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We present the conformal coating of non-spherical magnetic particles in a co-
laminar flow microfluidic system. Whereas in the previous reports spherical par-
ticles had been coated with thin films that formed spheres around the particles; in
this article, we show the coating of non-spherical particles with coating layers that
are approximately uniform in thickness. The novelty of our work is that while
liquid-liquid interfacial tension tends to minimize the surface area of interfaces—
for example, to form spherical droplets that encapsulate spherical particles—in our
experiments, the thin film that coats non-spherical particles has a non-minimal
interfacial area. We first make bullet-shaped magnetic microparticles using a stop-
flow lithography method that was previously demonstrated. We then suspend the
bullet-shaped microparticles in an aqueous solution and flow the particle suspen-
sion with a co-flow of a non-aqueous mixture. A magnetic field gradient from a per-
manent magnet pulls the microparticles in the transverse direction to the fluid flow,
until the particles reach the interface between the immiscible fluids. We observe
that upon crossing the oil-water interface, the microparticles become coated by a
thin film of the aqueous fluid. When we increase the two-fluid interfacial tension
by reducing surfactant concentration, we observe that the particles become trapped
at the interface, and we use this observation to extract an approximate magnetic
susceptibility of the manufactured non-spherical microparticles. Finally, using fluo-
rescence imaging, we confirm the uniformity of the thin film coating along the
entire curved surface of the bullet-shaped particles. To the best of our knowledge,
this is the first demonstration of conformal coating of non-spherical particles using
microfluidics. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892542]

I. INTRODUCTION

Coating of microparticles is a useful approach for applications in drug delivery and cell-
based therapies such as cell transplantation therapy.'™ For example, in islet transplantation for
the treatment of type 1 diabetes, a properly engineered coating layer may protect transplanted
cells against host-immune system rejection, while avoiding the chronic use of immunosuppres-
sion regimens.’ This biocompatible coating layer may protect against the immune response by
blocking immune cells and antibodies, while the semi-permeable nature of the coating mem-
brane allows small molecules like oxygen and insulin to diffuse in and out.’®

Cell coating often involves using microencapulsation methods that trap cells inside drop-
lets.”” However, in microencapsulation, the cells are surrounded by a membrane that is typi-
cally more than O(100) um in thickness. The large thickness of the membrane results in long
chemical diffusion times that may adversely affect cell survival and function'® and prevent
rapid response of the cells to physiological stimuli.'"
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Another particle coating geometry—so-called conformal coating—involves depositing a
much thinner layer of a protective membrane on microparticles or cell aggregates.'? Here, the
coating membrane conforms to the shape of the aggregate and minimizes the membrane’s con-
tribution to the total transplant volume. This coating geometry reduces molecular transport
times through the membrane, and the homogeneous thickness of the coating layer permits uni-
form transport of molecules to the particle surface.'”

Conformal coating has been reported using several two-phase flow techniques, namely,
selective Withdrawal,”’14 centrifugation,15 and bulk emulsification.'® In addition to these
hydrodynamics-based methods, other conformal coating techniques that involve surface chemis-
try include interfacial polymerization,'” surface binding with polymer-lipid,'®' and layer-by-
layer poly(L-lysine)(PLL)-PEG copolymer assembly.”’ Magnetic conformal coating by
Khademhosseini e al.® uses a magnetic force to pull cell aggregates that have a magnetic core
through polymer layers in a syringe tube. With this magnetic method, the authors are able to
conformally coat agarose-immobolized cell aggregates with a coating layer thickness of less
than 70 pm.

Magnetic forcing also appears in microfluidics, where it is used to manipulate particles and
cells,”'™* for applications such as trapping,®* separation®*® and sorting.”’ Tsai er al.®® has
showed coating of spherical magnetic particles in microfluidics, with magnetic forces applied to
move the microparticles from the aqueous to the non-aqueous phase in a co-laminar flow geom-
etry. Upon passage through the co-laminar interface, the microparticles are coated with a thin
O(1) um layer of the aqueous fluid. Since this first demonstration, Tarn e al.* has developed a
similar microfluidic geometry for the washing and binding of a polymer onto magnetically
functionalized cells with polyelectrolytes, via passage through multiple co-laminar flows by
magnetic forcing in a microfluidic channel. Sinha et al.*® also reported particle dynamics at the
interface of a microfluidic co-laminar flow of an aqueous two-phase system (ATPS).

