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Three-Dimensional M olecular Phase Separ ation and Flow Patterns with Novel
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Abstract: Inorganic and organic integrated systems
detect, process, and respond to signals from solid media.
Advances in fluidic systems have offered an alternative
to traditional signaling methods through the development
of aqueous signaling systems. Here, we show an exper-
imentally simple mechanically governed fluidic system
that creates three-dimensional molecular multiphase sep-
aration in a combination of discrete and continuous gra-
dients analogous to digital and analog signals that can
be used for controlled spatiotemporal cellular stimula-
tion. We accomplish the pattern formation by fabricating
a compartmentalized multi-level fluidics device where a
network of capillaries converges into a main channel. Si-
multaneous control of the fluid streams in the horizontal
and vertical planes allows us to create hybrid aqueous
patterns. This soft lithography system enables controlled
diffusion schemes within the laminar flow regime in three
dimensions and overcomes the limitations of monophasic
delivery and planar constraints. Our fluidic device has
potential applications in a wide range of systems from
three-dimensional biological control in cell structure and
motility studies to fluidic computational devices.

1 Introduction

The evolution of mechanically-based fluidic systems has
recently led to the hypothesizing and pursuit of novel
scientific questions in diverse areas ranging from com-
putational logic to subcellular stimulation (1-3). How-
ever, advances in answering these questions impose new
challenges for developing integrated fluidic capacities us-
ing lithographic methods. Through the increase in the
sophistication of microfluidic systems, researchers have
pursued alternative methods to produce integrated pro-
cesses including logic operations, fluidic control, and de-
tection on the chip (4,5). Although these processes can
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be controlled through an electronic framework, uncon-
ventional media may provide distinct advantages which
would have applications in computational, decision mak-
ing, or environmental control. For example, streams
in the microfluidic domain have been used to create
a chemical stream being present or absent under two-
dimensional control (6). The ability to have precision
beyond solely binary on-off signals into three dimen-
sions would provide significant advantages on multiple
fronts. To build these fluidic devices, fabrication tech-
niques as practiced in the electronic and microelectrome-
chanical fields are utilized (7-9) where micrometer scale
components are fabricated on silicon wafers (10-13). Mi-
crochannels, which are made from fabrication and in-
verted molding processes (14-16) have been used in a
multitude of diverse applications including optical lat-
tice sorting (17,18), memory and control devices (1, 19-
21), and colloidal assembly methods (22-25). However,
due to the lithographic techniques used, a major limi-
tation is that the devices are often two-dimensional in
nature. Thus, the ability to have spatial distribution in
three dimensions is constrained. In addition, specific sys-
tems have been developed with three-dimensional char-
acteristics in their final device arrangement yet the fluid
distribution in these is limited to the predefined three-
dimensional architectural configuration of the fabricated
structures (26-29). In this study we design and fab-
ricate our mechanically-governed Multiphase Fluidics
Separation in 3 Dimensions (MuFS-3D) device and
demonstrate the active manipulation and delivery of
aqueous phases not only in the horizontal direction but
in the vertical one as well. This device can be applied
to cellular mechanics as the ability for cells to move,
deform, and respond to forces is directly related to the
chemical environment in which cells reside. Through be-
ing able to manipulate local domains of a single cell in
three-dimensions, we can alter the internal environment
of the cell, which helps to bridge the gap between molec-
ular and cellular response; this gap is separated by a ten-
thousand times size difference. One example of our sys-
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Figurel: The Multiphase Fluidics Separation 3D (MuFS-3D) device. (a) Schematics of 6-inlet and 4-inlet systems.
In the 4-inlet system, the intersection point of the inlets in the upper and lower layers was shifted in the x-axis
(vertically-offset). In the 6-inlet device, the main channel of both upper and lower layers aligned completely above
each other (vertically-aligned). Grey channels represent the presence of fluorescent molecules. White channels
represent the absence of fluorescent molecules. The various inlets in the 6-inlet system are labelled i — vi and those
in the 4-inlet device are labelled | — V. Location m (for vertically-aligned devices) and location n (in vertically-offset
systems) denote the intersection point where the various inlets converge into the main channel. Location o refers
to a distance further away (along the x-axis) from the intersection point. The distance separating locations m and
0 was approximately 3 cm and the distance between locations n and o was approximately 1 cm. (b) Schematics
for the MuFS-3D fabrication process. SU-8 photoresist (black box) was spun onto a silicon wafer (Si substrate)
and thermally cured. A transparent mask (white box) with the features printed on it was placed on top of the SU-8
photoresist and exposed to ultraviolet (UV) light (1). The resulting pattern was then chemically reacted to create the
reverse features of the fluidic channels, i.e., the mold (11). Polydimethylsiloxane (PDMS; grey box) was poured onto
the mold and thermally cured (111). Each PDMS slab was then peeled off of the mold to create the fluidic channels
(IV). One PDMS slab was then inverted, aligned, and sealed on top of a second PDMS slab (V). (¢) Schematic of
vertical and horizontal alignment for epi-fluorescent and confocal microscope visualization. The x-y-z axes indicate
the orientation throughout the figures.

