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Effect of internal architecture on microgel
deformation in microfluidic constrictionst
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The study of how soft particles deform to pass through narrow openings is important for understanding

the transit of biological cells, as well as for designing deformable drug delivery carriers. In this work, we

systematically explore how soft microparticles with various internal architectures deform during passage
through microfluidic constrictions. We synthesize hydrogel particles with well-defined internal structure

using lithography-based UV polymerization in microfluidic channels (stop-flow lithography). Using this in situ
g grapny poty P grapny. 9

Received 28th November 2016,
Accepted 31st January 2017

DOI: 10.1039/c65sm02674e

technique, we explore a range of 2D particle architectures and their effect on particle deformation. We
observe that particles undergo buckling of internal supports and reorient at the constriction entrance in
order to adopt preferred shapes that correspond to minimum energy configurations. Using finite element

simulations of elastic deformation under compression, we accurately predict the optimal deformation

rsc.li/soft-matter-journal

1 Introduction

Soft materials that change shape through elastic deformation
are useful for applications ranging from medicine"” to robotics®*
to photonics.” The mechanical properties of any material are
governed by numerous physicochemical properties, including
composition, chemical functionalization, and physical structure
across multiple length scales.®® For example, in a hydrogel
material, crosslinking and charge density at the nanoscale are
important factors that help determine the elastic modulus. How-
ever, the deformation of any hydrogel object depends not only on
modulus but also on the object’s overall shape and structure.
Careful design of macrostructure can be used to create reconfi-
gurable materials with specific properties and function by taking
advantage of elastic instabilities and elastic deformation.”’

We apply this concept to hydrogel microparticles, investigat-
ing how the overall structure of a particle governs the way it
deforms under stress and changes shape. The study of soft
particle deformation in microfluidic constrictions is important
for serving as a model to understand biological phenomena -
for example, how red blood cells squeeze through narrow blood
vessels,"* or how leukocytes and tumour cells extravasate
during immune responses'> or metastasis,"® respectively.
Understanding how soft particles deform and move through
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configuration of these structured particles.

fluidic channels can also be useful for measuring material
properties,**** for cell sorting and diagnostics,"®"” as well as
for designing deformable drug delivery vehicles.*® With these
applications in mind, numerous studies have been conducted
on the flow of soft objects - including bubbles,'® droplets,>
capsules,**? vesicles,* cells,"** and microgels***® - through
confined microfluidic systems. Although most of these studies
focus on spherical or spheroidal objects, the introduction of
techniques such as flow lithography,”” have enabled more
recent studies on the flow of non-spherical particles and fibres
of defined shape and size.'>?%73°

Numerous investigations have shown the importance of
microparticle shape in applications ranging from self-assembled
materials**** to drug delivery.”*® It is now well accepted that
shape is a critical design parameter for controlling particle
trajectories in flow,>**> and particle—cell interactions.*®*” How-
ever, in addition to controlling external particle shape, we believe
that it is also important to consider how internal structure
affects overall particle mechanics, flow behaviour, and potential
biological interactions. Although relatively little work has been
done in this area, a few recent papers highlight the potential
impact of further investigation. Caggioni et al. fabricated liquid
droplets containing an internal crystalline network; this endo-
skeleton stabilized the formation of non-spherical droplet shapes,
and enabled shape changes in response to external stimuli.*® Wang
et al. showed how asymmetric internal structures, such as those in
a multiple emulsion globule, influence particle transit through
microfluidic constrictions in an orientation-dependent manner.*®
Sun et al. used a microfluidic blood capillary model to show
that porous microparticles and hollow microcapsules have
different deformability despite having similar nanoscale stiffness.*"

This journal is © The Royal Society of Chemistry 2017
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These studies showcase interesting phenomena, however, they
lack the ability to precisely define the internal structure of the
particles under investigation. In our work, we have the ability to
design and control the internal architecture of hydrogel particles
with great precision.

