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Flow of microgel capsules through topographically patterned microchannels
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We investigated the flow dynamics of microgel capsules in topographically patterned microfluidic
devices. For microgels flowing through channel constrictions, or orifices, we observed three
phenomena: (i) the effect of confinement, (ii) the role of interactions between the microgels and
the channel surface, and (iii) the effect of the velocities of microgels prior to their passage through
an orifice. We studied negatively charged alginate microgels and positively charged alginate
microgels coated with N-(2-hydroxy)propyl-3-trimethylammonium chitosan chloride (HTCC).
Aqueous dispersions of microgels were driven through poly(dimethyl siloxane) microchannels
carrying a weak negative surface charge. The velocity of the continuous phase, and hence, the
velocity of the microgels increased as they passed through topographically patterned orifices.
Alginate microgels were observed to have a larger increase in velocity relative to HTCC-coated
alginate microgels. This effect, which was attributed to electrostatic attraction or repulsion, was
found to be strongest for orifices with dimensions close to the microgel diameter. For example,
when 75 mm-diameter microgels flowed through a 76 mm orifice, alginate gels (negatively charged)
experienced a 26 greater increase in velocity than HTCC-coated (postitively charged) microgels.
This effect was exaggerated at lower initial flow rates. For example, when 75 mm-diameter
microgels flowed through an 80 mm orifice, a two-fold difference in the velocity changes of the two
microgel types was observed when the initial flow rate was 275 mm s21, while a three-fold
difference in velocity changes was observed when the initial flow rate was 130 mm s21. We
speculate that these studies will be useful for modeling the flow of suspensions of cells or other
biologically relevant particles for a wide range of applications.

Introduction
Microbeads formed from biopolymer gels, or microgels, have
a broad range of applications1,2 in the pharmaceutical,3,4
nutrition,5–7 and cosmetic industries,8,9 due to their stimulusresponsive nature, the ease with which their surfaces can be
functionalized, and their capacity to encapsulate and release
functional species. For example, microgels are uniquely suited
for drug delivery, as they can be loaded with therapeutic and/
or diagnostic agents and can transport the agents through
biochemical hazards to release them in specifically targeted
tissues. In drug delivery and many other applications, the
flow characteristics of microgels in constrained geometries
are critical to their efficacy. Understanding the behavior of
microgels in confined geometries is useful in efforts to
formulate and encapsulate new drugs, to tune the kinetics of
loading and unloading events, and to increase the levels of
penetration to protected tissues in living systems.
Microfluidics has emerged as a powerful tool for evaluating
the flow behavior of particles in systems with low Reynolds
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number. Studies of flow of dispersions of rigid polymer
beads,10–21 micelles,22 vesicles,23,24 microgels5,25–27 and coaservates of oppositely charged constituents28,29 have been conducted in microfluidic channels. For example, a study of the
flow of particles in microchannels of different shapes has been
conducted for polystyrene beads.14 It was found that the
particle velocity was reduced when the microbead diameter
was comparable to the channel width and when the particle
streamline was close to the channel walls. It was also reported
that particles entering a gradual contraction (through an
angled channel) experienced higher velocities than those
entering an abrupt contraction.14 A study of flow in channels
with alternating converging and diverging regions showed
that the variation in particle velocity was largest when the
particle moved in the centerline of the channel.15 In addition,
many studies have used micro particle image velocimetry
(mPIV) to model the behavior of particles in biological
environments.12,30
Several of the studies described above were applied to model
the flow behavior of cells; however, rigid microbeads bear little
in common with the heterogeneous structure and mechanical
properties of cells. Theoretical studies suggest that a better
model of cell transport is the flow of capsules with soft elastic
shells.31,32 We speculate that using compliant microgel
capsules33–35 will be a more accurate model for the flow of
cells in constrained geometries. The microgels used here had an
average diameter of 75 mm, making them a good model for
many eukaryotic cells (which typicallay range from 10–100 mm
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in diameter); however, we note that this size is y56 larger
than common types of mammalian cells.
One important property of particle flow in constrained
geometries is the nature of the interactions of particles with
channel walls. To our knowledge, only a few studies have
attempted to examine the change in particle flow due to
attractive forces between the particle and channel surface. For
example, Wong et al.36 used a suspension of beads in a flow
cell to show that particles modified with streptavidin could
interact with biotin patterned on the surface of the cell.
Here we report the results of an experimental study of the flow
of capsular biopolymer microgels in topographically patterned
microchannels. We describe three features of flow of microgels:
(i) the effect of confinement, (ii) the role of surface charge of
microgels, and (iii) the effect of the velocities of microgels prior
to passage through abrupt contractions in channel width.

