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ABSTRACT: We report on modeling and experimental studies
of the synthesis of opaque microparticles made via stop-ﬂow
lithography. Opaque magnetic beads and UV-absorbing dyes
incorporated into hydrogel microparticles during synthesis
changed the height and the degree of cross-linking of the
polymer matrices formed. The eﬀect of the concentration of
these opaque materials on the particle height was determined
experimentally and agreed well with model predictions based on
the photopolymerization process over a wide range of UV
absorbance. We also created particles with two independent
anisotropies, magnetic and geometric, by applying magnetic ﬁelds during particle synthesis. Our work provides a platform for
rational design of lithographic patterned opaque particles and also a new class of structured magnetic microparticles.

’ INTRODUCTION
Hydrogels have become increasingly important in tissue
engineering,1 drug delivery,2 and bioassays,3 due to their
biocompatibility,4 mechanical stability,5 responsiveness to environmental cues,6 controlled degradability,7 and ease of functionalization.8 Hydrogels in the form of particles, rather than a bulk
substrate, are more attractive in certain applications as they have
shorter length scales and can be easily manipulated. Hydrogel
particles with spherical or spherelike shapes can be synthesized
using bulk emulsion polymerization9 or two-phase microﬂuidic
systems.10 Recently, researchers have created various shapes of
hydrogel particles using template molding.11 We had used a
diﬀerent approach, namely stop-ﬂow lithography (SFL), which
enables photolithographic particle formation in a semicontinuous operation,12 with various particle shapes and sizes13 and with
multiple adjacent chemistries.14 These hydrogel particles can
have a variety of chemical functionalities depending on monomer
selection and may also contain chemically and/or physically
entrapped materials,15 which can enhance performance for
certain applications.
Nanoparticles are also very important materials, since they
have large surface-to-volume ratios, can respond to external
stimuli quickly, can exhibit interesting properties diﬀering from
those of bulk materials,16 and can be distributed more homogeneously in desired systems than their larger counterparts.
Because of these attributes, combinations of hydrogels and
nanoparticles have been studied for many applications.17 This
combination is especially interesting when using hydrogel particles,
which can have various shapes with further functionalities. Magnetic
particles have been used for many applications in imaging,18
assembly,19 separation,20 and applications requiring induced
mechanical stress.21 Eﬀorts to include magnetic materials in
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hydrogel particles have been accomplished successfully using
photolithography.10b,22 Multifunctional magnetic particles are
particularly interesting, as they assist in analyte detection by
providing precise control over particles in solution,22b colorcoding of particles,22d and controlled assembly of particles.22a
Unfortunately, many of the materials to be embedded in
hydrogel particles can inhibit photopolymerization due to their
absorbance of the UV light required for the photolysis reaction.
We observe this phenomenon during particle synthesis with
monomers containing magnetic materials or dyes. In order to
better understand this process, and to develop more robust
synthesis methods, we investigate here hydrogel particle synthesis with two opaque materials: magnetic beads and a UVabsorbing dye. The latter is used as a model system.
Recently, we investigated the mechanism of the photopolymerization reaction during particle synthesis in PDMS channels.23
We found that during free-radical polymerization within a
channel, oxygen diﬀuses through the PDMS, scavenging the free
radicals and thereby preventing polymerization near the PDMS
surfaces. This leaves a lubricating layer of unpolymerized monomer, allowing the particles to ﬂow out of the microﬂuidic channel
easily. We extended our published model describing the reaction
process by accounting for the inclusion of opaque materials in the
monomer mix and the eﬀect that they have on the depth of
penetration of the incident UV radiation and hence on the height
of the polymerized hydrogel particles. We also study magnetic
particle synthesis with and without an applied uniform magnetic
ﬁeld. Observing and understanding the eﬀects of encapsulated
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Table 1. Simpliﬁed Reaction Mechanism in Our Model
reactions

mechanism step

hν

PI f R •

photolysis

R • þ M f RM•

chain initiation

kp

RM•n þ M f RM•n þ 1
kt

RM•n þ RM•m f RMn Mm
kO

RM•n þ O2 f RMn OO

Figure 1. Schematic diagram of a microﬂuidic channel for stop-ﬂow
lithography in the presence of opaque materials.

opaque materials on hydrogel particle height and degree of crosslinking can provide valuable insight into the rational design of
new particles with higher degrees of geometric and chemical
complexity.