To choose particle shapes of interest, we draw inspiration
from the architecture of biological cells, consisting of a cell
membrane surrounding an organelle-containing cytoplasm,
supported by a cytoskeleton. The cytoskeleton is a protein-
polymer network that provides a cell with mechanical stability,
and can actively rearrange to allow a cell to deform as it
migrates or divides.*® For our investigation, we designed simple
cell-mimicking particle architectures consisting of a “membrane”,
supported by an internal skeleton composed of one or multiple
beam elements. In this highly simplified design, the beams span
the particle the same way the crosslinked polymer network of the
cytoskeleton spans across the cell.*!

Using flow lithography, we polymerized 2D-extruded hydro-
gel particles with desired shape and size within rectangular
microfluidic channels. Using this pseudo-2D platform, we were
able to visualize how the particle’s internal structure deformed
under confinement to dictate the external shape of the particle.
We observed that upon entrance into the narrowed microfluidic
constriction, particles with internal structure always reorient to
adopt a preferred conformation for the remainder of their
passage. Using a COMSOL finite element model, we were able
to predict the steady-state shapes adopted by the deformed
hydrogel particles within the constriction. We show good corre-
lation between experiment and simulation for a wide variety of
particles with different internal structure. Based on our findings,
we demonstrate how overall particle structure can be used to
design shape-changing particles that store elastic energy, of
interest for both fundamental study and potential applications
in drug delivery or soft robotics. This work aims to provide a
systematic study on how microparticles with internal structural
elements undergo deformation and shape transformations
during flow through confined microchannels.

2 Experimental methods
2.1 Experimental setup

Rectangular microfluidic channels were fabricated by curing
PDMS (10:1 monomer to curing agent, Sylgard 184, Dow
Corning) on silicon wafers patterned with SU-8 features, and
bonding devices to PDMS-coated glass slides. A prepolymer
solution was prepared by mixing 30% poly(ethylene glycol)
diacrylate (M, = 700 g mol ', Sigma-Aldrich), 20% poly-
(ethylene glycol) (M, = 200 g mol ', Sigma-Aldrich), 5%
2-hydroxy-2-methyl-1-phenyl-propan-1-one (Darocur 1173, Sigma-
Aldrich), and 45% deionized water, by volume. Using the pre-
viously reported flow lithography setup,””**> the prepolymer
solution was loaded into the microfluidic channel and particles
were polymerized by ultraviolet (UV) LED (365 nm, 720 mW cm >,
M365L2-C, Thor Labs) through an inverted microscope (Axiovert
200, Zeiss, 20x objective). A single particle was polymerized per

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 In situ polymerization of structured hydrogel particles in micro-
fluidic device. (A) Schematic of experimental setup. (B) Composite image
of video frames showing particle flowing through microfluidic constriction
due to an applied pressure difference (1 psi). Channel dimensions are
indicated. The total length of the channelis 1 cm, and the height is 30 um.

exposure (160 ms) in a mask-defined shape (masks designed
using AutoCAD, printed by Fineline Imaging). Particles were
polymerized in the wide section of the microfluidic channel,
and position and orientation were controlled by manual adjust-
ment of relative mask and channel positions.

After particles were polymerized in the channel, flow of the
prepolymer solution was started using applied pressure at the
channel inlet (1 psi, unless otherwise specified), controlled by a
Type 100 LR pressure regulator and a software-controlled 3-way
solenoid valve (Type 6014, Burkert). High-speed videos were
recorded (300-1000 fps, Phantom Miro M310, Vision Research)
to capture particle passage through the narrow constriction of
the channel (Fig. 1).

2.2 COMSOL model

COMSOL Multiphysics (version 4.4) finite element modeling
software was used to simulate the deformation of the hydrogel
particle within the microfluidic constriction. The system was
modeled in the absence of fluid flow, since experiments
showed negligible effect of viscous forces on steady-state
particle shape for low applied pressures. The 3D structural
mechanics model was comprised of a deformable particle
(matching mask shapes used for experiments) sandwiched
between two stiff rectangular bars. To deform the particle, the
bars were set to displace from an initial position corres-
ponding to the outer diameter of the undeformed particle
(114 pm) to a final position corresponding to the dimensions
of the microfluidic constriction (75 um). Particle height was
set to 17 um (experimentally measured particle height). The
ratio between the elastic moduli of the bars and the particle
was set at 10:1, based on literature values for PDMS****
and PEGDA hydrogel particles,”® although results were not
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affected when this ratio was increased up to 100:1 or
decreased down to 2:1 by changing wall stiffness. Increasing
the value of the elastic modulus of the hydrogel increased
the average strain energy density in a linear manner. Both
materials were assumed to be homogenous, isotropic, linear,
and elastic, as well as nearly incompressible (Poisson’s
ratio set to 0.48).*®*” Model parameters are shown in Fig. 4A
and B. A detailed workflow for the model is described in
accompanying ESL.¥