Experimental methods
Preparation of microgels
Capsular alginate microgels were prepared using the two-phase
microfluidic flow-focusing approach of Zhang et al.35 Briefly,
an aqueous solution of sodium alginate was emulsified in a
microfluidic flow-focusing device. As the stream of droplets
traveled through the downstream channel, calcium crosslinker
diffused from the continuous phase (1-undecanol) into the
droplets, transforming them into capsules (i.e., liquid cores
engulfed by gel shells). In the present work, the concentration
of sodium alginate in the aqueous phase was 3 wt%, the concentration of CaI2 in 1-undecanol was 0.25 wt%, and the time
of gelation was 90 s. After exiting the microfluidic device the
capsules were transferred to phosphate buffered saline (PBS)
solution (pH 7.4). The size of capsules was measured and
analyzed using a light microscope (Olympus BX51) and Image
Pro Plus Software (Media Cybernetics, Silver Spring, MD). An
analysis of 50 particles yielded a mean diameter of microgels of
75 ¡ 3 mm. An image of the microgels is depicted in Fig. 1A.
In the present work, we used two types of microgels:
untreated alginate microgels carrying a negative charge, and
alginate microgels coated with N-(2-hydroxy)propyl-3-trimethylammonium chitosan chloride (HTCC), carrying a positive charge. The latter were prepared by suspending alginate
microgels (0.15 wt% in PBS) in an aqueous 0.16 wt% HTCC
solution for 24 h, centrifuging the suspension and resuspending the particles in PBS.37 No noticeable change in
the size of microgels was observed after the coating procedure.
The value of the f-potential of the microgels used in the
present work was measured by filling a 40 mm-long glass
capillary (id = 1.1 mm) with a dilute dispersion of microgel
particles, and applying a potential in the range of 100 to 250 V
across the length of the capillary. The capillary was first coated
with 3-aminopropyltriethoxysilane (99%, Aldrich) to prevent
microgels from adhering to the glass surface. Electroosmotic
flow was determined using 2.2 mm-diameter functionalized
polystyrene (PS) beads with a f-potential of 238 mV. The
value of the f-potential of microgels was then calculated using
the equation38
v = (Ue + Uo)E
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Fig. 1 (A) Optical microscopy image of alginate capsules in PBS
solution. Confocal fluorescence microscopy image of alginate capsule
labelled with Ca2+ indicator, Fluo-3 (inset, adapted with permission
from Zhang et al.35). (B) Schematic of the ten-orifice microchannel,
with dimensions: d = 100 mm, h = 500 mm, and p = 2 mm. The depth of
the channel is 150 mm. The width, w, of the orifice varied from 76 mm
to 200 mm. The mean microgel diameter is 75 mm. The path, l, over
which microgel velocity was measured, is 1 mm.

where v is the microgel velocity; E is the electric field strength; Uo
is the electroosmotic mobility; and Ue is the electrophoretic
mobility defined as
Ue = 2efe(ka)/3g
where e is the dielectric constant of the solvent, e(ka) is Henry’s
function, k is the Debye–Hückel parameter, a is the particle radius,
and g is the viscosity of the solvent. For e = 80.1, e(ka) = 1.5, and
g = 8.9 6 1024 Pa s, the values of the f-potential of alginate
particles and HTCC-coated alginate particles were found to be
233 mV and +15 mV, respectively.
Preparation of microfluidic devices
Microfluidic devices were fabricated using the Sylgard 184
Silicone Elastomer Kit (PDMS) (Dow Corning Corp.,
Midland, MI) by the soft lithography method.39 Briefly,
negative-relief masters were formed from 150 mm-thick SU-8
50 photoresist (MicroChem, USA) on silicon wafers. PDMS
pre-polymer was poured onto masters, cured, peeled, and
trimmed, and then affixed to glass slides by oxygen plasma
bonding. Fig. 1B shows a schematic of the 1.2 mm-wide microchannel containing a series of 10 equally spaced orifices with
lengths of 80 mm and mean widths ranging from 76 to 200 mm.
The variation in orifice width was found to be ¡ 2.9 mm.
Experimental design
We examined the characteristics of flow of negatively charged
alginate microgels, positively charged HTCC-alginate microgels and 9.9 mm-diameter PS beads, all dispersed in PBS. The
dispersions were sufficiently dilute to avoid particle–particle
interactions. To achieve uniform flow of microgel capsules, the
dispersions were injected through the microchannel by means
of gravity-driven flow. The free end of the inlet tube was
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affixed to a reservoir mounted on a translation stage. By
controlling the vertical position of the stage with respect to
the microfluidic device, we achieved fluid velocities in the
microchannel in the range of 0 to 800 mm s21. Velocities were
calibrated by analyzing video frames of PS beads traveling a
known distance.
The motion of microgels through orifices was observed
under 1006 magnification and recorded using a CCD camera.
The field of view around the orifice was divided into 22.5 mmwide segments. The stream-wise velocity of each particle was
determined as it passed through each segment. For each
experimental condition, we analyzed the flow pattern of
30 microgel capsules to determine the normalized particle
velocities vn = v/vw, where vn is the normalized velocity, v is the
velocity of the observed microgel in the orifice, and vw is the
velocity of the observed gel in the widest part of the channel.
As microgels did not always flow in the center of the
microchannels, care was taken to calculate velocities only for
the microgels that followed the center streamline of the flow.
The typical velocity for vw was 250 mm s21 unless otherwise
specified.