tem affecting mechanics is through locally modifying the through control of shear stress. This new fluidic system
cell structure (i.e. cytoskeleton), which would directly provides a significant advance in the ability to create pat-
affect the response of the cell to mechanics as the dom- terns of molecules and emulates digital and analog sig-
inate factor in cells is their biochemical regulation. Fur- nals integrated within three-dimensional domains; this is
thermore, by altering the viscosity in the adjacent lanes, essential in cellular and molecular research.

this device would allow a force gradient to be applied
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2 Methods

Channels were fabricated on silicon wafers by pattern
transferring of SU-8 photoresist (Microchem), which
were then used to create microfluidic channel molds (Fig.
la and 1b). Polydimethylsiloxane (PDMS) was cast
against these molds and placed against another PDMS
layer; the channels were sealed to #1 borosilicate glass
coverslides for microscopic visualization. Plasma oxida-
tion of the PDMS was utilized to strengthen this surface
adhesion. Our MuFS-3D system was built through the
alignment of two PDMS layers, which was accomplished
under light microscopy. The substrate and the PDMS
slabs were first cleaned with tape to prepare the bond-
ing surface. Due to the natural adhesion of the PDMS
surfaces during contact, the surfaces of the two slabs
were treated with a thin layer of water at a localized re-
gion of the bonding surface to form an intermediate layer
and make relative movement between the layers possible.
This additional step prevented the hydrophobic surfaces
from self-annealing during alignment. Once aligned, the
two slabs were placed under vacuum and bonded. Both
the substrate and PDMS slabs were placed in the oxygen
plasma chamber with a controlled voltage and duration
(100 V, 30~60 sec.). The area with the water layer was
not bonded, but this did not affect our device because this
location was far from the channel area.

Three-dimensional multiphase flows were generated by
stacking PDMS slabs which combined microchannels in
the horizontal and vertical planes (Fig. 1a). Each PDMS
slab has embedded predesigned features, where the main
channel was 100 pm in width and 50 pm in height. The
combination of PDMS slabs with different patterns re-
sulted in the 6-inlet and 4-inlet MuFS-3D devices shown
in Figure 1a. In our 6-inlet device, the main channel
of both upper and lower layers were completely aligned
(vertically-aligned); whereas in the 4-inlet system, the in-
tersection point of the inlets in the upper and lower layers
were shifted with respect to the x-axis (vertically-offset).
Throughout this study, the various inlets in the 4-inlet de-
vice are labelled | — IV and those in the 6-inlet system are
labelled i — vi (Fig. 1a).

Cascade blue, texas red and fluorescein were used
to distinguish spatiotemporal distribution of fluorescent
streams in our MuFS-3D devices. In addition, phos-
phate buffered saline (PBS) alone was used as the non-
fluorescent control. After streaming various solutions