For the initial condition of the model, we defined a small
gap between the hydrogel particle and the PDMS bars to
prevent the particle from being pinned to the bars at any
point. Friction was imposed between the hydrogel and PDMS
to keep the particle in place between the displacing bars
during compression. The initial gap size, as well as the
magnitude of the static friction coefficient did not signifi-
cantly alter the simulation results, as long as the friction
coefficient was sufficiently large to hold the particle in place
(0.6% change in average energy density of deformed configu-
ration for a change in static friction coefficient from 0.01 to 2).
Thus, a static friction coefficient of 0.5 and a gap size of
0.01 um were used for all simulations. The orientation of the
particle was controlled in the model by setting the initial angle
of rotation of the particle inside the horizontal bars. To
determine the minimum energy configuration of different
particle geometries, we plotted the average strain energy
density of the deformed state as a function of initial angle
for at least seven different angles, and fit the data with a
quadratic equation (least squares method; R*> > 0.93 for all
data sets).

Deformed . —
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3 Results and discussion

In this study, flow lithography provides a platform where
microparticles of defined 2D-extruded shape can be fabricated
directly in a microfluidic channel for subsequent interrogation
of flow and deformation behaviour. During a typical experi-
ment, a microfluidic channel containing a narrow constriction
in the centre of the device (300 pm long, 75 pm wide) is filled
with prepolymer solution. A particle with mask-defined shape
is polymerized by UV light in the wide section of the channel
(300 pm wide), with desired position and orientation relative to
the entrance of the constriction (Fig. 1). A pressure difference
(AP = 1 psi, unless otherwise specified) is applied across the
device to drive the particle into the constriction, and the
entrance and passage behaviour are captured using a high-
speed camera. The rectangular microfluidic channel has a
uniform height of 30 pm and a total length of 1 cm. The height
of the polymerized particles is around 17 pm, due to an oxygen
inhibition layer at the walls of the PDMS channel.*® This in situ
method for particle fabrication and characterization is uniquely
suitable for examining how microparticles of complex geometry
flow through microfluidic channels.

Fig. 1B shows the general shape of the simplest particle
design: a ring supported by a single straight beam. During the
course of this work, ring thickness and beam thickness are
varied between 5-34 pm. The outer diameter of the particles is
kept constant at 114 pm, and the external circular shape is
maintained across all particle designs. In this way, we focus
on the effect of varying internal structure — of both the beam
(e.g- beam thickness, number of beams, beam placement) and
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Fig. 2 Hydrogel particles reorient at the constriction entrance to adopt a preferred configuration. (A) Frames from a high-speed video showing particle
entrance into the constriction (AP = 1 psi, initial angle = 4°). (B) Particles with different initial beam orientation deform to achieve the same configuration
upon entrance into the constriction. Initial angle is defined from vertical, deformed angle is from horizontal. Scale bars are 75 pm.
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the ring (e.g. non-uniform ring thicknesses) - on overall particle
deformation. These hydrogel particles undergo elastic deforma-
tion in the microfluidic constriction, and fully recover their
original shape upon exiting the constriction, as shown in Fig. 1B.