’ EXPERIMENTAL SECTION
Materials. Polymeric particles are made from poly(ethylene
glycol) (700) diacrylate (PEG-DA 700, Sigma-Aldrich) and 2-hydroxy-2-methylpropiophenon (Darocur 1173, Sigma-Aldrich) initiator.
We used 100 nm diameter carboxylate-modified magnetic bead
solutions (Ademtech) or Allura Red AC (Sigma-Aldrich) solutions
as opaque materials. Tween-20 (Sigma-Aldrich) was used at 0.05% to
prevent particle loss due to sticking on pipet tips or tubes. To easily
observe particle heights, particles were redispersed in 30% (v/v)
aqueous solutions of poly(ethylene glycol) (200) (PEG 200, SigmaAldrich).
Microfluidic Devices. Microfluidic channels for SFL were fabricated using standard soft-lithography techniques. Polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning) in a 10:1 base-to-curing agent ratio
was molded on a patterned silicon wafer (SU-8 photoresist, Microchem)
and then cured in an oven at 65 °C for 2 h. Holes for connections to the
inlet and outlet were punched with an 18 gauge luer stub adapter. Glass
slides were coated with PDMS and partially cured at 65 °C for 22 min.
The clean patterned PDMS was assembled with the PDMS-coated
glasses and then placed in the oven for 45 min. The prepared microfluidic channel was connected with inlets that were made by pipet tips
(ART 10 Reach and ART 200, Molecular BioProducts, Inc.) and
outlet aluminum tubing (1/1600 , K&S) for collecting particles after
synthesis. For particle synthesis, the devices were mounted on the
inverted microscope (Axiovert 200, Zeiss).
Stop-Flow-Lithography Setup. We create hydrogel particles in
microfluidic devices when flow is stopped. Formed particles are then
moved out of the polymerization area via the inflow of fresh monomer
solutions. Pulsed flow was operated automatically for the generation of
stop-polymerization-flow cycles, alternating the pressure at all four inlets
simultaneously from 0 to 3 psi. The relative width of the inlet streams
was controlled by a pressure valve (ControlAir, Inc.) and a digital

chain propagation
chain termination
oxygen inhibition

pressure gauge (DPG 100G, Omega Engineering, Inc.). The UV source
of Lumen 200 (Prior Scientific, 100% setting) initiated the polymerization reactions. Photomasks were placed in the field-top of the microscope. The desired excitation spectrum was selected using a UV filter
(11000v2, Chroma). UV intensity with the 20 objective of an inverted
microscope (Axiovert 200, Zeiss) was measured by a UV power meter
(Accu-Cal 30, Dymax). All images were taken with a digital SLR camera
(D200, Nikon).
Particle Synthesis. Figure 1 shows our synthesis procedure. The
prepolymer solutions consisted of 5% (v/v) solutions of Darocur 1173,
30% (v/v) PEG-DA 700, and 65% (v/v) opaque material solutions. The
concentration of the opaque material solution was adjusted to ensure the
desired final concentration of this material in the synthesized hydrogel
particles. We generated particles with four distinct chemistries using a
microfluidic synthesis device with four inlets. Different concentrations of
opaque materials were incorporated in the different regions (Figure 1a);
inlet solutions contained 0, 25, 50, and 75 mg/mL magnetic beads in the
total prepolymer solutions or 0, 9, 18, and 27 mg/mL UV-absorbing dye.
In Allura Red AC prepolymer solutions, 0.01 wt % of methacryloxyethyl
thiocarbamoyl rhodamine B (Polysciences, Inc.) was added. After the
synthesis, unreacted monomer solution was removed by rinsing particles
with Tween-20 solutions.
UV Absorbance Measurement. UV absorption measurements
were performed with a UVvis spectrometer (HP 8453, HewlettPackard). To measure highly concentrated solutions, we used quartz
cuvettes with 0.1 mm path length (Starna Cells, Inc.). Each sample was
measured five times, and five samples were taken for each concentration.
The UV absorbance at 365 nm (wavelength used for polymerization)
was recorded.
Particle Height Measurement. Bright field was used to image
magnetic particles, while particles synthesized with the UV-absorbing
dye were observed with fluorescence microscopy. Particle heights
were measured using Image J software. Straight lines were drawn
throughout particle height cross sections, and pixel intensity was
plotted as a function of distance along the lines. The edges of the
particles were well-defined for magnetic particles. For particles
created with the dye, we measured fluorescence intensity, defining
particle heights when the fluorescent signal is 3 times higher than
noise (S/N = 3).
Magnetic Characterization. Uniform magnetic fields were generated using a custom-made electromagnet with a dc power supply
(GPS-2303, GW Instek). The induced magnetic field strength was
measured with a gauss meter (SYPRIS).

