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ABSTRACT: Microfluidic approaches for controlled generation of PS nanoparticle Continuous oil phase
colloidal clusters, for example, via encapsulation of colloidal particles in HIBRSIGOR ?

N —
droplets, have been used for the synthesis of functional materials including
ees EPeooe
: —

drug delivery carriers. Most of the studies, however, use a low concentration =9
of an original colloidal suspension (<10 wt %). Here we demonstrate conimuons oil phase
microfluidic approaches for directly making droplets with moderate (10—25 P$ nanoparticle suspension

wt %) and high (>60 wt %) particle concentrations. Three types of * Continuous oil
|phasc

microfluidic devices, PDMS flow-focusing, PDMS T-junction, and micro-

capillary devices, are investigated for direct encapsulation of a high
concentration of polystyrene (PS) nanoparticles in droplets. In particular, it
is shown that PDMS devices fabricated by soft lithography can generate PS nano
droplets from a 25 wt % PS suspension, whereas microcapillary devices fj:ﬁf'c‘
suspensiol
made from glass capillary tubes are able to produce droplets from a 67 wt %
PS nanoparticle suspension. When the PS concentration is between 0.6 and
25 wt %, the size of the droplets is found to change with the oil-to-water flow rate ratio and is independent of the concentration
of particles in the initial suspensions. Drop sizes from ~12 to 40 ym are made using flow rate ratios Q. / Qe from 20 to 1,
respectively, with either of the PDMS devices. However, clogging occurs in PDMS devices at high PS concentrations (>25 wt %)
arising from interactions between the PS colloids and the surface of PDMS devices. Glass microcapillary devices, on the other
hand, are resistant to clogging and can produce droplets continuously even when the concentration of PS nanoparticles reaches
67 wt %. We believe that our findings indicate useful approaches and guidelines for the controlled generation of emulsions filled
with a high loading of nanoparticles, which are useful for drug delivery applications.

B INTRODUCTION We are interested in the fabrication of microparticles from
emulsions that contain functional nanoparticles for drug
delivery, for example, treatment of lung cancers."” In this
scenario, microparticles with sizes larger than that of red blood
cells (i.e., ~10—40 um) are injected into the venous circulation
and when they pass to the lungs can mechanically lodge in the
lung microcapillary bed. A microparticle encapsulates drug
nanoparticles; therefore, very high loadings of the drug
nanoparticles are required to deliver high levels of drugs
while causing as little disruption as possible to the lung
function. Kutscher et al. have shown that 6 ym diameter
particles with a high modulus transiently lodge in the lungs and
then are cleared over 7 days.13 Further, they showed that much

Colloidal particles are important components in food products,
cosmetics, coatings, and drug delivery. Consequently, the
controlled synthesis and assembly of colloidal particles is of a
broad interest." > Microfluidic technologies make possible the
manipulation of fluids and objects at the microscale and have
been demonstrated as effective methods to produce colloidal
clusters with desired structures and functions.” For example,
microfluidic encapsulation of colloidal particles in droplets has
been used to synthesize colloidal photonic crystals,®’
colloidosomes (hollow capsules with packed colloidal particles
as the shell),*® and to explore the self-organizing processes of
colloids in a confined geometry.'® Furthermore, colloidal
emulsions fabricated by microfluidic approaches have a narrow

size distribution and controlled shapes and permeability, which Received: June 27, 2012
make them attractive candidates as materials for targeted Revised:  August 26, 2012
delivery/controlled release."! Published: August 30, 2012
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softer but poorly characterized gel particles with sizes on the
order of 50 ym were transiently captured and cleared in the
same time frame.'* Our ultimate goal is to produce micro-
particles (1) with high loadings of drug nanoparticles, (2) with
controlled sizes at tens of micrometers diameter using
microfluidics, and (3) to control the modulus of the particles
by postpolymerization of a polymeric macromer in the colloidal
droplets. The goal of this paper is to explore the formation of
droplets in this size range by microfluidics and to study the
effect of a high colloid loading on the formation of drops. The
gel polymerization and tuning of the modulus will be discussed
in future reports.