During entrance into the constriction, the ring-beam particles
rotate to adopt a preferred configuration for entering the con-
fined passageway, as shown in Fig. 2A. As soon as the entire
particle has fully entered the constriction, this steady-state
configuration is maintained for the duration of passage through
the narrowed channel. Fig. 2A shows the typical entrance process
for a particle with near vertical initial beam orientation (4°).
We observe that the internal beam displays typical buckling
behaviour as described by Euler’s theory for slender columns
subject to axial compression, where the buckled beam shape can
be described by a sine wave.*® In biological cells, some micro-
tubules - a component of the cytoskeletal network — will also
buckle under compressive loading.”® In our experiments, at the
60-80 ms time points, the beam buckles similarly to a column
with two fixed ends. However, as fluid flow enables rotation of
the particle, the buckling behaviour switches to that of a column
with one fixed end and one end free to translate laterally.® Due
to this extra degree of freedom, this second buckling configu-
ration is more energetically favourable, and is the preferred
steady-state shape.

As shown in Fig. 2B, the particle always adopts the same
deformed configuration (or its mirror image), irrespective of
initial orientation. The asymmetric internal structure of these
particles — due to the presence of the beam - is responsible for
their oriented transit. A similar phenomenon was shown in
simulations of asymmetric multiple emulsion droplets, which
displayed a preferred transit orientation during passage
through an axisymmetric constriction.*® This suggests that
the observations made using our pseudo-2D platform will also
be relevant for three-dimensional shapes.

To determine the effect of fluid flow on the particle’s steady-
state configuration, we conducted the same experiment with AP
ranging from 1-10 psi. Fig. 3A shows that the deformed shape
of the particle does not show significant change up to 3 psi.
At higher AP, viscous stresses begin to alter the shape of
the particle. The linear relationship between pressure and max-
imum fluid speed in the narrow constriction is determined by a
COMSOL model, and verified experimentally by tracking beads
in prepolymer solution flowing through the device. The slight
deviation between the measured flow speed and the COMSOL
model at higher AP is likely due to PDMS deformation.*®

Since the Reynolds number is small in our microfluidic
system (<1 for the entire range of AP tested), inertial effects
are negligible. Particle deformation is thus governed by the
elastic forces of the particle as it resists geometric confine-
ment, and by the viscous forces imposed on the particle from
the surrounding fluid. The competing effect of viscous forces
versus elastic forces can be described by an elastic capillary
number.’"? Viscous forces will depend on fluid viscosity and
velocity, while elastic forces will depend on the elastic mod-
ulus of the hydrogel particle and a geometric parameter
related to particle feature size (i.e. thickness of ring/beam),

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of flow speed on steady-state particle shape in constriction.
(A) Observed particle shapes for applied pressures from 1-10 psi (flow is
from left to right). Scale bars are 75 um. (B) Linear correlation between
applied pressure and maximum flow speed inside the constriction (in the
absence of the hydrogel particle). Black symbols represent data from a
COMSOL model. Red symbols represent experimental data measured
using tracer beads in the prepolymer solution. The prepolymer viscosity
was measured to be 14 cP.

analogous to shell thickness for analysis of microcapsule
deformation.>

By focusing on the low capillary number regime in this
study, viscous forces become negligible and the steady-state
particle shape is solely governed by particle elasticity under an
imposed geometric strain. For our experiments, this corre-
sponds to AP < 3 psi. In this regime, fluid forces affect the
process dynamics but do not alter the steady-state configu-
ration. All shape transformations between the initial and final
state are scale-independent. Although we focus on the low
capillary number regime in this work, it is interesting to note
that at higher flow speeds, the particles adopt “bullet” shapes,
with higher curvature at the front end. These types of shapes
are characteristic of droplets and bubbles flowing through
confined channels, and also observed in flow of capsules,
vesicles, and red blood cells.??%3:33:54

To confirm that the observed configuration of the deformed
particles corresponds to a minimum energy state, we used
COMSOL to build a simple finite element model for our system
(Fig. 4). Since viscous forces are negligible, the model simply
describes the elastic deformation of the particle due to geometric
confinement. As shown in Fig. 4A-C, the 3D model depicts the

Soft Matter, 2017, 13, 1920-1928 | 1923


https://doi.org/10.1039/c6sm02674e

Published on 10 Unora 2017. Downloaded on 28.01.2026 6:18:40.