through the physically separated inlet channels we ob-
served parallel flow streams that converged into the main
channel where the selective separation of the dyes was
maintained. The lack of fluid mixing was dictated by
the Reynolds number, Re = vdp/u (velocity v, diame-
ter of the channel d, density of the liquid p, and viscos-
ity W), which is a dimensionless ratio of inertial forces
to viscous forces. This formula predicted the tendency
of a flowing fluid to develop laminar or turbulent flow.
When Re was approximately less than 1000, fluid mix-
ing was inhibited and laminar flow was maintained (30);
in our system, Re was below 1. We controlled the three-
dimensional chemical delivery with respect to the lam-
inar flow behavior through leveraging this laminar flow
behavior. To accomplish this, one level of fluidic delivery
was supplemented with an adjacent fabricated slab above
the base slab (Fig. 1c). For the fabrication, the channel
resolution is limited by the mask and pattern transfer. For
our application, we do not require dimensions smaller
than tens of micrometers; this is easily achieved by con-
ventional soft lithography. The thickness of the PDMS
slabs is limited by the focal depth of the microscope ob-
jective as there are adjacent layers of PDMS. In our ex-
periments, we were limited to 2 micrometers. We intro-
duced distinct solutions into the systems and the differ-
ent phases of fluid flowing from both vertically and hor-
izontally separated inlets converged into the main chan-
nel. Cascade blue, texas red and fluorescein (Molecular
Probes) were diluted in PBS to a working concentration
of 100 pg/ml. These three dyes were visualized using
DAPI, tetramethyl rhodamine isothiocyanate, and fluo-
rescein isothiocyanate filter sets, respectively. Fluores-
cence was visualized under 10, 20, 40 or 100X objectives
of an epi-fluorescence Zeiss Axiovert microscope or an
Olympus Fluoroview BX61 confocal microscope. Dig-
ital images were captured and processed using National
Institute of Health Image. Images for the multilevel de-
vices generally were constrained to the 40X, 1.0 numer-
ical objective due to the working distance necessary for
capturing images at multiple heights. For visualizing the
streams, the resolution ideally is the same in the vertical
and horizontal directions, but the ability to visualize it
is limited by the microscope; optical microscopy resolu-
tion is theoretically limited by approximately half of the
width of the excitation wavelength.
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Figure2: Complex three-dimensional pattern formation through delivery of molecular solutions into the main chan-
nel. (a) Schematic of fluidic organization and (b) confocal microscope image of a section of the 4-inlet vertically-
offset MuFS-3D device at location n. Fluorescein was added into inlet I, texas red into inlet IV, and PBS into inlets
I1 and I11. Scale bar = 30 um. (c) Three dimensional pattern formation using a 6-inlet vertically-aligned MuFS-3D
system. Cascade blue was added into inlets iii and iv and Phosphate Buffered Saline (PBS) into inlets i, ii, v and
vi. Slices at specific x-y planes were observed. Cross-section u represents the molecular distribution in the upper
layer whereas cross-section | indicates the distribution in the lower layer. (d) Normalized intensity plot of a sloping
gradient profile at location o. For all three schematics, cascade blue is represented as the grey area whereas the white

sections indicate the location for PBS.

3 Resultsand Discussion

Complex delivery of solutions into the main channel
was analyzed by confocal microscopy in the 4-inlet
vertically-offset MuFS-3D device at location n. The re-
sult of controlling the chemical distribution of the aque-
ous solutions was to create three-dimensional hybrid pat-
terns shown by the schematic in Figure 2a. Fluorescein
was added into inlet I, texas red was added into inlet 1V,
and PBS intoinlets Il and I11. The three-dimensional con-
focal reconstruction of the section analyzed is shown in
Figure 2b. Fluorescein was observed in the upper left
and texas red in the bottom right quadrants (correspond-
ing to inlets | and IV, respectively). These patterns with
the MUFS-3D were created through the mechanisms of:
1) three-dimension control; 2) diffusion control; and 3)
asymmetric distribution. These controls are described in

details below explaining our ability to create this com-
plex hybrid pattern.

