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a  b  s  t  r  a  c  t

We  report  on  a capillary-based  microfluidic  platform  for the fabrication  of non-spherical  sodium  algi-
nate microgels.  The  sodium  alginate  droplets  were  crosslinked  off-chip  in  a mixture  of  barium  acetate
and  glycerol  solution.  Novel  morphologies  such  as  tear  drop,  lamp-like,  mushroom-like,  double-dimpled
and  bowl-like  microgels  were  fabricated  by  controlling  the  size,  impact  velocity  (at  the  crosslinking
vailable online 9 December 2014

eywords:
icrofluidics
on-spherical alginate microgels

solution/oil  interface),  and  concentration  of  sodium  alginate  solution.  We  monitored  the  microscale
deformation  process  in  situ at the  interface  and  proposeed  a deformation  mechanism  resulting  in  unique
morphologies.  Additionally,  we  constructed  microgel  superstructures  by  assembling  the  non-spherical
alginate  microgels  to spherical  poly(N-isopropylacrylamide)  (pNIPAAm)  microgels  via  electrostatic  inter-
action.
icrogel superstructures

. Introduction

Sodium alginate is a natural polysaccharide based copolymer
omposed of �-d-mannuronic acid (M)  and �-l-guluronic acid (G)
n the linear chain (Lee & Mooney, 2012). The binding of G blocks
o divalent ions such as Ca2+ and Cu2+(crosslinking) results in the
ormation of three dimensional structures, known as hydrogels
Asthana, Kim, Perumal, Kim, & Kim, 2009; Bajpai & Sharma, 2004;
onino et al., 2011; Gazori et al., 2009; Liakos et al., 2013). Owing to
iocompatibility and mild crosslinking conditions, alginate-based
icrogels have gained increasing attention in the field of drug

elease (Lin, Yang, Hsu, & Hsieh, 2013), protein, antibodies and
ell encapsulation (Qiu, Chen, Yan, & Wu,  2007; Tan & Takeuchi,
007), and encoding (Ji et al., 2011). Among numerous fabrica-
ion techniques including extrusion–dripping (Chan, Lee, Ravindra,

 Poncelet, 2009), centrifuge-based (Maeda, Onoe, Takinoue, &
akeuchi, 2012), cast-strategy (Wang, Cui, Li, & van Hest, 2012)
nd soft-lithography (Qiu, Chen, Yan, & Wu,  2007), microfluidic
echniques are widely employed, allowing for the fabrication of
ize tunable monodispersed microgels with customized morpholo-

ies and chemical properties (Zhao et al., 2013; Nisisako, Torii,
akahashi, & Takizawa, 2006; Lee et al., 2012; Hu et al., 2013; Shang
t al., 2013; Kanai, Lee, Shum, Shah, & Weitz, 2010; Kang et al.,
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2014; Liu, Deng, Li, & Zhu, 2012). Microfluidic fabrication of algi-
nate microgels employs a water/oil emulsion mechanism, with two
immiscible solutions: aqueous solution of sodium alginate as the
dispersed phase, and oil/organic solution as the continuous phase.
The gelation or crosslinking step is followed by the addition of
cationic divalent ions through an internal or external procedure
which can be achieved both on-chip and off-chip. In the exter-
nal on-chip gelation process, the crosslinking agent is mixed with
the continuous phase, whereas in the internal gelation process,
nanoparticles of the crosslinking agent are embedded within the
aqueous phase and ionized by a reduction in pH (Marquis, Davy,
Fang, & Renard, 2014; Tan & Takeuchi, 2007).

Microparticle morphology is an influential factor in many appli-
cations such as, intracellular delivery of particles (Muro et al., 2008),
stability of particles in emulsions (Madivala, Vandebril, Fransaer,
& Vermant, 2009), colloidal interactions at liquid–liquid inter-
face or within the solvent (Loudet, Alsayed, Zhang, & Yodh, 2005;
Mondiot, Chandran, Mondain-Monval, & Loudet, 2009), and Brow-
nian motion (Han et al., 2006), and 3D tissue formation (Du, Lo, Ali,
& Khademhosseini, 2008).