Soft Matter

View Article Online

Paper

1000f C)

A) 0 100 200
-200 -100 _ ——

100 I'“' PDMS
5o T
®> hydrogel

800r

Average Strain Energy Density (J/m?)
[«2]
o
=

SISISii P

Compress to 75 um

Strain

T T T T T T T

SSSE

" " " L L L "

. 200
0.0
\l 5 & 1200
114 pm ' 0N/ |[75um 5 D)
=
. 2
initial deformed g
>
B 8
) 2 goof
PDMS  Hydrogel ‘%
©
Young's modulus (MPa) 2 0.2 ﬁ 600+
Poisson’s ratio 0.48 0.48 §
>
Density (kg/mq) 970 1120 < 40%5

30 35 40 45 50 55 60 65
8, Initial Angle (°)

Fig. 4 COMSOL solid mechanics model of elastic particle deformation. (A) 3D model of a hydrogel particle compressed by two PDMS bars from 114 um
(initial particle diameter) to 75 pm (microfluidic constriction width). The initial particle orientation (0) is set in the model. (B) Material parameters used in
the COMSOL model. (C) Average strain energy density increases as the particle is compressed. Images correspond to data points in plot. (D) The
minimum energy configuration is determined by plotting the strain energy density of the particle in its final deformed state as a function of initial angle.
Images show deformed configurations for initial angles ranging from 30 to 60 degrees. Black wireframe outlines in simulation images show initial

undeformed particle shape.

compression of the particle between two stiff bars that displace
to a final position corresponding to the width of the microfluidic
constriction (75 pm). To determine the optimum steady-state
configuration, the orientation of the particle is varied, and the
average strain energy density of the fully compressed particle is
plotted as a function of initial angle, as shown in Fig. 4D
(0° initial angle represents a vertical beam, 90° represents
horizontal). At small initial angles, compression of the particle
results in large amplitude deformation of the buckled beam, and
minimal deformation of the ring into an ellipsoid shape. The
simulation fails at angles very close to 0° as friction is not
enough to keep the particle between the compressing bars in
such a high-energy configuration. At larger initial angles, com-
pression of the particle results in less deformation of the beam,
but more localized deformation of the ring as it transitions
into a parallelogram shape. This leads to a minimum energy
configuration that optimizes between beam deformation and
ring deformation, which is determined by fitting a quadratic
curve to the simulated data. For the particle shown in Fig. 4D,
(10 pm thick ring with 7 pm thick beam), the optimal configu-
ration corresponds to an initial angle around 45°.

To determine the optimal configuration of the particle, the
entire structure must be considered as a whole. We cannot
simply evaluate the most energetically favourable conforma-
tions of the beam and of the ring separately, but must take into
account the constraints imposed by the joints between the
beam and the ring. This is similar to the analysis used to

1924 | Soft Matter, 2017, 13, 1920-1928

determine the buckling of triangular frames.>>*® In our case,
due to the thickness of both the ring and the beam, it is much
easier to use a finite element simulation to determine the
deformed state of the particle, compared to an analytical
derivation.

Using our model, we examined the effect of beam thickness
on the minimum energy deformation configuration of the
hydrogel particles. Experiments were conducted by using
different masks to fabricate particles with well-controlled beam
thicknesses between 7 and 28 um, and identical ring dimen-
sions for all particles (inner diameter = 94 um, outer diameter =
114 pm). We used the same polymerization conditions for all
particles to ensure that the intrinsic material properties of the
hydrogel did not change. For beam thicknesses less than 7 um,
configurations of the deformed particle were no longer con-
sistent as we entered a higher elastic capillary number regime
and fluid forces began to affect the beam configuration
(Fig. S1A, ESIf). For beam thicknesses above 28 pm, we
observed a different mode of deformation where the beam no
longer deformed, and the ring compensated by taking on a
dumbbell shape (Fig. S1B, ESI¥).

We proceeded to use our COMSOL model to determine the
minimum energy configurations of these particles with varying
beam thicknesses (Fig. 5A). The strain energy curves become
shallower for particles with thinner beams; this is expected
since in the limiting case of a ring with no beam, the total strain
energy of the particle no longer depends on initial orientation.