Results and discussion
Velocity profile of the continuous phase
While analytical solutions of the velocity profile of fluid
moving in channels have been derived40 we used an
approximation proposed by Purday41 to estimate the values
of v and vw. For fluid in a 1.2 mm wide channel at 10 mm s21,
with orifice width w = 80 mm, a simple conservation of mass
calculation shows that the mean and maximum velocities
in the orifice are 150 mm s21 and 290 mm s21, respectively.
These results were confirmed numerically by simulating
this flow condition using the Fluent computational software
package (ANSYS, Inc, Lebanon, NH), as shown in Fig. 2A.
The variation of velocity along the microchannel center axis
was also examined experimentally. Normalized plots of
velocity as a function of axial distance along channel (where
x = 0 is defined as the center of the orifice) were generated, and
showed good agreement with simulated results. The spatial
position of experimentally determined peak velocities were
found to consistently coincide with the middle of the orifice at
x = 0, as shown in Fig. 2B.
Flow characteristics of microgels
The flow characteristics of the negatively charged alginate
microgels and positively charged HTCC-coated microgels
were evaluated in two series of experiments. First, we studied
the effect of varying orifice width on the linear velocity of
microgels in the microchannels. Second, we examined the
effect of flow rate of the dispersion in the microchannel on
the variation in linear velocity of microgels in the orifices.
Both types of microgels had a density close to that of PBS
solution, and diameters significantly smaller than the depth
of the microchannel (150 mm). Thus, it was reasonable to
assume that these neutrally-buoyant particles were suspended
in the fluid far from the bottom and top surfaces of the
channel.
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Fig. 2 (A) Simulation of Newtonian fluid flow through an orifice
with w = 80 mm. The x-, y-, and z-axes correspond to the width, length,
and depth of the orifice respectively. For a fluid velocity of 10 mm s21
in the channel-at-large, the maximum velocity in the orifice is
290 mm s21. (B) Experimentally measured (r) and simulated (- - -)
profile of normalized velocity of 9.9 mm diameter PS beads flowing
through an 80 mm wide orifice.

Effect of orifice width on flow characteristics of microgels
Fig. 3 shows that both types of microgels experienced an
increase in velocity as they approached and passed through the
orifices, with the maximum velocity achieved near the center of
the orifice. Unlike PS beads, microgel velocities did not
increase as much as the continuous phase. Furthermore,
microgels exhibited gradual velocity changes in the orifice (in
contrast to the narrow velocity profiles in Fig. 2). We attribute
these phenomena to the larger size, and larger drag force
of the microgels, as well as to their compliance. In addition,
as the microgels are water permeable, there is osmotic
backflow through the microgel in the opposite direction of
bulk flow.
We evaluated the variation in microgel velocity in five
microchannels patterned with orifices with widths of 76, 80,
90, 125, and 200 mm. Fig. 3A shows that in the microchannels
with orifices significantly wider than the particle diameter
(e.g., w = 125 mm), both types of microgels exhibited a similar
increase in velocity of approximately 5.2-times the initial
velocity of 250 mm s21. In contrast, in microchannels with
narrow orifices relative to particle diameter (e.g., w = 80 mm)
(Fig. 3B), alginate microgels experienced a 9.8-fold increase
in velocity whereas HTCC-alginate microgels experienced a
6.6-fold increase in velocity. We attribute this difference to
electrostatic interactions between the particles and the walls of
the orifice. Alginate microgels are negatively charged due to
the presence of the carboxylate groups on the surface of the
microgels. Thus, these particles are likely to be repelled by the
negatively charged PDMS microchannel surface. In contrast,
positively charged HTCC-alginate microgels are likely to
experience an electrostatic attraction to the negatively charged
Lab Chip, 2007, 7, 863–867 | 865