In this paper, we describe the conformal coating of non-spherical magnetic particles using
microfluidics. The non-spherical conformal coating geometry we achieve is distinguished from
the previous works of coating spherical particles, where the coating layer is naturally a spheri-
cal shell around the particle because interfacial tension tries to minimize the encapsulating flu-
id’s surface area. In our experiments, the interaction between the particle surface and the coat-
ing layer overcomes the tendency of interfacial tension to form a spherical shell. As a result,
the coating layer conforms to the curved surfaces of the non-spherical particles. To the best of
our knowledge, this paper is the first to demonstrate the use of microfluidics to perform confor-
mal coating on non-spherical microparticles.

We first describe the manufacture of bullet-shaped magnetic microparticles using stop-flow
lithography.*'** For coating experiments, we use a modified version of the microfluidic mag-
netic conformal coating geometry of Tsai ef al.*® that controls the spatial position of the par-
ticles passing through the co-flow interface. Then, we compare the dynamics of the micropar-
ticle coating process as we vary the surfactant concentration in our fluid mixture. We use this
information to extract the approximate magnetic susceptibility of our synthesized non-spherical
particles. Finally, we use fluorescence imaging to demonstrate the uniform nature of the coating
layer on the surface of our bullet-shaped particles.

Il. EXPERIMENTAL METHODS
A. Preparation of non-spherical magnetic particles

We synthesized non-spherical magnetic particles using microfluidic stop-flow lithography.**
UV-induced photopolymerization was performed with a precursor solution introduced into a
microfluidic channel (Fig. 1(a)). This precursor solution was prepared by a mixture of 35% (v/
v) poly(ethylene glycol) diacrylate (PEG-DA Mw 700, Sigma-Aldrich, St. Louis, MO, USA),
5% (v/v) 2-hydroxy-2-methylpropiophenon (Darcour 1173, Sigma-Aldrich, St. Louis, MO,
USA) initiator, 20% (v/v) water-based ferrofluid (EMG 508, Ferrotec, Bedford, NH, USA), and
40% (v/v) deionized (DI) water.
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FIG. 1. (a) Schematic diagram of non-spherical magnetic particle synthesis. The microparticles are synthesized using a
stop-flow lithography method.*> UV-initiated photopolymerization in the presence of a magnetic precursor solution pro-
duces the non-spherical magnetic particles. (b) An image of the prepared non-spherical magnetic particles. Bullet-shaped
magnetic particles are produced with a circle mask design (shown in the inset). Scale bar 50 um.

An air controlled feeding system was used to introduce the precursor solution into the
channel. In-line setup of a pressure regulator valve (Type 100LR, Control Air, Inc., Amherst,
NH, USA) and a three-way solenoid valve (Burkert, Germany) controlled the compressed air
with repeated on-off cycles. A metal arc lamp (Lumen 200, Prior Scientific, Inc., Cambridge,
UK) served as the UV light source, and a digital UV shutter (Lambda SC, Sutter Instruments,
Novato, CA, USA) regulated the UV exposure time. The valve and the shutter were both con-
trolled by a customized LabView (National Instruments, Austin, Texas, USA) program.

An inverted microscope (Axio Observer.Al, Zeiss, Oberkochen, Germany) equipped with a
20x objective (20x/0.4 Korr LD Plan-Neofluar, Zeiss, Oberkochen, Germany) was used to pro-
duce a cylindrical UV light path through the thickness of the microchannel, and a patterned
photomask was placed at the field-stop of the microscope to change the shape of the incident
UV light. A UV filter set (11000v2, Chroma Corp., Bellows Falls, VT, USA) was used to
screen UV light for the desired UV excitation wavelength.