Reported strategies for microfluidic encapsulation of colloidal
particles in droplets, however, have used colloidal suspensions
with low concentrations of particles, for example, less than 10

wt 9%.>%° Although increasing the concentration of colloidal
partlcles in droplets can be achieved by evaporating the
colloidal droplets,” avoidance of this second step would be
preferred. In the current study, polystyrene (PS) nanoparticles
were selected as a model colloid system. Specifically, we choose
a colloid that is relatively unstable to investigate a “worst case”
for creating highly loaded emulsion drops; that is, the 500 nm
diameter PS colloid we use has a bare hydrophobic surface and
is stabilized only by electrostatic repulsion, which makes it
prone to aggregation at high shear rates and concentrations.
Three types of microfluidic devices, for example, a PDMS T-
junction geometry, a PDMS flow-focusing geometry, and a
glass coaxial microcapillary cell, are used to investigate the
direct encapsulation of a high concentration of nanoparticles in
micrometer-sized droplets (Figure 1).

B EXPERIMENTAL SECTION

A detailed description of the materials, fabrication of microfluidic
channels, and experimental setup can be found in the Supporting
Information (SI). Briefly, PDMS and microcapillary microfluidic

A

T Junction

Flow Focusing

Figure 1. Microfluidic geometries for the generation of aqueous
droplets from polystyrene nanoparticle suspensions. (A) Image of the
generation of droplets in a T-junction microfluidic device. (B) Image
of the generation of droplets in a flow-focusing microfluidic device.
Black arrows and white arrows indicate, respectively, the flow
directions of the oil and aqueous phase. The height and the width
of the channel are 20 and 100 ym, respectively; the width of orifice is
20 pum. Scale bar: 100 ym.

channels are fabricated using standard soft photolithography
techniques and glass capillary tubes, respectively. PS nanoparticle
suspensions and PDMS oil (viscosity 10 cSt, Aldrich) are used,
respectively, as the aqueous phase and oil phase. A high-speed camera
(V9, phantom) connected to a microscope is used to observe the
generation of drops with encapsulated nanoparticles. For the purpose
of developing drug delivery systems, we prefer less surfactant so as to
avoid immune responses when the particles are injected into the body.
Therefore, we did not use any surfactant throughout our studies. All
the experiments are conducted at room temperature.

B RESULTS AND DISCUSSION

We demonstrate that PDMS microfluidic devices (flow-
focusing and T-junction) made by soft lithography can generate
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Figure 2. Control of the size of colloidal droplets. Dependence of the
droplet diameter on the oil-to-water flow rate ratio at various weight
percentages of PS in (A) flow-focusing and (B) T-junction
microfluidic devices.

droplets from 0.6 to 25 wt % aqueous nanoparticle suspensions
using a continuous oil phase. The size of the droplets decreases
with an increase of the oil-to-water flow rate ratio (Figure 2),
which is consistent with the literature on the generation of
droplets using PDMS microfluidics.'>'® However, an unsteady
fluctuation in particle concentration in the drops is observed for
the flow-focusing device, although the drop size is constant.
This instability is observed less frequently for the T-junction
devices. On the other hand, microcapillary devices made from
glass capillary tubes can produce droplets from a 67 wt %
nanoparticle suspension without clogging. The results suggest
that at particle concentrations as high as 25 wt % PDMS
microfluidic devices can be used for direct encapsulation of
particles in droplets. However, at higher concentrations of
particle suspensions, clogging jeopardizes the performance of
PDMS devices and the microcapillary approach is a promising
alternative.
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Figure 3. Shear-rate dependence of the viscosity of the polystyrene
nanoparticle suspensions containing various weight percentages of
nanoparticles. The rise in viscosity at low shear rates and high shear
rate Newtonian viscosity, 7, are characteristic of dispersions with
strong electrostatic repulsions. The peak in the viscosity for the 25 wt
% dispersion occurs due to shear-induced transient dilatancy. At this
nanoparticle concentration, the aggregates are dispersed at higher
stress levels and the viscosity again becomes Newtonian (the high
shear rate limit is nearly the viscosity of water).