The ability to control the distribution in three dimen-
sions is an extension of two dimensional control with
the streams intersecting in both vertical and horizontal
configurations. Three-dimensional control first was ana-
lyzed in the 6-inlet vertically-aligned device at location
m. Cascade blue was added into inlets iii and iv, and PBS
into inlets i, ii, v and vi. The solutions in all six inlets
were added with equal pressure (approximately 1 psi).
From the device configuration, the intersection of the top
channels was close to their convergence point with the
bottom channels; the liquids did not have time to mix be-
tween the top and bottom inlets before reaching this con-
vergence point. Figure 2c is a schematic of the expected
distribution pattern near the intersection of the streams
at location min Figure l1a. By adjusting the focus plane
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on the microscope and using a high numerical aperture
objective (1.0, 40X) slices at specific positions in the
x-z plane were observed. On the lower layer (at cross-
section 1), 75% of the normalized fluorescence intensity
occurred from 0 to 40 um (in the y-axis) and decreased
to 0% from 60 to 100 um (Fig. 2d). The reverse was ob-
served for the upper layer (at cross-section u) with 75%
of the normalized intensity occurring between 60 to 100
pum. Hence, cross-section analysis at location m, where
the inlets converged into the main channel, revealed that
three-dimensional distribution exhibited a discrete on-off
binary signal that correlated to the presence or absence of
fluorescent signal. This device can be used as an exten-
sion of a two-dimensional technique for subcellular stim-
ulation for three-dimensional stimulation. By having the
ability to control the location and profile in 3 dimensions,
a cell can be exposed with separation in the horizon-
tal and vertical directions through the stream interface.
Based upon the dimensions of the microfluidics device as
well as the width and height of the attached cell, the fluid
could flow around the periphery of the cell membrane
and not solely over the top of the cell in streamlines; this
would create the separation in the vertical direction.

The ability to control a chemical profile depends on the
effects of diffusion over the length of the main channel.
Hence, diffusion control would allow us to create either
a step or sloping chemical gradient. A step gradient, or
digital signal profile, resulted from the presence or ab-
sence of a chemical, as a discrete on-off binary signal;
whereas, a sloping gradient, or analog signal profile, had
no abrupt transitions and resulted from a gradual chem-
ical distribution from high to low concentration across
the channel. To determine the effect of diffusion over the
length of the main channel, the chemical distribution was
analyzed at two different locations approximately 3 cm
apart (locations mand o in Fig. 1a). Cascade blue was
added into inlets v and vi and PBS into the remainder of
the inlets of a 6-inlet vertically-aligned device. Analysis
of fluorescence intensity at location mshowed a step gra-
dient profile (Fig. 3a), whereas examining the chemical
distribution at location o revealed a sloping gradient (Fig.
3b). Hence, the role of chemical diffusion was observed
3 cm away from the converging point as the step gradi-
ent gradually becomes a sloping gradient. We expect a
homogeneous (no gradient) chemical distribution to oc-
cur in the main channel at a distance further downstream
from location o. Finally, although our results demon-

strated that diffusion occurs in the x-y plane, diffusion
between adjacent streams was similar in the x-z plane.

A gradient profile was actively controlled by the amount
of diffusion between adjacent lanes, which in turn was
actively manipulated by changes in distance and time that
the streams were in contact, by the chemical diffusion co-
efficient, as well as by the flow velocity. As our results
indicated, at smaller distances travelled and shorter pe-
riods of time where the chemicals were in contact with
each other, the amount of diffusion was smaller (Fig.
3a). Conversely, with longer distances and time that the
streams ran parallel to each other, the amount of diffusion
was greater (Fig. 3b); small molecules such as fluores-
cein have a diffusion coefficient of 300 um?/s. Through
actively controlling the fluid velocity, we dictated the dis-
tribution patterns along the main channel in three dimen-
sions. The pressure was associated with the fluid flow
speed, which controlled the gradient profile along the
main channel length. By increasing the flow rates, the
diffusion region was minimized over the length of the
main channel, which created a step gradient. The flow
velocity of adjacent streams was regulated by adjusting
the inlet pressure. Hence, by regulating the initial inlet
pressure we controlled fluid flow. As the chemical agents
diffused across the interface, the solubilized molecules
continued to propagate down length of the main channel
(x-axis). The fluorescent intensity gradually decreased
across the width (y-axis). Thus a step gradient was ac-
tively manipulated by changes in this pressure, distance,
and time. For intermediate flow velocities and selected
diffusion coefficients, the intensity distribution began as
a step gradient at the intersection of the streams in the
main channel, but gradually evolved into a sloping gradi-
ent at two to three centimetres away from the converging
point (Fig. 3b). This pattern had a gradual slope with a
maximum intensity at the right edge (100 micrometers)
of the cross-section and a minimum intensity at the op-
posite end (0 micrometers). The gradients shown can
create patterns that are not solely binary in both 2 and
3 dimensions. While we demonstrated this for a simple
3 lane system, more complex distributions can be devel-
oped easily through implementing a multitude of inlets
converging at a central channel.