We produced bullet-shaped magnetic particles using a circle pattern photomask (see, for
example, Fig. 1(b)). The water-based ferrofluid added to the prepolymer mixture reduced the
opacity of the solution and decreased the UV absorptivity of the solution along the microchan-
nel height. The interference of the UV light caused by the opacity of the solution created a gra-
dient of UV light intensity along the UV light path. This UV light gradient produced bullet-
shaped particles with curved surfaces. A diffuse layer of oxygen near the gas-permeable PDMS
walls inhibited prepolymer polymerization at the walls. The resulting lubrication layer between
particles and the walls permitted removal of the particles by an applied fluid flow.

For continuous mass production, we used a LabView program to tune the UV exposure
time and the inlet pressure cycle time in the range of 400-600 ms and 50-200 ms, respectively.
This process achieved a particle production rate of 16 particles per second. We prepared
approximately 100000 particles for each batch and stored the particles in a 2ml Eppendorf
tube. The bullet-shaped particles we synthesized have approximate diameters and lengths, 20
and 35 um, respectively. These particles also have hydrophilic surfaces, which enables their sus-
pension in DI water. The microparticle magnetic susceptibility y was not known a priori; how-
ever, we were able to estimate the value of the magnetic susceptibility y using the method
described in Sec. III B.

B. Microfluidic particle coating experiments

Our particle coating microfluidic device was modified from the first generation system
reported elsewhere.”® Fig. 2 shows a schematic diagram of the microchannel design of our par-
ticle coating device. Aqueous solution flowed through the buffer inlet, and non-spherical par-
ticles suspended in an aqueous phase entered through the particle inlet (Fig. 2(a)). Non-aqueous
fluid entered through the oil inlet. At the T-junction (Fig. 2(b)) where particles are introduced
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FIG. 2. Schematic diagram of the microfluidic device for conformal coating of non-spherical magnetic particles. (a) The
device consists of three inlets where the oil, buffer solution, and non-spherical particle suspension are introduced. A perma-
nent magnet is positioned adjacent to the main co-laminar flow microfluidic channel. Fluid flow is from left to right. (b) An
enlarged view of the T-junction where the embedded micropillars guide the magnetic particles to the coating region at the
co-flow interface. (c) An enlarged view of the coating region. Here, the non-spherical particles in the aqueous phase pass
into the non-aqueous phase and become coated by a thin film of the aqueous phase fluid.

into the co-laminar flow, a pillar array>® was built into the device to guide all of the particles
to a specific coating region in the microchannel (Fig. 2(c)).

The gap between the pillars was 10 um, and each row of pillars was offset by an angle of
20° from the microfluidic flow direction. A filtering array of pillars (not shown) was used in
the particle inlet to prevent debris from clogging the channel. The width and height of the co-
flowing channel were 500 and 55 um, respectively.

Patterning the top polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI,
USA) layer of the device was accomplished using the standard soft lithography technique.*
Specifically, we used a 10:1 PDMS prepolymer to curing agent ratio in our mixture. A biopsy
punch (Integra Miltex, Inc., Rietheim-Weilheim, Germany) was used to create inlet and outlet
holes in the PDMS layer. The PDMS and cover glass slide (24 mm x 60 mm, VWR, Radnor,
PA, USA) were cleaned with sonication in ethanol and dried with nitrogen gas. After oxygen
plasma treatment (Harrick Plasma, Ithaca, NY, USA), the PDMS layer and glass slide were
irreversibly bonded.

A 3mm thick PDMS dummy layer was physically bonded to the bottom of the glass slide,
to elevate the microfluidic device vertically. Elevation allowed the microchannel to be posi-
tioned along the central axis of the adjacent magnet, so that the vertical component of the mag-
netic field gradient was eliminated. The PDMS-glass-PDMS assembly was placed on top of
another glass slide that was offset by 5mm so that a magnet stack could be placed on the bot-
tom glass slide.

The three-layer stack of neodymium iron boron (NdFeB) magnets (K. J. Magnetics,
Jamison, PA, USA), each with dimensions /,, X w,, X h,,=12.70 x 6.35 x 3.18 mm and magnet-
ization M=1.2 MA m ', was positioned adjacent to the oil-side of the microchannel. The
magnet-center was placed at a perpendicular distance y,, & 6 mm away from the x-axis of the
microchannel (Fig. 2).