We also notice that the concentration of particles in the
initial PS nanoparticle suspensions does not affect significantly
the sizes of droplets over the range of concentrations between 0
and 25 wt %. Because it is known that the viscosity of a
colloidal suspension depends on the volume fraction of
particles,'” and the viscosity ratio between the dispersed and

continuous phases affects the generation of droplets in
microfluidic devices,'872°
conducted in a cone—plate rheometer to measure the viscosities
of the suspensions as a function of concentration and shear rate
(Figure 3). The results show that at low shear rates (from 107
to 10 s7') the viscosity of the nanoparticle suspension (0.6—25
wt % nanoparticles) is 1000-fold higher than the high shear rate
Newtonian viscosity of the dispersion. This behavior is a
characteristic of an electrostatically stabilized dispersion with
strong repulsions.””> When the shear rate is higher than 100
s7!, the viscosity of the nanoparticle suspension decreases
toward a high shear rate Newtonian viscosity plateau, 7., ~
0.9—1.4 mPa-s, which is close to the viscosity of water. The
Nevalue for the 25 wt % dispersion is 1.4 mPa-s, which is
consistent with 77, measurements of latex dispersions in this
concentration 1range.23_25 At 10 s7, there is a local maximum
in the viscosity of the most highly filled, that is, 25 wt %,
dispersion. This transient dilatancy is observed for dispersions
in the solids concentration range where shear forces are large
enough to cause weak aggregation but are broken up at higher
stress levels.”**®*” The upturn in the data at shear rates of 10*
s™' is due to sample inertia at high rotation rates and not
dilatancy. Since the results in Figure 3 show that the viscosity
does not change substantially with PS concentration, the
volume fraction of colloidal particles in the suspension does not
have a dominant effect on the generation of colloidal droplets.
Because the average shear rate in our microfluidic experiment is

rheological measurements were
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Figure 4. Concentration of the PS nanoparticles in droplets. (A) Image of the generation of a droplet (the second droplet downstream of the orifice)
with a high concentration of PS particles. Black and white arrows indicate the flow directions of the oil and aqueous phase, respectively. Scale bar:
100 yum. (B) Bright-field image of an aqueous droplet generated by a T-junction microfluidic device. During the generation of the drop, there is no
large aggregation of particles in the drop. 1 wt % PS suspension with a given amount (correlated by the image of the control sample) of fluorescent
dye-doped PS particles is used as the aqueous phase. (C) Confocal fluorescence image of the same droplet shown in (B). (D) Number of fluorescent
dye-doped PS particles per area in bulk PS suspension (control) in droplets generated by a T-junction device, and in droplets generated by a flow-
focusing device. The drops contain aggregation of particle clusters when they are generated in either the T-junction or flow-focusing device. Error bar

is the standard deviation of S—7 samples.
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Figure S. Generation of droplets with a high loading of PS particles. (A) Schematic illustration of the microcapillary device. (B) Image of generation
of droplets with a high loading of PS particles by using a microcapillary device. An initial PS suspension of 67 wt % is used as the aqueous phase.
Scale bar: 500 ym. (C) Bright-field image of colloidal droplets generated by a microcapillary device. The nonspherical drops are generated from
coalescence of two or more spherical drops and are stable for at least hours. Scale bar: 500 ym. (D) Scanning electron microscope image (SEM) of a
colloidal droplet with a high loading of PS particles. (E) High magnification of the SEM image on the surface of the colloidal droplet shown in Figure

SD.

between 400 and 8000 s, the nanoparticle suspensions behave
as low viscosity Newtonian fluids during drop breakup.

During the generation of colloidal droplets in a flow-focusing
device at the highest PS loading, transient jamming of
nanoparticles near the orifice of the channel was observed,
which can trigger a frequent release of droplets with jammed
nanoparticles, as shown in Figure 4A. In our experiments, the
size variation of drops is relatively small. However, at higher
loadings, transient jamming near the orifice with the
intermittent release of aggregated particle clusters can cause
fluctuations in the particle densities in droplets. Therefore, due
to the jamming-induced concentration fluctuations, it is not
always true that a large drop contains more particles.