’ MODEL DESCRIPTION
Governing Equations. We developed a one-dimensional
model to describe particle synthesis in flow lithography, including photolysis, chain initiation, chain propagation, chain termination, and inhibition in the reaction mechanism as listed in
13814
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Table 1. We build off our prior modeling efforts which did not
consider UV absorbance.23
We based this model on our previous work, modifying it to
allow also for the eﬀect of the UV-absorbing materials.
Figure 1b shows the channel geometry, illustrating UV absorption caused by both photoinitiator and magnetic beads.
The light intensity I(z) can be expressed by the following
equation, assuming that the two materials absorb UV light
independently.
∂IðzÞ
¼  ðε1 ½PI þ ε2 ½OMÞIðzÞ
∂z

ð1Þ

IðzÞ ¼ I0 expð  ðε1 ½PI þ ε2 ½OMÞzÞ

ð2Þ

where ε1 and ε2 are the extinction coeﬃcients of the photoinitiator and the magnetic beads or dye, respectively, at a
wavelength of 365 nm. [PI] and [OM] represent concentrations of photoinitiator and magnetic beads or dye, respectively. I0 is the UV intensity at z = 0. Since the rate of radical
production, ra, within dz is proportional to the volumetric UV
absorption rate by the photoinitiator,
ε1 ½PI
∂IðzÞ
ra ¼  j
ε1 ½PI þ ε2 ½OM ∂z

ð3Þ

ra ¼ jI0 ε1 ½PI expð  ðε1 ½PI þ ε2 ½OMÞzÞ

ð4Þ

where j is the quantum yield of formation of initiating
radicals. All the radicals listed in Table 1 were lumped into a
single term, X •, in our model. The radical consumption rate,
rc, can be expressed as the summation of chain propagation
and termination rates
rc ¼ kt ½X• 2 þ kO ½X• ½O2 

Table 2. Parameters Used in This Paper
parameters

value

unit

reference

kp

25

m3/mol s

24

kt

2520

m3/mol s

24

kO

5  105

m3/mol s

25

H

30

μm

measured

I0

3400

mW/cm2

measured

[PI]

329

mol/m3

measured

ε1

1.6

m3/mol m

26

[O2,eqb]
j

1.5
0.6

mol/m3
unitless

27
26

we obtain the equations
∂θ
∂2 θ
¼ 2  Da1 θð  θ þ
∂τ
∂η
∂ξ
¼ Da2 ξð  θ þ
∂τ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
θ2 þ α expð  βηÞÞ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
θ2 þ α expð  βηÞÞ

ð9Þ
ð10Þ

where [O2,eqb] is the equilibrium oxygen concentration, [M0] is
the initial oligomer concentration, DO is the diﬀusivity of oxygen
in oligomer solutions, kp is the rate constant for chain propagation, and H is the channel height. The dimensionless parameter
β includes the eﬀects of additional UV-absorbing materials present
during synthesis. Using the parameter values listed in Table 2, the
resulting values of the dimensionless groups Da1, Da2, and α are
6  108, 3  104, and 6  107, respectively.
Boundary and Initial Conditions. The initial and boundary
conditions are
θð0, τÞ ¼ 1 θð1, τÞ ¼ 1 θðη, 0Þ ¼ 1 ξðη, 0Þ ¼ 1