Aqueous and non-aqueous solutions were introduced to the microfluidic chip by interfacing
with Tygon tubing (Saint-Gobian, La Défense, Courbevoie, France). The non-aqueous solution
was dodecane with 10 wt. % Span 80, and the aqueous buffer solution was DI water with § mM
sodium dodecyl sulfate (SDS). Non-spherical particles were suspended in the same aqueous so-
lution. In some experiments, we reduced the aqueous solution SDS concentration to 2 and
3mM, to increase the oil-water interfacial tension. This mixture of water and dodecane with
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SDS and Span 80 surfactants, respectively, gives an ultralow interfacial tension
y=0(10"°-10"") N m~"'.*>* The viscosities of the aqueous and non-aqueous fluids are p,, = 1
and p, = 1.3 mPa s, respectively.

The non-aqueous fluid was introduced via a syringe pump at a flow rate of 3 ul min~
(Harvard Apparatus, Holliston, MA, USA), and the buffer solution was pumped at a flow rate
of 0.5ul min~'. The particle suspension was supplied by an inlet pressure less than 1psi. A
200 pl pipette tip was vertically inserted into the particle inlet, and pressurized by compressed
air.

Experimental images of particle coating were captured by an inverted microscope (IX71,
Olympus Corp., Tokyo, Japan) with 20x or 50x objectives, and an attached high speed camera
(Miro M110, Vision Research, Wayne, NJ, USA). The high speed camera operated at a frame
rate of 1000 fps and an exposure time of 300 us. Post-processing of images and particle coating
thickness measurements were completed using ImageJ software.

1

lll. RESULTS AND DISCUSSIONS
A. Bullet-shaped microparticles crossing the co-laminar interface

As bullet-shaped particles arrive at the T-junction in the microchannel, the embedded
micropillar array (Fig. 2(b)) guides the particles toward the particle coating region (Fig. 2(c)).
Here, the particles experience two competing forces: viscous stresses from the co-flowing aque-
ous fluid push the particles in the axial direction of the channel, and magnetic forces from the
field gradient generated by the permanent magnet pulls the particles towards the magnet-side of
the channel (see Fig. 2(c)). The embedded micropillars help to guide all of the particles to
approach the co-flowing oil-water interface at approximately the same location.

Fig. 3 shows time-series images of two bullet-shaped magnetic particles during the coating
process. Here, the images are captured at 4 (Fig. 3(a)) and 20 ms (Fig. 3(b)) time intervals. The
aqueous (bottom) and non-aqueous (top) phase fluids are moving from left to right. Bullet-
shaped particles approach the co-flowing interface (Fig. 3(a)), deforms the interface, and subse-
quently passes through the interface (Fig. 3(b)), while being transported downstream by the
co-laminar flow.

Upon passage through the moving interface, the microparticles are covered by a thin film
of the aqueous phase as they continue to move through the oil phase. As the particles move

FIG. 3. Time-series experimental images of two particles during the coating process. (a) A bullet-shaped particle approach-
ing the co-laminar interface with its high curvature face pointing towards the interface. (b) Another particle passing through
the co-laminar microfluidic interface with its low curvature face pointing towards the interface. Particle orientations appear
to continually vary during the coating process. The bullet-shaped magnetic particles move through the aqueous phase (bot-
tom) into the non-aqueous phase (top). The aqueous and non-aqueous fluids flow from left to right at the same speed. As
the particles pass through the two-fluid interface, they first deform and then penetrate through the interface. Here, the
images are captured in (a) 4 and (b) 20 ms time intervals. Scale bars 50 ym.
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farther away from the interface, a comet-like tail of the thin film coating layer forms behind
each particle. The tail breaks up into small droplets by a Rayleigh-Plateau type instability (see,
for example, the last two frames in Fig. 3(b)).