To quantitate the concentration of particles in the droplets,
fluorescent tracer nanoparticles were added to the initial
suspension to investigate the variations of particle concen-
tration in the droplets. The tracer nanoparticles are the same as
the nanoparticles used in the suspension except that they are
doped with fluorescent dyes (see SI). Therefore, tracer
nanoparticles are well dispersed in the initial PS suspension
and do not introduce confounding effects due to differences in
size, density, or surface properties. Figure 4B and C shows
typical bright-field and fluorescence images of a PS colloidal
droplet containing fluorescent tracer nanoparticles for the case
where no large aggregated particles were observed. For the
drops generated with aggregated particles, we analyze the
particle concentration by counting the number of fluorescence
particles per unit area (pixel) from confocal fluorescence
images (Figure 4D and SI Figure 2). The results show that the
particle concentration in droplets generated by flow-focusing

devices is higher compared to the original PS suspension and
the droplets generated by a T-junction. In addition, we also
observed that jamming occurred more frequently in the flow-
focusing devices.

We made careful observations of the sequence of events
leading to jamming, with visualization in different focal planes
of the channel, and found that most of the jamming observed in
the PDMS devices started from the attachment of particles
onto the bottom surface of the microfluidic channel near the
orifice. Although the mechanism of jamming remains unclear,
we believe that the flow pattern, such as the recirculation flow
near the orifice in the flow-focusing PDMS device may play a
role. Therefore, we fabricated the glass coaxial microcapillary
device to test the sensitivity of this geometry to jamming.
Figure SA shows the schematic of the microcapillary device we
used in the experiment. We found that these microcapillary
devices could continuously generate droplets from a 67 wt %
PS suspension, which is more than twice the particle
concentration achievable with the PDMS microfluidic config-
urations (Figure SB and C), and is near the close-packed limit
for the nanoparticles. At these extraordinarily high volume
fractions, the polystyrene nanoparticles form dispersions with
weak yield stresses, but which are shear thinning. The result is
that the microcapillary geometry can form microdroplets, but
the interfacial tension is not large enough to overcome the
weak yield stress of the dispersion. Therefore, after breakup, the
drops do not relax to a spherical shape (Figure SC). Further
characterization of the colloidal droplets using SEM shows
highly packed PS nanoparticles after the droplets are dried in
the SEM chamber (Figure SD and E). This ability to form
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nonspherical drops using fluids with weak yield stresses may
provide an attractive route to form nonspherical particles using
microfluidics. For example, nonspherical particles have shown
unique progerties in their ability to deliver drugs and optimize
cell uptake.”®* This observation is certainly an important area
for future investigation.

B CONCLUSIONS

In conclusion, we have demonstrated three types of micro-
fluidic devices, PDMS flow-focusing, PDMS T-junction, and
glass microcapillary microfluidic devices, for generation of
droplets highly loaded with solid nanoparticles. Using these
geometries we have addressed the question of what is the
highest solids loading that can be achieved with droplet
microfluidics. The PDMS microfluidic devices can generate
droplets from a 25 wt % PS suspension, whereas the
microcapillary devices produce droplets from suspensions
with particle loadings as high as 67 wt %. When the particle
concentration in the initial PS suspensions is between 0.6 and
25 wt %, the suspension flows as a Newtonian fluid and the
concentration of particles does not affect the generation of
droplets. Above 25 wt % PS particles, clogging occurs most
frequently at the place where the droplets were generated in
PDMS devices and becomes the major problem. Glass
microcapillary devices function even with a 67 wt % PS
suspension without any clogging problems and, therefore, are
promising alternatives for the generation of droplets with high
loadings of nanoparticles. We hypothesize that the higher
concentrations achievable with the glass capillary device are due
to the hydrophilicity of the glass interface and the absence of
abrupt changes in flow streamlines, both of which would reduce
particle aggregation. The observation that nonspherical drops
can be formed from fluids with weak yield stresses is an
important new observation, since much recent work has
focused on unique phenomena observed with nonspherical
particles. We believe our results for the generation of a high
loading of nanoparticles in droplets by using different
microfluidic approaches will provide useful guidelines for the
direct fabrication of colloidsome and colloidal-based drug
delivery materials.

B ASSOCIATED CONTENT

© Supporting Information

Materials, fabrication of microfluidic channels, experimental
setup, light scattering and SEM results of PS particles, and
confocal images of fluorescent PS particles in bulk suspension
and droplets. This material is available free of charge via the
Internet at http://pubs.acs.org.
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