ð5Þ

Using the quasi-steady-state approximation, ra = rc, we derived
the expression
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kO ½O2  þ ðkO ½O2 Þ2 þ 4ra kt
ð6Þ
½X•  ¼
2kt

Numerical Solution. To solve the equations, we used the
method of lines with MATLAB solver ode15s, discretizing eqs 9
and 10 in the η direction. The simulations were run with 400
uniform mesh elements in the η-direction, and a maximum
dimensionless time step of 106.

where [O2] is the concentration of oxygen, and kt and kO are the
rate constant for chain termination and oxygen inhibition,
respectively. The concentration of monomer, [M], and [O2]
are expressed below as functions of z and time, t, using the mass
transport equation. Diﬀusion of monomers was not considered
here, as they are relatively large compared to oxygen.

’ RESULTS AND DISCUSSION
To study the eﬀect of loading on polymerization, we introduced four monomer solutions with diﬀerent magnetic particle
concentrations as separate streams in parallel coﬂow to the
microﬂuidics channel, as shown in Figures 1a and 2a. Upon
irradiation, the regions with higher concentrations of magnetic
beads absorbed UV light more strongly than did those with lower
bead concentrations and therefore had the lowest UV intensities
at the top of the channel, where z = H (Figure 1b). This UV
intensity variation across the channel can be seen in Figure 2d as a
variation in the strength of the ﬂuorescence emission from
ﬂuorescent blue beads spread on the top of the channel and
excited at their excitation wavelength of 360 nm. The color
changes across the channel correspond to the changes in UV
penetration through each region of the monomer stream. The
hydrogel particles formed under these conditions were stepped
in height, reﬂecting the variations in transmitted UV illumination
and in free radical generation required to initiate the polymerization reaction. Fewer radicals initiate fewer polymerization
reactions and lead to regions where the conversion is less than
the gel point and the weakly cross-linked polymers are then

∂½O2 
∂2 ½O2 
¼ DO
 kO ½O2 ½X• 
∂t
∂z2

ð7Þ

∂½M
¼  kp ½M½X• 
∂t

ð8Þ

Nondimensionalizing eqs 7 and 8 using
τ ¼ tDO =H 2 , θ ¼ ½O2 =½O2, eqb , η ¼ z=H, ξ½M=½M0 
KO 2 H 2 ½O2, eqb 
kp kO ½O2, eqb H 2
, Da2 ¼
,
2kt DO
2kt DO
4jε½PII0 kt
, β ¼ ðε1 ½PI þ ε2 ½OMÞH
α¼ 2
kO ½O2, eqb 2

Da1 ¼
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Figure 3. Un-cross-linked monomer concentration (ξ) proﬁle between
the bottom (η = 0) and the top (η = 1) of the channel for various values
of β (0.017, 0.17, 0.34, 0.51, 0.68, 0.85, 1.0). These results were obtained
numerically by solving eqs 9 and 10.
Figure 2. (a) Bright-ﬁeld image of a four-inlet microﬂuidic channel
having 0, 25, 50, and 75 mg/mL magnetic bead monomer solutions. (b)
Side view of a particle synthesized in the channel depicted in part a. (c)
Fluorescent side view image of a particle created with a UV-absorbing
dye (Allura Red AC), where the prepolymer solutions contained 0, 9, 18,
27 mg/mL of dye labeled 1, 2, 3, 4 on the particle, respectively. (d)
Fluorescent beads with an excitation wavelength of 360 nm and an
emission wavelength of 407 nm were spread on the top of channel. The
UV projected from the objective passes through the monomer solutions
to excite the blue bead-coated substrate and the emission from the beads
travels back through the sample, where it is then captured by the
objective for detection. The light intensity from the ﬂuorescent beads
depends on the concentration of magnetic beads in the channel.