Apart from the common spherical morphology, non-spherical
microgels are highly desirable due to the anisotropic responses to
the external forces, and the large surface area. In addition, these
microgels can be used as building blocks in modeling of complex

macromolecules (Lu, Yin, & Xia, 2001; Yoo & Mitragotri, 2010).
Several groups have demonstrated the microfluidic fabrication
of non-spherical microgels using UV polymerization (Dendukuri,
Pregibon, Collins, Hatton, & Doyle, 2006; Xu et al., 2005).
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owever, crosslinking with UV is limited to the light sensitive
olymers and is not suitable for biological applications. Zhao and
oworkers reported fabrication of plug-like, and disk-like alginate
icrogels using an on-chip crosslinking process (Liu, Ding, Liu,

hen, & Zhao, 2006). Other morphologies such as tailed-shape,
ushroom-like and torus microgels have been reported using off-

hip crosslinking of alginate droplets. In this process, spherical
roplets are collected in a crosslinking solution and deformed
s they pass through the interface of the crosslinking solution
Capretto, Mazzitelli, Luca, & Nastruzzi, 2010; Hu et al., 2012; Lin,
ang, Hsu, & Hsieh, 2013; Mele et al., 2013). In light of an increasing
emand for the fabrication of microgels with a wide range of mor-
hologies, in this study we report on the microfluidic fabrication of
on-spherical alginate microgels based on an off-chip crosslinking
rocess. The present technique allows us to simply tune the mor-
hology of the microgels by changing the impact velocity of the
roplets, which is achieved by changing the distance between the
ip of the collecting tube and the interface of crosslinking solution,
alled hereafter collecting height. A significant volume of reported
tudies in the literature has focused on the final morphology of
icrogels (end result). In the present work, for the first time we
onitored the microscale deformation of droplets in real time, at

he air–solution interface (in situ) with the use of a high speed
amera. Furthermore, we determined the driving mechanisms gov-
rning morphological changes at the interface. Factors considered
ere droplet size, collecting height, and the concentration of the
ispersed phase (sodium alginate). Our results provide fundamen-
al insights on the microscale deformation of droplets, and can be
xtended to the fabrication of microgels with customized morphol-
gy and chemical properties toward specific biological applications.
urthermore, uniform spherical pNIPAAm microgels were fabri-
ated using a capillary-based microfluidic platform. The pNIPAAm
icrogels were assembled with double-dimpled alginate micro-

els by the electrostatic interaction between particles. We  note
hat the pNIPAAm microgel can interact with different numbers of
ouble-dimpled alginate microgels and form microgel superstruc-
ures. Superstructures possess different conformations and can be
sed to understand the structure of macromolecules, and for the
onstruction of complex lock–key particles and self-propelled par-
icles (Hong, Cacciuto, Luijten, & Granick, 2006; Wang et al., 2014;
i, Pine, & Sacanna, 2013).

. Experimental

.1. Materials

Sodium alginate at 1.5 wt% and 2 wt% concentration
Sigma–Aldrich; St. Louis, MO;  W201502) with 396 kDa MW
nd M/G  = 1.49 (Dalmoro, Angela, Lamberti, Grassi, & Amore,
012) was used as the dispersed phase. The continuous phase
as composed of 5 wt% non-ionic surfactant Cetyl PEG/PPG-10/1
imethicone (Abil EM90) (Evonik industries; Mapleton, IL) in
exadecane (Sigma–Aldrich; H6703, 99% purity). A mixture of
0 wt% barium acetate (Sigma–Aldrich; 243671, 99% purity) and
0 wt% glycerol (Sigma–Aldrich; G5516, 99% purity) was used as
he crosslinking solution. All compounds were used as received.
queous solutions were prepared in ultrapure deionized water

Barnestead Nanopure II; Thermofisher Scientific, Waltham, MA).
apillary based microfluidic devices were constructed from round
580 �m ID) and square (1 mm ID) glass capillaries (Vitrocom;

ountain Lakes, NJ).
.2. Microfluidic fabrication of monodispersed droplets

Two tapered round glass capillaries (580 �m ID) with different
rifice size (387 �m,  87 �m)  were coaxially inserted into a square
mers 120 (2015) 38–45 39

glass capillary (1 mm ID). The separation between the orifices was
50 �m.  Droplets were fabricated in a co-flow set up where the
two phases flow in the same direction. The aqueous phase flows
inside the round capillaries, while the oil phase flows between the
round and square capillaries. Detailed description of the microflu-
idic setup can be found in a previous publication (Shah et al., 2008).

