mL min�1. The inner, middle and outer phases were 0.25% v/v red dye in
glycerol in water solution. Scale bar ¼ 600 mm.

This journal is © The Royal Society of Chemistry 2019
while encompassing emulsions in an axisymmetric congura-
tion. Our work successfully produced double emulsions by
connecting two ow-focusing modules in series without any
additional steps to modify the surface.
Formation of bi-compartmented particles by parallel
connection

Finally, we demonstrated that the 3D printed tting offered
a specic arrangement of the ow to achieve the generation of
complex emulsions. As a demonstration, we produced Janus
particles by establishing co-laminar ow using a 3D printed
tting. Microuidic devices used for producing monodisperse
Janus particles were fabricated in different approaches
including dry-etching,41 so lithography42 and alignment of
capillaries.43 To create a laminar ow consisting of two uids in
our device, we fabricated a tting enclosing a branched Y-
channel. The Y-channel was arranged coaxially with the
connector where the continuous uid was introduced. Two
streams of the poly(ethylene glycol) diacrylate (PEGDA) solu-
tions (colored in green and red) containing a photoinitiator
formed a laminar ow that served as a single dispersed phase.
devices for producing double emulsions. (b) Optical micrographs of
plets obtained for a range of Qo with Qm ¼ 30 mL min�1 and Qi ¼ 5
water, 3% v/v Span 80 in hexadecane and 0.1% v/v yellow dye in 90%

RSC Adv., 2019, 9, 2822–2828 | 2825
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Fig. 4 (a) A schematic illustration of flow-focusing device connected with Y-channel as an inlet of the dispersed phase for producing bi-
compartmented Janus particles. (b) Optical micrographs of produced compartmented particles at three conditions of flows. Scale bar¼ 300 mm.
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The dispersed phase comprising of two-colored uids pinched
off at the nozzle, and the compartmented droplets were
immediately photopolymerized by irradiation of UV light. The
owrate of the red stream (Qdr) was maintained at 10 mL min�1

whereas three owrates used for the green stream (Qdg) were 35,
25 and 15 mL min�1. We obtained bi-compartmented particles
with different proportions of the red and green compartments
for the given three different conditions of ows (Fig. 4).

Janus particles produced in planar microuidic devices
consists of compartments in the two-dimensional plane.42 The
3D printed tting (Y-channel) designed with two channels of
inlets enabled generation of particles with two compartments in
this experiment. The non-planar geometry of our device, in
principle, would enable the formation of spherical compart-
mented particles in the three-dimensional arrangement. 3D
printing helps to fabricate ttings with multiple inlets of
uniform size and geometry to achieve desired ow patterns.
Attaining uniform sized orices with dened geometry would
be challenging in a device with manually cut capillaries. Using
an appropriate 3D printed tting, we can generate multi-
compartmented particles having diverse properties for specic
applications such as drug carriers44,45 and semiconducting
beads.46

Conclusions

In this paper, we reported a simple modular approach to
fabricate axisymmetric microuidic ow-focusing devices for
the generation of simple and complex emulsions. The fabrica-
tion of the device was achieved rapidly by assembling the 3D
printed subunits and commercially available parts, while we
achieved stable generation of complex emulsions (i.e. double
emulsions and compartmented emulsions) in the same device.
With the wide range of needles available with different aperture
sizes, we showed that the device can be recongured to produce
droplets of varying diameters. The design of the device facili-
tated the reconguration of the modules aer the device was
fabricated. We obtained the minimum diameter of the droplet
as 332 � 10 mm using the smallest needle with an ID of 60 mm.
The aperture size of the needles used in our work was smaller
than the width of the channels in a fully 3D printed device.25
2826 | RSC Adv., 2019, 9, 2822–2828
The modules could be arranged to form multiple and complex
emulsions; two ow-focusing generators placed in series
allowed producing double emulsions, and a laminar ow con-
sisting of parallel ows of two uids was used to generate Janus
particles. Our approach successfully balanced the ease of
fabrication of microuidic ow-focusing devices and the
complexity of emulsions obtained. The fabricated devices can
be easily cleaned with water and reused multiple times.