washed away during the particle recovery processes. As shown in
Figure 2b, the synthesized magnetic particles showed a stepped
height and color proﬁle, since a diﬀerent concentration of
magnetic beads was incorporated in each region of the particles.
Likewise, we studied particles generated in the presence of a
UV-absorbing dye, again using four ﬂow regions, but with
diﬀerent dye concentrations rather than magnetic beads. In
Figure 2c, we observe variations in both the heights and
ﬂuorescence intensities along the particle, demonstrating that a
height gradient can also result from particle synthesis with
monomers containing materials other than UV-absorbing beads.
Importantly, these UV-absorbing dyes need not be incorporated
permanently in the resulting particles, since they can be washed
out after synthesis. Therefore, one can use UV-absorbing dye
solutions as in situ ﬂow masks.28
To understand better this phenomenon, we implemented our
model described above. Simulation results for monomer conversion ξ as a function of position η in the synthesis channel are
shown in Figure 3 for diﬀerent values of the parameter β, an
eﬀective UV absorption coeﬃcient accounting for both the
photoinitiator and the UV-absorbing materials. At ξ = 0.98,
taken to be the critical conversion factor at which the gel ﬁrst
begins to form,29 the particle height decreases as β increases, and
the position at which gelation ﬁrst occurs is the same regardless of
β. These results are consistent with the experimental observations; particles synthesized with the magnetic beads have a ﬂat
surface at the bottom and a stairlike proﬁle on the far side of the
light source (Figure 2b), rather than the symmetric tapered shape
about the xy plane usually observed in the absence of absorbing
additives. The ﬂuorescent image for particles synthesized with
the dye (Figure 2c), on the other hand, does not have readily

distinguishable boundaries in the bright-ﬁeld image, which can
also be explained with our model. As β increases, the slope (dξ/
dη) near η = 1 decreases. Since there is a relatively wide region
where ξ = 0.98, it is diﬃcult to visualize distinct boundaries in the
polymer matrix. However, the ﬂuorescent signal from the
incorporated rhodamine enables us to observe the boundary
more readily. It should also be noted that monomer conversion
along the direction η is not constant, creating a nonuniform
polymer matrix. This ability to create particles with a monomer
conversion gradient in the z-direction provides a means to
control the third dimension of particle morphology during
synthesis: particle shape and chemistry can be dictated in the x
and y directions by varying inlet ﬂows and transparency mask
shapes, while UV-absorbing dyes can be used to control height
and monomer conversion in the z-direction.
Figure 4a compares the normalized particle heights obtained
experimentally with the simulation predictions as a function of β.
The simulation heights were estimated by selecting the region ξ
< 0.98 to be the cross-linked particle network, while the particle
heights were determined experimentally by observing optical
images. In general, particles synthesized in the presence of the
UV-absorbing dye had diﬃcult-to-distinguish boundaries, as
discussed above, and hence heights for these particles were
delineated by ﬂuorescence intensity measurements. UVvis
spectrometry was employed to measure the UV absorbances of
the magnetic beads and the UV-absorbing dye; dilute conditions,
25 mg/mL for the magnetic bead suspension and 9 mg/mL for
the dye solution, with a path length of 0.1 mm, were used in these
measurements. The absorbance at higher concentrations was
obtained by extrapolating from the low-concentration measurements. Further details of these experiments including particle
height measurements can be found in the Supporting Information. While the comparison between experimental and predicted
results is good over the whole range of β-values studied, the
experimental results for particles with relatively low β are in
particularly good agreement with the simulation predictions. The
success of our model-based height predictions suggests that we
can estimate the particle heights that would be obtained with any
given magnetic bead or dye concentration. With magnetic
particles, in particular, where the loading of magnetic beads
determines the particle magnetic response characteristics, it is
important to be able to optimize the trade-oﬀ between increased
magnetic bead concentration and the decreased particle height,
13816
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Figure 4. Comparison of experimental data and modeling results. (a)
Dimensionless particle height γ (scaled by channel height) versus UV
absorbance β. Dotted line is from simulations. Solid squares and open
triangles are from experiments using magnetic beads and UV-absorbing
dye, respectively. (b) Cross-linked oligomer concentration (1  ξ,
shown as dotted lines and acquired from simulation) versus dimensionless height in channel η. Right axis and solid curves show for comparison
the ﬂuorescent signals across the η-direction, as acquired from particles
synthesized in the presence of UV-absorbing dye.