The aqueous and oil phases were injected in the microfluidic
device using two syringe pumps (Harvard Apparatus, NE 1000, Hol-
liston, MA). The droplet diameter was  tuned by changing the flow
rate of the continuous phase and orifice diameter of the injecting
tube. Fig. 1 shows a schematic of the microfluidic device, collecting
methods, and various morphologies obtained by manipulating the
impact velocity (collecting height), droplet diameter, and sodium
alginate concentration.

2.3. Spherical microgels

Monodispered spherical droplets with 190 �m diameter were
fabricated in a microfluidic device with the orifices of round
capillaries at 260 �m and 70 �m.  The flow rates of continuous
and dispersed phases were constant at 2300 �l/h and 30 �l/h,
respectively. Alginate droplets were continuously delivered to the
crosslinking solution by a soft silicone tube (0.015 inch ID, Ther-
mofisher Scientific). To avoid droplet deformation, the tube was
mounted parallel and in close proximity of the interface of the
collecting solution (Fig. 1a).

2.4. Non-spherical microgels

The fabrication of non-spherical microgels was  accomplished
by increasing the collecting height h from the tip of the tube to the
air–solution interface shown in Fig. 1b and consequently increasing
the impact velocity. Droplets of 190 �m diameter were generated
and three collecting heights of 0 mm (2.1 mm/s), 5 mm (2.8 mm/s)
and 10 mm (3.5 mm/s) were examined. To avoid aggregation of the
droplets at the tip of the tube, the tube was  positioned in con-
tact with the inner wall of the container, above the air–solution
interface. As shown in Fig. 1b, the solution interface is a double
layer, composed of a thin oil layer and the aqueous crosslink-
ing layer. Upon contact with the solution, the droplets (density
0.998 g/cm3 for 1.5% sodium alginate), pass through the oil layer
(density 0.798 g/cm3), and float at the aqueous/oil interface, due to
a smaller density compared to the crosslinking solution (density
1.12 g/cm3). The floating time is determined by the droplet diam-
eter and impact velocity. The crosslinking of the droplets initiates
at the lower end which is the point of contact with Ba2+. The diffu-
sion of Ba2+ and simultaneous gelation result in an increase in the
density and a gradual settling within the solution. The viscosity of
the crosslinking solution was  measured as 0.01 Pa s.

3. Results and discussion

Alginate droplets are continuously formed in the flow focus-
ing section of the device with a dripping mode achieved by
Rayleigh–Plateau instability (Fig. 2a). Fig. 2b shows the monodis-
persed alginate droplets prior to crosslinking. Droplets with
different diameters can be fabricated by changing the flow rate
of the oil phase (Fig. 2c). Compared to the Newtonian oil phase
(viscosity 3.8 mPa  s), sodium alginate solutions display a typical
shear thinning behavior (Hu et al., 2012) (Fig. 2d). This is evident
by a reduction in viscosity from 60 mPa s at shear rate of 0.1 s−1

to 30 mPa  s at shear rate of 10 s−1. The higher viscosity of alginate

solutions, compared to that of oil (one order of magnitude) reduces
the focusing capability of the oil phase (Martinez et al., 2012; Nie
et al., 2008). This in turn enhances the ability to fabricate droplets
with a small variation in diameter (60 �m range in Fig. 2c).
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Fig. 1. Schematic of a co-flow capillary-based microfluidic device. Off-chip crosslinking was achieved by mounting the collecting tube (a) parallel and (b) normal to the
interface of the collecting solution to fabricate spherical and non-spherical droplets, respectively. Tear drop, lamp-like and mushroom-like microgels were fabricated from
droplets collected at different heights (h) with a constant diameter (190 �m).  Double-dimpled (1.5% sodium alginate) and bowl-shaped (2% sodium alginate) microgels were
resulted from increasing the initial droplet diameter to 250 �m while keeping (h) constant at 10 mm.
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ig. 2. Optical microscope image of (a) the droplet formation in a capillary microfl
ate  of oil phase. (d) Viscosity of oil and aqueous phases as a function of shear rate.