The gradient profile was actively controlled because de-
creasing the flow velocity increased the amount of diffu-
sion between the streams at a distance further along the
main channel relative to the initial channel intersection.
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Figure 3 : Diffusion control for fluid molecular gradient patterns in MuFS-3D. (a) Distribution for a 6-inlet
vertically-aligned device with cascade blue in PBS in lanes v and vi with the remainder of the lanes with PBS.
Normalized intensity plot of the cross-section in the fluidics system for location min Figure 1 revealing a discrete
step gradient. (b) Normalized intensity plot across the cross-section with a continuous sloping gradient at location o
for the same conditions as (a) revealing the same main channel having both step and sloping gradients. (c) Analysis
of pressure control using ANSY'S 4-inlet vertically-offset models. A solution with chemical dye (red) was inserted
into inlets | and IV whereas a control solution (blue) was inserted into inlets Il and 111. The chemical distribution
pattern when an inlet pressure of 3 psi was used. A high inlet pressure resulted in a distinct step gradient along the
length of the main channel. (d) The chemical distribution pattern when an inlet pressure of 0.1 psi was used. Shortly
after the streams converged, the gradient became sloped with significant mixing. The color bars indicate levels of
chemical concentration in the channels with no molecules present at the left side of the bar (blue end) to complete
molecular presence on the right side of the bar (red end).

Therefore, two profiles were observed: 1) a digital signal
profile, or step gradient, due to the presence or absence of
a chemical; 2) an analogue system, or sloping gradient,
where the distributions were gradually sloped gradients
of chemicals across the cross-sections due to increasing
the time of interface interaction.Analogue signals in the
electronic media world vary continuously with time and
have no abrupt transitions between levels, while digital
system are discretized into sequences of binary, on-or-
off representations. We have shown the ability to cre-
ate these patterns and we actively manipulate them using
aqueous media.

Computational simulation of a three-dimensional flow
pattern in a 4-inlet vertically-offset device was created
using ANSYS (Figs. 3c and 3d). The computational
simulation was completed with the dimensions match-
ing those used in our experimental system. The fluid
flow and diffusion effects were modeled by FLOTRAN
CFD with the multi species function in ANSYS. Within
the model, a solution containing a chemical dye was in-
serted into inlets | and IV whereas a control solution
was inserted into inlets 1l and I1l. The lack or presence
of chemical dye was color labelled as a blue or red so-
lution, respectively. In the ANSYS model, momentum
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Figure 4 : Control of asymmetric molecular pattern formation by pressure differentials and flow velocities. (a)
Fluorescence micrograph and (b) normalized intensity plot of a 6-inlet vertically-aligned device at location m. Flu-
orescein was added into inlets i, ii, iv and v and texas red into inlets iii and vi. An asymmetric chemical distribution
was observed as the pressure for fluorescein was increased compared to texas red. Scale bar = 15 um. (c) Schematic
of distribution of fluorescence with unequal amounts of fluorescein in inlet i and cascade blue in inlet v and vi along
with higher pressures of PBS in ii and iii and a lower pressure of PBS in inlet vi from Figure 1. (d) Confocal mi-

croscopy image at the image plane labelled in (c). These
images indicate the boundaries of the channel. Scale bar

equations for the flow field as well as the transport equa-
tions were solved for the chemical distribution (Figs. 3c
and 3d). By controlling the inlet pressure in the model,
three-dimensional phase separation in the main channel
was controlled; for the model shown in Figure 3c, an in-
let pressure of 3 psi was used. This high inlet pressure
resulted in a very distinct step gradient not only at the in-
tersection point but further down the length of the main
channel. For the model in Figure 3d an inlet pressure of
0.1 psi was used. For this configuration, the free inter-
face between the streams was a major focus. The stream-
wall interface would have a pronounced effect near the
wall; this is limited for our system. As we approach
the stream-wall interface, additional complex distribu-
tions would occur. Although a small initial step gradient
was present, the gradient became sloped shortly down the
length of the main channel, where significant fluid mix-

images were digitally deconvolved and dashed lines in the

=25um.

ing was observed. Hence, the ANSYS models indicated
that by actively manipulating the inlet pressure in our
MuFS-3D device we achieved active three-dimensional
control of chemical delivery.