In low oil-water interfacial tension experiments where the SDS concentrations are 3 or 8 mM
in water, we do not observe any noticeable orientation preference of the particles as they are
passing through the two-fluid interface. As shown in Figs. 3(a) and 3(b), the particles appear to
arrive at the interface at varying orientations (for example, with the high curvature end of the par-
ticle facing toward, against, or parallel to the co-flow interface). Particle rotations (Fig. 3(a)) dur-
ing the coating process may be a result of the interplay between hydrodynamic drag acting on the
particle and oil-water interfacial tension acting to resist interfacial deformation by the particle.

B. Estimating microparticle magnetic susceptibility

Fig. 4 shows the x (Fig. 4(a)) and y (Fig. 4(b)) positions of bullet-shaped magnetic particles
plotted against time, during the particle coating process. Here, we conduct three experiments
using different aqueous solution SDS surfactant concentrations: 2, 3, and 8 mM. Quantifying
such ultralow interfacial tensions is challenging, but based on a previous report®® that uses the
same water-dodecane mixture with SDS and Span 80 surfactants, we estimate that our mixtures
have approximate interfacial tensions ranging from O(10~°) (with 8mM SDS in water) to
0(1075) (with 2mM SDS in water).

In the flow (x) direction, we do not observe any dependence of the particle speed on the
two-fluid interfacial tension (Fig. 4(a)); all of the particles move at approximately the same
speed irrespective of the aqueous phase SDS concentration. However, in the transverse (y)
direction to the flow, we find dramatic differences in the particle speed. Namely, the rate of
penetration of the particles through the oil-water interface grows with increasing aqueous phase
SDS concentration. Presumably, increasing the SDS concentration translates into lowering the
interfacial tension. Thus, when the interfacial tension is decreased, the particles deform and
subsequently cross the interface more rapidly.

In particular, when the aqueous phase SDS concentration is 2mM (blue diamonds in
Fig. 4(b)), we note that the bullet-shaped particles do not deform the oil-water interface suffi-
ciently to pass through the interface. We also notice that most of the microparticles trapped at
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FIG. 4. Plots of the x and y components of particle displacement versus time during the coating process. Here, time t =0
describes the moment when a particle arrives at the oil-water co-flow interface. The aqueous phase SDS concentrations are
2, 3, and 8 mM. (a) In the flow (x) direction, we find that all of the particles are carried by the flow. The particles move at
approximately the same speed even as they approach and deform the co-flow interface. (b) Plots of microparticle positions
in the transverse (y) direction to the flow, versus time. Here, the aqueous phase SDS concentration influences particle trajec-
tory towards the permanent magnet. At higher SDS concentration, the two-phase interfacial tension is lower. Thus, the par-
ticles are able to deform the interface more rapidly (see, for example, the data for 8 mM versus 3 mM SDS). At 2mM SDS
concentration in the aqueous phase, the microparticles are trapped, and do not penetrate the two-phase interface. We exploit
the transition between particle passage and trapping to estimate the bullet-shaped particle magnetic susceptibility.
Microparticles in the inset images are shown at the time points indicated by the red arrows. We note that for 2mM SDS in
the aqueous phase, the bullet-shaped microparticle is unable to significantly deform the two-phase interface. Error bars
indicate one standard deviation. Scale bar 50 um.
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the two-fluid interface are oriented with their long axis parallel to the fluid-fluid interface (see,
for example, the right inset image of Fig. 4(b)). Although we have not attempted any energetic
modeling of this phenomenon, we anticipate that this particle orientation at the liquid-liquid
interface corresponds to the lowest energy orientation state when the interface does not deform
significantly. This behavior is in contrast to the interfacial deformation observed when the SDS
concentration is 3 and 8 mM (see the two inset images on the left in Fig. 4(b)).

We exploit this transition between particles passing through the interface (3 and 8 mM
SDS) and becoming trapped at the interface (2mM SDS) to deduce the approximate magnetic
susceptibility of our synthesized bullet-shaped particles. In the transverse direction to the flow,
whether a particle passes through the oil-water interface or remains trapped at the interface
depends primarily on a competition between the magnetic force and the force due to interfacial
tension (Fig. 5). Thus, in equilibrium, we write the y-direction force balance F,, —F, = 0.
Here, the magnetic force

Fo :47ra‘,uoi—, (D

where the particle characteristic length is a (Fig. 5), permeability of free space u,=1.257
x107%m kg s > A%, and the magnetic field is H. We assume that the particles are perfectly
wetting in the aqueous phase, such that a contact line is absent from the particle surface. Thus,
the restoring force due to interfacial tension,

F, =2nyasin 0, )

where 0 is the interfacial deformation defined by the tangent to the interface inflection point
(see Fig. 5). We also make the assumption that the transition between particle passage and trap-
ping is dependent on the force balance corresponding to the maximum interfacial restoring
force, F, ~ 2mya, where sin0) = 1.