Fig. 3a shows monodispersed spherical droplets of 190 �m in
he crosslinking solution at time zero. After about 20 min, the diam-
ter is reduced to 140 �m (Fig. 3b). The 26% reduction in diameter
s attributed to the release of water from the droplets into the
rosslinking solution (Hirama et al., 2013; Marquis, Davy, Fang, &
enard, 2014) due to the difference in the osmotic pressure. The
smotic pressure for the crosslinking solution, and 1.5 wt% and

 wt% alginate solutions are reported as 9.6 MPa, 63 kPa and 75 kPa,

espectively (Wang & Bloomfield, 1990). The difference in osmotic
ressure results in the outward diffusion of water from the droplet
nd inward diffusion of Ba2+ from the crosslinking solution and
imultaneous crosslinking of the droplets. The droplet undergoes
evice. (b) monodispersed droplets. (c) Variation of droplet diameter with the flow

further reduction in size with time (Fig. 3c). It is important to note
that all the droplets do not crosslink at the same time. This is mainly
due to the presence of an oil layer, with a decreasing thickness away
from the tip of the collecting tube (progressing yellow circles in
Fig. 3). Therefore, the rate of crosslinking process is slower for the
droplets located in the vicinity of a thicker oil layer, where the dif-
fusion of Ba2+ is limited. In addition, owing to different refractive
indices between alginate hydrogel (1.37 at 20 ◦C) and water (1.33

at 20 ◦C), the optical properties change as a function of time due
to continuous crosslinking (Daimon & Masumura, 2007; Esteban,
Marvá, & Martínez-Antón, 2009). This is evident by a change in con-
trast comparing the droplets (before crosslinking) and microgels
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Fig. 3. Evolution of spherical droplets to microgels as a function of incubation time inside the crosslinking solution: (a) 1 min, (b) 20 min, (c) 30 min, (d) 40 min, and (e) 24 h.
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cale  bars show 200 �m. Progressing yellow circles schematically shows that the th
f  the red arrow). (f) Variation of droplet diameter as a function of time. (For interp
ersion of this article.)

after crosslinking). Our results show that droplets located at
.6 mm from the collecting tube are fully crosslinked in 40 min
Fig. 3d). After 24 h, all of the droplets are fully crosslinked and set-
led to the bottom of the container (Fig. 3e). Continuous reduction
f diameter as a function of crosslinking time is shown in Fig. 3f.

Non-spherical microgels were fabricated by increasing the
ollecting height/impact velocity. We  studied the effect of the
ollecting height on the final morphology of the microgels at col-
ecting heights 0, 5, and 10 mm (2.1 mm/s, 2.8 mm/s  and 3.5 mm/s)

ith 190 �m droplets. Fig. 4a shows the spherical morphology of
roplets before impact at the air–solution interface. Droplet veloc-

ties were calculated using a series of images captured by a high
peed camera at 60 f/s (SA4 Fastcam, Photron). Fig. 4b–d shows
ifferent morphologies of microgels collected at 0 mm,  5 mm and
0 mm.  The resulting microgels demonstrated unique tailed mor-
hologies as: tear drop (Fig. 4b), lamp-like (Fig. 4c, with rims around
he neck Fig. 4e) and mushroom-like (Fig. 4d). The velocity of
90 �m droplets increases with the increase in the collecting height
s shown in Fig. 4f.