since their product determines the total magnetic response of the
particle. In our case, a concentration of 50 mg/mL leads to the
maximum total magnetic bead loading in the particles. Another
consideration in the selection of the initial magnetic bead
concentration is that the decreased height that results in regions
with high magnetic loading can lead to mechanical instability in
the particle architecture. Similar arguments hold for the particles
based on UV-absorbing dyes which can be designed to provide
suitable optical characteristics. The model developed here provides important criteria for the design of particles with desired
magnetic or optical properties.
In addition to providing predictions on the eﬀects of absorbing
materials on the morphologies of particles prepared by SFL, the
model developed here can also provide insights into the crosslinking densities in the polymer network. Experimentally determined ﬂuorescence intensity proﬁles across each of the four
sections of the particle shown in Figure 2c, corresponding to the
four diﬀerent UV-absorbing dye concentrations used, are plotted
using solid lines. Simulation results using the β-values appropriate for each of the UV dye concentrations in our experiments
are shown as broken lines for comparison with the experimentally
derived proﬁles. The agreement is good, although the ﬂuorescent
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signal proﬁles do not exhibit edges as sharp as those in the
simulations near η = 0.1 and 0.9, but they are consistent with the
simulations in terms of relative intensities and internal slopes
over the internal position range 0.3 < η < 0.7.
We have identiﬁed two potential explanations for the discrepancies between the simulation results and the experimental
proﬁles at the top and bottom edges of the particles. First, the
simulation of particle formation does not take into account
swelling eﬀects after particle synthesis. The lower the crosslinking density of a gel network, the more likely it is that the
network will swell in a solvent. The gradient in the cross-link
density across the particle when it is prepared in the presence of
UV-absorbing entities should then result in the particle swelling
to diﬀerent extents within the particle. The second reason is that
we used rhodamine B bearing a methacrylate group in order to
incorporate it covalently within the gel. The assumption behind
Figure 4b is that the rhodamine incorporation rate in the four
cases is the same, providing an estimate of the relative crosslinked monomer concentrations. However, the reaction rate of
rhodamine could depend on the local concentration of free
radicals, which is not taken into account for this species in the
model. This may explain why the results for the particle region
with 45 mg/mL of dye concentration do not agree with our
model predictions as well as they do for other concentrations. We
believe that Figure 4b provides useful information on hydrogel
particle synthesis with nonfunctionalizing UV-absorbing materials, given the limited set of assumptions applied.
To better understand the eﬀects of magnetic bead distribution
within the monomers during polymerization, we performed an
experiment under an applied uniform magnetic ﬁeld directed
normal to the observation plane (Figure 5) to assemble the
magnetic particles in chains in the same direction in which light
propagates through the monomer. This provided bead-free
spaces for light penetration through to the top of the channel
(Figure 5a). Our hypothesis was that nearby free radicals would
polymerize around magnetic chains due to slight free radical
diﬀusion. Magnetic beads in the monomer solution were chained
in the microﬂuidic channel with spaces between chains and
particles polymerized as in other syntheses, as shown in
Figure 5b. As expected, the height of the particle prepared under
a uniform magnetic ﬁeld (0.76H) was larger than that in the
absence of the magnetic ﬁeld (0.69H). This trend can be
discerned qualitatively in Figure 5cf. The dimensionless particle height of 0.76 with the chained beads was very close to the
expected value of 0.78 predicted in the simulation with β = 0.017;
i.e., the value obtained when no opaque material was added. In
this case, the microscopic or local UV absorbance in the channels
between the chains determined the particle height and the degree
of cross-linking, rather than total absorbance averaged over the
entire particle. Additionally, because it is the local absorbance
between the chains that largely determines the overall particle
thickness, chaining of the beads allows us to create thicker
particles compared to randomly dispersed beads under the same
synthesis conditions.
We next applied a magnetic ﬁeld to ﬂip the particles on their
edges, so that they could be observed from their sides. Interestingly, the direction of the magnetic ﬁeld required to ﬂip the
particle for height observation was diﬀerent for particles with
chained magnetic beads than for those with homogenously
distributed magnetic beads. Magnetic particles align with a ﬁeld
based on the most energetically favorable orientation; therefore,
in the case of particles generated in the presence of a ﬁeld, the
13817
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improved reaction rates over the particle height and enhanced
properties of the resulting hydrogels. In the presence of an
external ﬁeld, then, ε2 should be the UV absorptivity of the
reaction solution itself rather than that of the bulk suspension.