This journal is © The Royal Society of Chemistry 2017
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(B) Experimental steady-state particle shapes and COMSOL minimum energy configurations for different beam thicknesses. (C) Deformed angle as a
function of beam thickness for experiment and simulation. Simulation data is obtained using the beam coordinates of the minimum energy configuration,
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As shown in Fig. 5B, there is excellent correlation between the
observed steady-state shape in experiments, and the minimum
energy configuration determined by simulation. In general, we
observe that as beam thickness increases relative to ring thick-
ness, the deformed particle shape transitions from an ellipse
to a parallelogram, and the maximum length of the particle
decreases. For a more quantitative comparison, we defined a
“deformed angle”’ that measures the angle of the beam (centre to
centre) from horizontal, in the deformed state. Fig. 5C shows a
close match between experiment and simulation results, which
both show that deformed angle decreases as beam thickness
increases. As the beam increases in thickness, it becomes more
resistant to deformation; as a result, we observe that the ring
compensates by undergoing more local deformation to adopt a
parallelogram shape. This corresponds to a smaller deformed
angle (or larger initial angle). The small discrepancy between
experiment and simulation shown in Fig. 5C is likely caused by
experimental imperfections in particle shape - in experiments,
the polymerized particles have beams that are slightly thinner in
the middle of the particle compared to the ends, while the
simulation particles have beams with uniform thickness (match-
ing photomask shapes). Since the experimental beam thickness
is measured in the middle of the particle, the measured value
may be slightly less than the effective thickness of the beam.
To test this hypothesis, we adjusted our simulation for several

This journal is © The Royal Society of Chemistry 2017

data points to account for the increased thickness of the beam at
the connection points with the ring, and obtained a better match
with experimental results (Fig. S2 and S2-1, ESI).

We also tested particles with the same beam thickness to
ring thickness ratio, but increasing thicknesses of both compo-
nents (Fig. S3, ESIt). In this case, the overall particle shape is
the same for all particles, confirming that shape is governed by
the relative energy contributions (dictated by relative thickness)
of the two components.

Guided by the observation that changing the particle beam
to ring thickness ratio resulted in a transition in the overall
particle shape, we examined the effects of alternate internal
structures on the deformed particle shape (Fig. 6). We com-
pared the deformed shapes of a ring, a ring with a single
centred beam, a ring with a single off-centre beam and a ring
with two crossing beams (beam thickness was kept constant at
13.8 um). These variations resulted in distinct deformed shapes
(ellipse, rounded parallelogram, asymmetric slipper-like,
symmetric pointed-ellipse), which are related to the initial
symmetry of the undeformed particles. Beam offset can be
used to tune the final shape of the deformed particle, and
control the contacting surface area between the particle and the
sidewalls of the microfluidic constriction (Fig. S4, ESIt). We
also compared particles with different ring structures and
observed a rich variety of deformed shapes. Due to particle

Soft Matter, 2017, 13, 1920-1928 | 1925
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Fig. 6 Simulation accurately predicts deformed shapes for a variety of initial particle structures. Particles with different beam and ring architectures
show a rich assortment of deformed shapes. Experimental results match minimum energy configurations determined by the COMSOL model.
Black outlines in simulation images show initial undeformed particle shape. All scale bars are 75 pm.

asymmetry, a non-uniform ring ensures particle reorientation
to adopt a minimum energy configuration, similar to the
addition of a beam to a uniform thickness ring. Our COMSOL
model accurately predicts the steady-state configuration of all
shape variations, showing the robustness of the model and
experiment.

Other studies have used finite element simulations to model
periodic structures that reversibly reconfigure into symmetric
or chiral patterns due to elastic instabilities.'®>® These studies
also showcase the scale-independent shape transformations of
elastic materials and the ability to design structures with
controlled deformation characteristics, which can be used to
make auxetic materials. However, the macroscale experimental
platform used for these studies (uniaxial compression of
molded silicone lattices) is very different from our microfluidic
platform. Using flow lithography, we are able to examine the
elastic deformation of individual microparticles that can freely
rotate to find their minimum energy state, in a biologically
relevant flow environment. We can draw analogies of our
system to red blood cells or leukocytes flowing through narrow
capillaries - it is well known that these cells deform into a
variety of shapes including symmetric parachutes and ellipsoids,
and asymmetric slippers.'”***” Although the flow conditions
and mechanical properties of our particles may differ from these
cells, and we cannot account for active cytoskeletal reorganiza-
tion, this study still raises interesting questions about how
asymmetric internal structures can passively contribute to
oriented transit of cells and the emergence of unique cell shapes