In order to study the effect of the droplet diameter on the final
orphology of microgels, we increased the diameter of droplets

o 250 �m (for better visualization at the interface) while keeping
he collecting distance and alginate concentration constant at
0 mm and 1.5 wt%, respectively. Fig. 5a shows the formation of
ouble-dimpled microgels. To observe the deformation process
t the solution interface, images of the droplet at the interface
ere captured at 60 f/s by a high speed camera (SA4 Fastcam,

hotron) at 12× magnification. For these in situ studies the droplet
mpact velocity was 5 mm/s. We  hypothesize that the deformation
f microdroplets, affected by their impact velocities, occurs at
he interface of the oil and the crosslinking solution. This means
hat the final microgel morphology is determined at the solution

nterface. Once the droplet passes through the interface, the
ensity of the droplet increases due to the crosslinking process and
he diffusion of Ba2+ within the droplets. Fig. 5b shows the initial
tages of deformation at the point of contact with the crosslinking
ss of the oil phase reduces away from the tip of the collecting tube (in the direction
on of the references to color in this figure legend, the reader is referred to the web

solution. The difference in the osmotic pressure between the
droplets and crosslinking solution results in the outward diffusion
of water molecules and a reduction in droplet diameter over time
(Fig. 5c–e). After 45 min, a significant volume of the spherical
droplet is submerged in the crosslinking solution (Fig. 5d). Rapid
deformation follows at 46 min, creating a dimpled droplet (Fig. 5e).
A possible mechanism for crosslinking at the interface is demon-
strated in Fig. 5h. Initial crosslinking at the bottom of the droplet
create inhomogeneous local contractions due to the polymer chain
shrinkage. This in turn pulls the polymer chain at the bottom of the
droplet toward the center and forms a slightly dimpled spot. After
the completion of crosslinking at the surface, the diffusion rate of
Ba2+ to the inner section of the drop is reduced. Finally, the top por-
tion of the droplet, which is the last section undergoing crosslinking
process, is pulled into the center of the droplet (Fig. 5e–f). Further
crosslinking results in the development of a cavity, in about 1 min,
at the top portion of the droplet (Fig. 5f). The final morphology
demonstrated two distinct parts: an apparent big cavity at the top
and a small dimple at the bottom (Fig. 5g and inset). It is important
to note that, similar double-dimpled morphology was  observed
when the initial droplet diameter was  larger than 250 �m,  (Fig. 5i
and inset). The observed 50% reduction in diameter agrees well with
the reported value in the literature (Lee, Ravindra, & Chan, 2013).

In addition to the effect of the impact velocity and diameter, we
explored the morphological changes as a function of alginate con-
centration. Fig. 6a shows thin-rim bowl-like microgels obtained
from 2 wt% sodium alginate droplets with 250 �m diameter and
5 mm/s  impact velocity. Fig. 6b–g shows the evolution of the droplet
at the interface. Compared to 1.5 wt% alginate, the deformation
occurred at a faster rate, and the detention time at the interface was
reduced by 82% (45 min  with 1.5 wt%  and 8 min  with 2 wt%). This
can be attributed to an increase in droplet density (1.002 g/cm3).

The temporal evolution of droplet shows buckling from the weak-
est point of the droplet (top portion) upon crosslinking (Fig. 6b–g)
(Datta et al., 2012). This process continues with time and completes
in 2 min  creating a bowl-like microgel (Fig. 6f–g). The thickness of
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Fig. 4. (a) Spherical droplets (190 �m)  before contacting with the crosslinking solution (b–d). Optical microscope images of tear drop, lamp-like and mushroom-like microgels
collected at 0 mm,  5 mm and 10 mm,  respectively. (e) Scanning electron microscopy (SEM) image of microgels showing the presence of rims around the neck of microgels in
(c).  (f) Plot of droplets velocity at different collecting heights.

Fig. 5. (a) Optical microscopy image of microgels formed from 250 �m droplets with two dimpled parts in the opposite poles. (b–g) Temporal evolution of the formation of
double  dimpled microgels at the interface. (h) Schematic of the deformation mechanism at the interface. (i) Variation of droplet diameter as a function of time for droplets
with  different initial diameters 250 �m,  305 �m,  and 380 �m.  Red dotted circles mark the starting point of the deformation. (For interpretation of the references to color in
this  figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) Optical microscope image of bowl-like microgels formed with increasing sodium alginate concentration to 2 wt% for a droplet with 250 �m diameter. (b–g) The
formation of bowl-like microgel at the interface. (h) Schematic of the deformation process at the interface.
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ig. 7. The superstructure gel particles formed from double-dimpled alginate mic
ouble-dimpled microgels (the value varied from 1 to 6).

he bowl rim can be as small as 30 �m.  Fig. 6h shows the proposed
echanism for the deformation at the interface.