w = 80 mm. As expected, the negatively charged alginate
microgels experienced a larger increase in velocity than did
HTCC-alginate microgels. In addition, a notable effect of
initial velocity on microgel flow through the orifice was
observed. For example, as shown in Fig. 4A, when solutions
were driven at an initial velocity of 210 mm s21, alginate
microgels experienced a two-fold larger increase in velocity
than HTCC-alginate microgels. When propelled by a slower
flow of 130 mm s21, the velocity increases for the two types of
microgels differed by a factor of three (Fig. 4B).
The results of a systematic study of this effect are shown in
Fig. 4C, where the maximum normalized velocity of the
microgels is plotted as a function of the initial velocity
of microgels. The maximum normalized velocity curves
converge with increasing initial velocity, approaching unity
at 800 mm s21. Thus, at high initial velocity, no difference was
observed between the two types of microgels. These results
stress two important effects. First, a compromise exists
between the hydrodynamic forces generated by fluid flow
and the interactions of microgels with orifice walls. Second,
for low initial velocities, repulsive forces between the microchannel wall and the microgels have a more pronounced effect
on microgel flow than attractive forces.

Fig. 3 Experimentally measured profile of normalized velocities of
75 mm-diameter alginate microgels (r) and HTCC coated alginate
microgels (m), flowing through a 125 mm (A) and a 80 mm (B) wide
orifice. (C) Comparison of orifice diameter. As the initial velocity
increases (i.e., time spent in the orifice decreases), the difference
between the normalized velocities of the microgels decreases. Lines
added for eye guidance only.

PDMS surface, which resulted in a smaller velocity increase in
the orifice.
To further characterize the effect of orifice width on
microgel flow, we evaluated the maximum normalized velocity
of the microgels as a function of variation in the ratio of orifice
width to microgel diameter. For orifices with w . 90 mm, we
observed little or no effect on microgel flow. In contrast, in
orifices with w , 90 mm (i.e., the ratio of orifice width to
microgel diameter below 1.2), the surface charge on microgel
particles significantly affected their flow characteristics.
We note that in the latter case the distances between
microgel and orifice wall were from 0.5 to 7.5 mm, that is,
significantly larger than what the range of distances expected
for the interaction of two likely or oppositely charged
surfaces.42 Thus, we ascribe the observed effects to a slight
misalignment of microgel motion with respect to the centre
of the orifice (important for the flow of capsules through
narrow orifices).
Effect of initial velocity of the dispersion in the microfluidic
device on microgel flow characteristics
The effect of initial fluid velocity on the flow characteristics of
microgels was evaluated in microchannels with orifice width
866 | Lab Chip, 2007, 7, 863–867

Fig. 4 Experimentally measured profile of normalized velocity of
75 mm diameter alginate microgels (r) and HTCC coated alginate
microgels (m) flowing through an 80 mm wide orifice. The initial
velocity of the microgels was 210 mm s21 (A) and 130 mm s21 (B). (C)
Comparison of initial velocity of the microgels. As the initial velocity
increase (i.e. time spent in the orifice decreases) the difference between
maximum normalized velocities of the microgels. Lines added for eye
guidance only.
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Conclusions
We report the results of an experimental study of the flow
characteristics of microgel capsules, by observing their
velocities in orifices with varying dimensions. The electrostatic
interaction between the microgels and the negatively charged
microchannel surface was modulated by changing the surface
functionality of the particles. Surface–surface interactions
played a significant role in the flow dynamics of microgels
when they passed through an orifice with dimensions comparable to the microgel diameters. Specifically, negatively charged
75 mm diameter microgels experienced an increase in velocity
larger than that of positively charged microgels when flowing
through orifices with widths ,90 mm. These surface–surface
interactions had greater effects when microgels were pushed at
reduced flow rates through orifices, ranging from a three-fold
difference between microgel types at 130 mm s21 initial flow
rate to virtually no difference at 800 mm s21 initial flow rate.
We expect that the described method will be generally useful
for studies of the flow of suspensions of cells or other
biologically relevant particles for a wide range of applications.
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