1926 | Soft Matter, 2017, 13, 1920-1928

in confined flow. It is already well known that the cytoskeleton
plays an important role in breaking cell symmetry, which is
necessary for important biological functions including cell
division and migration.*

Knowledge of how particle structure affects shape changes
during deformation can be applied in many different ways.
As one example, we demonstrate how design of particle internal
structure can be used to create particle ‘“springs” - these
particles contain an internal latch that locks when the particle
deforms in a specific orientation (Fig. 7A). The particles remain
locked upon exiting the constriction, storing elastic energy like
loaded springs. The non-uniform ring structure ensures that
the correct orientation is maintained during the latching
process. The particles remain latched indefinitely within the
wide region of the microfluidic channel. Fig. 7B shows a similar
particle design with a uniform ring; in this case, the ring does
not facilitate the correct orientation of the particle and latching
is unsuccessful. The results shown in Fig. 7A and B are highly
reproducible, as can be seen in Videos S1 and S2 (ESIt). After
repeating the experiment twenty times, 20/20 of the particles
shown in Fig. 7A successfully latch, while 0/20 of particles in
Fig. 7B latch. Fig. 7C shows both types of particles downstream
of the constriction.

Latches can also be used to assemble multiple particles in
chains or other complex structures.’®®° Existing techniques
use railed microfluidic channels or complex valve-controlled
chambers to ensure correct particle orientation during assembly.
This requires particles to have specific external features, such as

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Using internal structure to design latching particle “springs”.
(A) Particle with non-uniform outer ring maintains correct orientation to
ensure latching. Image shows an overlay of frames from Video S1 (ESIT).
(B) Particle with uniform outer ring does not latch. Image shows an overlay
of frames from Video S2 (ESIf). (C) Image of both types of particle
downstream of the constriction. Latching particles were synthesized first,
followed by unlatched particles in the same channel. All latching particles
remain latched in the wide section of the channel (N = 20). Scale bars
are 75 um.

fins that can slot into railed channels,*®*° or patterned sides for

alignment with other particles.®® We show how internal struc-
ture may be a more flexible method of maintaining correct
orientation for intra- or inter-particle latching, which can be
used for particles synthesized in situ or externally. To our knowl-
edge, this is the first demonstration of using internal structure to
engineer shape-changing particle “springs” based on elastic
deformation in confined microfluidic channels.

4 Conclusions

We have shown that particle internal structure is responsible
for controlling overall particle deformation in flow through
microfluidic constrictions. Particles with different internal
structures adopt a rich variety of deformed shapes. For low
capillary numbers, these shapes correspond to minimum energy
configurations due to particle reorientation at the entrance of
the constriction.

We also show that we can predict the optimal configurations
of the deformed particles using a simple COMSOL model of
linear elastic deformation. This model proves that fluid flow
enables particle reorientation, but does not affect the final
deformed shape of the particles in the small capillary number
regime. For future work, we will explore the high capillary
number regime and develop new models that incorporate
the effect of viscous forces. We also plan to investigate inter-
esting phenomena associated with passage dynamics of these

This journal is © The Royal Society of Chemistry 2017
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structured microparticles. For example, when particles exit the
constriction, they will briefly stretch due to an extensional flow
field before restoring their original shape (Fig. 1B). Our pre-
liminary observations show that for certain asymmetric particle
shapes, this exit response can bias the trajectory of the particle
from the centreline of the channel downstream of the constric-
tion. The direction and amount of bias depends on the particle
shape and its adopted configuration within the constriction.

By better understanding the role of internal structure on the
passage and deformation of soft particles in confined geometries,
we may be able to design reconfigurable particles with specific
flow characteristics for diagnostic or therapeutic use. Further
study using custom-shaped particles may also provide insight
into how the cytoskeleton of biological cells passively contributes
to cell deformation during transit through narrow passageways
in vitro and in vivo.
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