Microgel particles can be also used as building blocks in macro-

olecule assemblies to study their complex structures (Erb, Son,
amanta, Rotello, & Yellen, 2009; Tian et al., 2011; Yan, Bloom, Bae,
uijten, & Granick, 2012). Fig. 7 shows complex structures obtained
s and pNIPAAm microgels. PNIPAAm microgels can attach to different number of

by the interaction of pNIPAAm microgel and double-dimpled algi-
nate microgels. Clearly, the pNIPAAm microgel can interact with

one or more (maximum of 6) alginate microgels to form a micro-
gel superstructure. The driving force for this assembly is the
electrostatic interaction between the positively charged pNIPAAm
microgel and negatively charged alginate microgels (Fiddes, Young,
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umacheva, & Wheeler, 2007; Still, Chen, Alsayed, Aptowicz, &
odh, 2013). More importantly, the alginate microgels are prefer-
ntially assembled in non-dimpled area due to the relative weak
lectrostatic interaction in the dimpled area compared to the non-
impled area. These microgel superstructures can be potentially
xtended to smaller scale particles and construction of stereospe-
ific assembly materials (Hong, Cacciuto, Luijten, & Granick, 2006;

ang et al., 2014; Yi, Pine, & Sacanna, 2013; Zamanian et al.,
010).

. Conclusions

We  employed a simple platform for the fabrication of monodis-
ered shape-tunable alginate microgels using a capillary-based
icrofluidic device combined with an off-chip crosslinking pro-

ess. Our results show that in an off-chip crosslinking based on
ollecting the droplets in a crosslinking solution, the final mor-
hology is determined at the solution interface. This morphology

s influenced by the impact velocity, droplet size and concentra-
ion of alginate solution. We  demonstrated the formation of novel

orphologies such as tear drop, lamp-like, and mushroom-like
icrogels obtained from 1.5 wt% sodium alginate droplets with

90 �m diameter and impact velocities of 2.1 mm/s, 2.8 mm/s  and
.5 mm/s, respectively. Increasing the droplet size to 250 �m with

 5 mm/s  impact velocity resulted in the formation of double-
impled microgels. Finally, bowl-shaped droplets were obtained
y increasing the concentration of sodium alginate from 1.5 wt%  to

 wt%, with 250 �m droplets and 5 mm/s  velocity. In addition, we
howed that above a certain diameter (250 �m),  double-dimpled
orphology is achieved with 1.5 wt% sodium alginate droplets.

ased on these observations, we proposed a mechanism for the
icroscale crosslinking of droplets at the interface, highlighting

he effect of osmotic pressure, diffusion rate of crosslinking ions,
nd the order at which different sections of the droplet undergo
rosslinking. Due to a higher density compared to the oil layer and

 lower density compared to that of the crosslinking solution, the
lginate droplets pass through the oil phase and float at the inter-
ace of oil and crosslinking solution. Therefore, the bottom portion
f the droplet is the first point of contact for the diffusion of Ba2+

nside the droplets. Simultaneously, water molecules diffuse out of
he droplets due to differences in osmotic pressure. Upon the com-
letion of the crosslinking of the outer layer (surface), the diffusion
ate of Ba2+ is reduced, allowing for the center of the droplet to be
usceptible to deformation. Depending on the concentration of the
lginate solution, the droplets exhibit different rheological proper-
ies, and therefore display different morphologies. Our results show
hat novel non-spherical morphologies can be easily fabricated by
uning parameters such as diameter, concentration and collecting
eight, without the need for developing sophisticated on-chip plat-

orms. Furthermore, we have monitored the temporal evolution of
he droplets at the air-solution interface and proposed a possible

echanism for the deformation, supported by the experimental
vidence.

These results can be applied for development of novel shape-
unable alginate microgels with specific surface properties. In
ddition, we showed that these non-spherical microgels can be
sed to construct complex superstructures assembled with spher-

cal pNIPAAm microgels. These microgel superstructures can be
otentially used as lock–key particles, self-propelled particles, and

n modeling of macromolecules.
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