As a final mode of control, we imposed a pressure dif-
ferential that resulted in asymmetric patterns in three di-
mensions. Equalizing the parameters for all of the inlets
allowed us to create symmetrically distributed patterns
that were similar to digital and analogue signals. Pres-
sure differentials, from 0.1 to 3 psi, provided the capac-
ity for the control of step and sloping chemical gradients
as well as inhomogeneous distribution. By independently
changing the inlet pressure in each of the fluidic channels
we actively controlled the distribution of the fluids in the
main channel. To analyze the effect of pressure on chem-
ical distribution, fluorescence was analyzed in a 6-inlet
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vertically-aligned device at location m. Fluorescein was
added into inlets i, ii, iv, and v and texas red into inlets iii
and vi (Fig. 4a). We created much smaller width distri-
bution of the fluorescent molecules (around 10um) across
the 100pum cross-section of the channel through these dif-
ferential pressures. The profile of the fluids in the main
channel was actively shifted through the addition or sub-
traction of liquid at the inlet as a function of both vertical
and horizontal positions. In the 6-inlet vertically-aligned
configuration, the increase in the pressure in inlet i and
ii relative to inlet iii created a subsequent decrease in the
width of one stream (Fig. 4b). The streams were also
modulated in the z-axis through differential amounts of
liquid introduced into channels above one another on the
same side of the main channel. This allowed us to have
three-dimensional control of this asymmetric pattern for-
mation shown in the schematic in Figure 4c and a micro-
scopic image at the midplane of the main channel (Fig.
4d). An advantage of our system resulted from the abil-
ity to actively manipulate differential pressures which en-
abled us to create very narrow chemical streams (down to
single micrometers in width). Hence, by regulating the
initial pressure we control chemical distribution.

Three-dimensional control resulted not only from the
choice of inlet but also by modifying the point of entry of
the inlet streams into the main channel. In our MuFS-3D
vertically-offset device, inlet streams on the upper layer
converged into the main channel hundreds of microme-
ters before the convergence of the inlet streams from the
lower layer. This allowed for a gradient profile on the up-
per layer where diffusion played a more significant role,
while simultaneously having little or no diffusion on the
lower layer. Furthermore, the distribution of the streams
was controlled by having different pressures into each in-
let to create a biasing in the chemical distributions. Com-
bining these together, the pattern was a complex hybrid
cross section of the main channel and actively controlled
using our MUFS-3D device as observed in Figure 2b.
Thus, our results have shown our ability to create com-
plex chemical distribution patterns using our MuFS-3D
device by actively controlling three-dimensional chemi-
cal delivery, the rate of diffusion as well as by asymmet-
ric distribution based on pressure control.

MuFS-3D enabled us to create multiphase molecular
three-dimensional aqueous pattern formation using a
simple lithographically constructed system. Our results
illustrate that we actively control laminar flow in time and

MCB, vol.3, no.2, pp.69-77, 2006

space inside the channel. This results in multivariable
controls including dimensional positioning of molecular
profiles and allows us to be able to parallel digital and
analogue signals with aqueous media. With this tech-
nique, we precisely manipulate distinct spatial regions of
a single main channel by delivering different fluids into
selected areas for potential use in numerous applications
including three-dimensional chemical fabrication. Fur-
thermore, by integrating our technique with cellular stud-
ies, it is possible to chemically stimulate and manipulate
subcellular domains of single cells in three dimensions.
This potentially can address localized questions in cel-
lular research including structural manipulation of cells
where controlled delivery of cytoskeletal disruptors such
as latrunculin could be targeted to local domains of cells
to determine the effects of three-dimensional separated
actin depolymerization. Thus, our MuFS-3D device pro-
vides a novel system for studying novel scientific ques-
tions in a range of diverse fields including biology, chem-
istry, physics, and engineering.
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