The method of fabrication we developed offers several
characteristics that would complement existing methods to
fabricate ow-focusing generators. We took an advantage of
well-dened, small size of features that the standardized
materials (i.e. needles and tubes) offered, which were not
achievable in desktop 3D printers. 3D printed tting added the
route to design the conguration of the multiphase ows (i.e.
concentric and co-laminar) to achieve generation of intended
emulsions. As the fabrication can be done in a simple plug-and-
play manner, we believe that the method we developed in this
work benets non-experts to perform generation of emulsions
using microuidic devices for various applications.

Materials and methods
Design and fabrication of 3D printed ttings

3D ttings (connector and Y-channel) were designed using
AutoCAD® 2016 (Autodesk, USA). The connector was in the
shape of a hollow cylinder (length ¼ 10 mm, OD ¼ 10 mm, and
ID ¼ 5 mm). The hollow connector was designed with a circular
hole of inner diameter 1.8 mm at the side for the ow of
continuous uid. The Y-channel had two inlets opening and the
outlet of 1.8 mm in outer diameter. Two polytetrauoroethylene
(PTFE) tubes (muse 2000, China) with ODs and IDs of (1.8 mm,
1 mm) and (1 mm, 0.7 mm) were tted concentrically to the
outlet of Y-channel that delivered the co-laminar ow. The CAD
les were exported in the standard triangulation language (STL)
le format. STL les of the design were sent to Form 2™ (For-
mlabs, USA) and the 3D models were printed. The structures
were printed using Formlabs Clear™ resin (Formlabs, USA)
with the layer thickness of 50 mm. 3D printed ttings were post-
processed by washing with isopropanol for 10 min to remove
uncured resin and dried in the oven at 60 �C for 24 h.
This journal is © The Royal Society of Chemistry 2019
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Fabrication of axisymmetric droplet generators

Single emulsions. The post-processed 3D printed connector
was aligned co-axially with the needle secured by 5 mm OD
elastic tubing (Tigers Polymer Corporation, Osaka, Japan). For
the outlet connection, two elastic tubes with ODs and IDs as (3
mm, 1 mm) and (5 mm, 3 mm) were connected. This assembly
consisted of a single ow-focusing unit produced single water-
in-oil (W/O) emulsions. Three different needles (25 G, 30 G,
and 34 G) (VMATIC, Ningbo, China) with IDs of 250 mm, 160 mm
and 60 mm were used for the experiments to show the custom-
izability of the device.

Double emulsions. To produce double emulsions, two
assembled ow-focusing devices were connected in series with
the two needles forming a co-axial arrangement. Two consecu-
tive needles, 34 G and 20 G with ID as 60 mm and 620 mm
respectively, were used. Elastic tubes with OD and ID as (5 mm,
3 mm) were used to secure the connection between the devices,
and between the device and the outlet.

Janus particles. A 3D printed Y-channel tting specically
designed for producing co-laminar ow was assembled with the
connector. Two concentric PTFE tubes (muse 2000, China) with
the ODs and IDs of (1.8 mm, 1 mm) and (1 mm, 0.7 mm) were
tted to the outlet of Y-channel. The outlet connection was
formed by the elastic tube with the OD and ID as (5 mm, 3 mm).
Droplet formation

Single emulsions. 2% v/v Span 80 (Sigma-Aldrich, Singapore)
in hexadecane (Alfa Aesar, Scientic resources, Singapore) was
used as the continuous uid and 1% v/v blue dye aqueous
solution was used as the dispersed phase for single emulsions.
Qc was varied between 100 mL min�1 and 1000 mL min�1 and Qd

was maintained at 10 mL min�1 for droplet generation with
three different needles (25 G, 30 G, 34 G).

Double emulsions. Inner, middle and outer phase uids
used for the formations of W/O/W double emulsions were
0.25% v/v red dye aqueous solution, 3% v/v Span 80 in hex-
adecane and 0.1% v/v yellow dye in 90% glycerol and 10% water
solution, respectively. Qi and Qm were maintained constant at 5
mL min�1 and 30 mL min�1 respectively. Qo varied between 200
mL min�1 and 600 mL min�1.