Recognizing that typically microparticle magnetic susceptibilities y <1, so that
/% — O(y), we non-dimensionalize by H = H/M and y = y/y,,, and isolate for the gradient of
the squared magnetic field, to find

oH° 1

5 "B 3

where the small aspect ratio ¢ =a/y,, and the dimensionless magnetic Bond number
B =2p,yaM* /3.
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FIG. 5. Schematic diagram of a bullet-shaped particle deforming the interface between the aqueous and non-aqueous fluids
in our microfluidic system. Here, we assume that the particle is moving with the fluids from left to right. Therefore, we
only consider a force balance in the transverse (y) direction to determine whether or not the particle will cross the interface.
The magnetic force F,, exerted on the particle by the applied magnetic field gradient is countered by the force due to inter-
facial tension F,. We extract the magnetic susceptibility of the particle by observing the trapping or passage of the particle
at the interface as we vary the SDS concentration in the aqueous phase to change the interfacial tension .
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At the critical point between particle passage and trapping at the interface, 81172 /0y =~
1/eB = O(1). Thus, isolating for the magnetic susceptibility y and substituting the parameters
used in our experiments, we find that our synthesized bullet-shaped microparticles have mag-
netic susceptibility ¥ = O(10~*). This value of magnetic susceptibility y is one order of magni-
tude less than for commercially available magnetic microspheres.’® The lower value of the
magnetic susceptibility y in our bullet-shape particles likely results from the lower concentra-
tion of iron oxide nanoparticles suspended in our pre-polymer mixture.

C. Fluorescence imaging of particle conformal coating

Figs. 6(a)-6(c) show a time-series of close-up images, extracted from a high-speed video,
of the coating of a bullet-shaped particle in our microfluidic device. Here, the particle arrives at
the co-laminar flow interface, deforms the interface and eventually breaks away from the inter-
face while dragging some of the lower aqueous phase into the non-aqueous phase (see movie 1
in the supplementary material®’).

We find that capturing the entire coating process in a single microscope frame is very diffi-
cult, because the coating dynamics often occurs through the entire length of the microscope
frame. Therefore, we employ fluorescence imaging, downstream of the particle coating region,
to image the coating layer.

Fig. 6(d) shows a conformally coated bullet-shaped magnetic particle with fluorescent dye
in the coating fluid. In this image, the aqueous solution contains 10 mM fluorescein and 8§ mM
SDS. For better image recording, we turn on the bright-field light with a minimal intensity to
visualize the coating of the non-spherical particles. Movie 2 in the supplementary material®’
shows a video of this fluorescence imaging experiment.

The image (Fig. 6(d)) shows the coating fluid surrounding the bullet-shaped particle in an
approximately uniform fashion. We note that the coating layer captures the 3D curvature of the
particle, and the coating layer thickness is approximately 1.6 * 0.5 um along the entire particle
surface.

FIG. 6. Close-up views of the coating of a single non-spherical magnetic particle. As the magnetic particle approaches the
oil-water interface, it (a) deforms and (b) passes from the aqueous (lower) phase to the non-aqueous (upper) phase.
Subsequently, the particle is (c) conformally coated with the aqueous phase, and a tail of the aqueous phase forms behind
the particle. This tail eventually breaks up via a capillary instability process. (d) A conformally coated bullet-shaped mag-
netic particle shown with fluorescent dye in the coating fluid. In this image, the aqueous solution contains 10 mM fluores-
cein and 8 mM SDS. The image shows the coating fluid surrounding the bullet-shaped particle in an approximately uniform
fashion. Scale bar 20 pm.
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D. Physical discussions of conformal coating

This microfluidic conformal coating geometry shows many similarities to the classical fluid
mechanics problem of the slow motion of a rigid sphere towards a deformable liquid-liquid
interface.*®?° In the classical problem, the driving force is gravity. Thus, when the sphere
approaches the liquid-liquid interface, the competition between gravity and the liquid-liquid
interfacial tension regulates the rate of liquid drainage between the sphere and the interface.
This competition is described by the gravitational Bond number—the ratio between gravita-
tional force and capillary force acting on the sphere.