Figure 5. Particles synthesized in the presence of an external magnetic
ﬁeld. (a) A uniform magnetic ﬁeld was applied just before UV exposure
to form chained magnetic beads. Although the chains absorb UV,
microparticles can be created due to polymerization near and around
the chains (shown schematically as purple in the image). (b) Top view of
the microﬂuidic channel with 25 mg/mL magnetic beads during the
synthesis. The inset image is a washed particle after the synthesis. (c)
Particles with magnetic chains embedded. A uniform magnetic ﬁeld was
applied to orient the particles for more convenient observation of the
chains. (d, e) Magniﬁed image of the circled part of parts c and f,
respectively. (f) Particles with 25 mg/mL magnetic beads synthesized
with no magnetic ﬁeld present. (g, h) Illustration of particle alignment
under the magnetic ﬁeld. The particle in part g contains chained
magnetic beads, while the particle in part h has embedded randomly
distributed magnetic beads. These particles orient diﬀerently under the
same magnetic ﬁeld.

already chained magnetic beads aligned with the ﬁeld, while for
homogeneously distributed beads, it was the entire hydrogel
particle that aligned with the ﬁeld, as shown experimentally in
Figure 5cf and schematically in Figure 5g,h. These ﬁgures
represent particle alignment under weak ﬁelds; with stronger
ﬁelds, the particles would overcome the forces of gravity and
align along their longest axes. Although particle synthesis in the
presence of external magnetic ﬁelds has been reported by other
groups,22d,30 the signiﬁcance of our work is that the particle
synthesis approach allows for independent control over its
geometric and magnetic anisotropies. This enables the assembly
of magnetic particles in a desired orientation, regardless of
geometric anisotropy, and provides the ability to create anisotropies in many other functional particles, including mechanical
strength, dielectric constant, and elasticity. Furthermore, we
believe that our work can lead to a new method to fabricate
phononic particles by applying an external electric ﬁeld.
We have discussed the eﬀect of opaque materials on the
synthesis of hydrogel microparticles and have demonstrated how
the understanding gained in this work can be applied to the
design of new types of such particles. In particular, the eﬀective
functionalization of hydrogel particles through the incorporation
of nanoparticles depends on the UV absorptivity of the incorporated material, published values of which have been collected in
Table S2 of the Supporting Information as a function of material,
size, and wavelength. When nanoparticles of high UV absorbance
are to be incorporated, an external ﬁeld can often be used to
create patterns in the monomer solutions and allow for increased
local UV intensities in the particle free zones. This allows for

’ CONCLUSION
In summary, we demonstrate the synthesis of opaque hydrogel
particles using ﬂow-lithography, where the heights of the particles are determined by the depth of penetration of the initiating
UV light sources. The properties of the particles such as variation
in cross-linking densities across the particles and their heights are
well-described by a reformulation of an earlier model published
by our group. The insights gained from this approach enabled the
design of new particle architectures with two independent
anisotropies by using magnetic beads chained under a uniform
magnetic ﬁeld during synthesis. This study advances the understanding of the synthesis of a diverse class of particles with
variable shape, chemistry, and functionality. We believe that our
model and new synthesis techniques with opaque materials can
lead to rational particle design with minimal experimentation.
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