Janus particles. 1% irgacure 1173 photoinitiator (2-hydroxy-
2-methylpropiophenone-97%) (Sigma-Aldrich, Singapore) was
added into poly(ethylene glycol) diacrylate (PEGDA)-700 (Sigma-
Aldrich, Singapore) solution to form a prepolymer mixture. This
prepolymer solution was colored into two different colors by
adding 1% v/v red and green dyes. The Y-channel facilitated the
ow of the two-colored solutions that merged as a single
dispersed phase at the outlet. UV light source at 20% intensity
was used for polymerizing the prepolymer. Qdr was maintained
at 10 mL min�1 whereas three owrates used for green stream
(Qdg) were 35, 25 and 15 mL min�1. Qc was maintained at 300
mL min�1. Blue, green and red dyes (Star Brand, Kuala Lumpur,
Malaysia) were used for making colored aqueous solutions. All
uids were dispensed using 10 mL syringes (Terumo, Tokyo,
Japan) tted to the syringe pumps (NE-4000, New Era Syringe
Pump. Inc, Farmingdale, NY, USA).
This journal is © The Royal Society of Chemistry 2019
Imaging and characterization

In-channel ows and collected droplets were imaged using
Leica stereoscope (Leica Microsystems GmBH, Wetzlar, Ger-
many) coupled with Basler AG camera (Basler Ace acA2040-
90uc, Basler AG, Germany). Diameter of droplets was
measured using ImageJ (ImageJ, National Institutes of Health
(NIH), Bethesda, MD, USA).
Conflicts of interest

There are no conicts to declare.
Acknowledgements

M. H. thanks for the project funding from SUTD Digital
Manufacturing and Design Centre (DManD) supported by the
Singapore National Research Foundation (RGDM1620503), and
the infrastructure supported by SUTD-MIT International Design
Centre (IDC) (IDG11700103). S. V. thanks for the President's
Graduate Fellowship awarded by the Ministry of Education
(MOE), Singapore..
References

1 G. M. Whitesides, Nature, 2006, 442, 368.
2 L. M. Fidalgo, G. Whyte, B. T. Ruotolo, J. L. Benesch,
F. Stengel, C. Abell, C. V. Robinson and W. T. Huck, Angew.
Chem., Int. Ed., 2009, 121, 3719–3722.

3 G. Wang, C. Lim, L. Chen, H. Chon, J. Choo and J. Hong,
Anal. Bioanal. Chem., 2009, 394, 1827–1832.

4 I. Shestopalov, J. D. Tice and R. F. Ismagilov, Lab Chip, 2004,
4, 316–321.

5 D. Dendukuri and P. S. Doyle, Adv. Mater., 2009, 21, 4071–
4086.

6 C.-H. Choi, J.-H. Jung, D.-W. Kim, Y.-M. Chung and C.-S. Lee,
Lab Chip, 2008, 8, 1544–1551.

7 Y. H. Kim, L. Zhang, T. Yu, M. Jin, D. Qin and Y. Xia, Small,
2013, 9, 3462–3467.

8 J. H. Kim, T. Y. Jeon, T. M. Choi, T. S. Shim, S.-H. Kim and
S.-M. Yang, Langmuir, 2013, 30, 1473–1488.

9 Q. Xu, M. Hashimoto, T. T. Dang, T. Hoare, D. S. Kohane,
G. M. Whitesides, R. Langer and D. G. Anderson, Small,
2009, 5, 1575–1581.

10 A. Fang and B. Cathala, Colloids Surf., B, 2011, 82, 81–86.
11 J. Wan, Polymers, 2012, 4, 1084–1108.
12 L.-F. Cai, Y. Zhu, G.-S. Du and Q. Fang, Anal. Chem., 2011, 84,

446–452.
13 K. Churski, T. S. Kaminski, S. Jakiela, W. Kamysz,

W. Baranska-Rybak, D. B. Weibel and P. Garstecki, Lab
Chip, 2012, 12, 1629–1637.

14 D.-K. Kang, M. M. Ali, K. Zhang, S. S. Huang, E. Peterson,
M. A. Digman, E. Gratton and W. Zhao, Nat. Commun.,
2014, 5, 5427.

15 A. C. Hatch, J. S. Fisher, A. R. Tovar, A. T. Hsieh, R. Lin,
S. L. Pentoney, D. L. Yang and A. P. Lee, Lab Chip, 2011,
11, 3838–3845.
RSC Adv., 2019, 9, 2822–2828 | 2827

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08686a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
1:

27
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
16 Q. Wang, D. Zhang, X. Yang, H. Xu, A. Q. Shen and Y. Yang,
Green Chem., 2013, 15, 2222–2229.

17 B. Ahmad, E. Stride and M. Edirisinghe, Food Bioprocess
Technol., 2012, 5, 2848–2857.

18 A. A. Maan, A. Nazir, M. K. I. Khan, R. Boom and K. Schroën,
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