At low Bond numbers, capillary forces restrict the deformation of the interface. The liquid
between the sphere and the interface completely drains out before the sphere breaks through
the interface.*** When the Bond number is much greater than unity, gravitational force on the
sphere dominates over the restoring force from interfacial tension. The sphere deforms the
interface rapidly. As the sphere penetrates and passes the interface, it entrains a “tail” of the
original phase. If the sphere surface is wettable to the entrained phase, then the coating layer
stays on the sphere surface.*’

Analogously, in our microfluidic system, the force on the particle due to magnetism repla-
ces the gravitational force (Fig. 5). Thus, competition between magnetism and interfacial ten-
sion results in dynamics that is governed by the dimensionless magnetic Bond number f§ =
2u,7aM?/y. With experimental values from our microfluidic setup, we find the magnetic Bond
number f# = O(10* — 10%). These values of the magnetic Bond number f agree with our obser-
vations: the non-spherical particles deform the interface quickly, and subsequently entrains a
layer of coating fluid upon passage through the interface. The aqueous coating fluid remains on
the particles because the particles’ surfaces are hydrophilic.

We also note that with microparticles in viscosity-dominated fluid systems (for example, in
microfluidics), achieving such high Bond numbers is not practical without using ultralow interfa-
cial tension fluid mixtures (since f§ o< a/y). This assessment is in agreement with the previous lit-
erature, which also uses a fluid mixture that has an ultralow interfacial tension.** In our experi-
ments, the interfacial tensions are ~1000 — 10000 times smaller than in typical oil-water systems.

Finally, although we have not systematically controlled the magnetic Bond number in our
system to tune the coating layer thickness; we anticipate that the film thickness will grow with
increasing magnetic Bond number f. As the ratio of magnetism to interfacial tension increases,
the particles should migrate through the liquid-liquid interface at a faster rate than the rate of
film drainage. Therefore, more of the initial fluid phase should be entrained, resulting in a
thicker coating layer. This relationship has been described empirically for classical macroscale
sphere coating experiments.*!

IV. CONCLUSIONS

In this article, we demonstrate the conformal coating of non-spherical magnetic particles in
a co-laminar flow microfluidic system. We synthesize the bullet-shaped magnetic particles with
3D curvature using a microfluidic stop-flow lithography technique, and we build our microflui-
dic device using a multi-layer assembly process to remove vertical gradients of the magnetic
field.

In coating experiments, we find that the rate of deformation of the oil-water co-laminar
interface varies depending on the aqueous phase SDS concentration. We attribute these differ-
ences to changes in the two-phase interfacial tension, and we exploit the changes in the particle
behavior at the interface—particles either become trapped at the interface or cross the inter-
face—to extract information on the magnetic susceptibility of the particles. We also observe
conformal coating of a bullet-shaped particle with fluorescence imaging, and find that the aque-
ous coating layer is approximately uniform along the entire curved surface of the bullet-shaped
particle.

The microfluidic conformal coating technique we show in this article offers an approach to
coat non-spherical particles, and preserve the shape and curvature of the particle surface. To
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the best of our knowledge, this is the first demonstration of a microfluidic method to coat non-
spherical particles conformally by particle passage through a liquid-liquid interface. In addition
to the coating of bullet-shaped microparticles, we also coat other microparticles with highly 3D
curvatures (see Fig. S1 in the supplementary material’’). We anticipate that this technique may
be useful for conformally coating small non-spherical objects, such as living cells, in microflui-
dics. In these biological applications, the non-aqueous phase should be replaced with a bio-
compatible fluid, such as the fluids used in ATPS.
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