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Fig. 1 Fabrication and assembly of the microfluidic device. (a) Multi-level polydimethylsiloxane (PDMS) molds were fabricated from multi-level
machine-milled brass masters. The top channel was 850 um x 500 pm (width x height) and the bottom channel was 850 pm x 250 pm (width x
height). (b) The embryo was placed on double-sided tape over the bottom channel. Alignment posts of one PDMS mold were snapped into
alignment holes of the second PDMS mold. (c) After assembly, one warm laminar stream and one cool laminar stream were flowed around the

embryo, maintaining each half of the embryo at a different temperature.

saline (PBS) buffer (137 mM NacCl, 2.68 mM KClI, 10.14 mM
Na,HPOy, and 1.76 mM KH,POy,, adjusted to pH 7.2) (Fisher
Scientific, Fairlawn, New Jersey) were flowed through the
device at a flow velocity of 5 cm s~ ', which was calculated
from the total flow rate of 2 mL min '. Laminar flow was
observed by two methods: (a) flow was visualized by labeling
one laminar stream with ink, (b) flow was visualized using
a suspension of FluoSpheres sulfate microspheres, 1 pm
(Molecular Probes, Carlsbad, CA).

To create a temperature step across the main channel, each
stream was maintained at a controlled temperature using
EchoThermZ2 digital electronic chilling/heating plates (model
1C22, Torry Pines Scientific, Inc.). The fluid was flowed
through Intramedic2 Clay Adams2 Brand polyethylene
tubing (Becton Dickinson and Company) with an inner
diameter of 1.14 mm and an outer diameter of 1.57 mm. The
polyethylene inlet tubing was passed through an 80 cm long
piece of copper tubing, coiled over the heating/chilling plates
and insulated. To minimize heat loss, the length of the tubing
connecting the chilling/heating plate and the device was kept
to a minimum (typically ~2 cm). Temperature of the fluid
entering the main channel was calibrated at each inlet of the
PDMS channel using a Digi-Sense 1 Thermistor Thermometer
(Cole-Parmer Instrument Company). Temperature equilibra-
tion through the copper tubing was efficient, and heat loss
through the connecting segment was minimized, as evidenced
by the similarities of the set temperature of the plate and
measured temperature inside the channels. When the set
temperature of the plate was 28 °C, the temperature at inlet
was 27 °C, and when the set temperature of the plate was 18 °C,
the temperature at the inlet was 20 °C. Room temperature was
~23 °C.

The temperature difference between the two streams of
laminar flow was visualized using a suspension of thermo-
chromic liquid crystals (Image Therm Engineering). The
response time of the liquid crystals is ~10 ms—at a flow
velocity of 5 cm s~ !, each point along the channel is
represenative of 500 pm upstream of that point.

The temperature of the two different streams of flow could
be rapidly switched on the monitor of the digital electronic
chilling/heating plates during experiments in which the
temperature of the two laminar streams was reversed. The
response time after digitally changing temperatures was ~35
minutes for the temperature at the inlets to go from 20 °C to
27 °C or from 27 °C to 20 °C. Room temperature was ~23 °C.

Simulating fluid flow and heat transport

The steady state fluid flow and heat transport within the
microfluidic channel were simulated using a commercial finite
element package FEMLABZ2 3.1 (Comsol AB, Stockholm,
Sweden). A section of the channel in the vicinity of the embryo
(2 mm of the 2 cm length of the channel) was modeled (Fig. 2).
A three-dimensional geometry representing the embryo in the
channel was drawn. Half of an ellipsoid with a length of 500
pum and a width and height of 200 pm was draw to represent
the embryo. The effects of embryo placement and rotation on
the temperature distribution within the embryo were deter-
mined.

To simulate fluid flow over the embyro, the incompressible
steady-state Navier—Stokes equations were used [eqn (1)]

p(%) —V-n(VtH—(Vu)T) FpVu+Vp=F (1)

where 1 [kg m~' s '] is the dynamic viscosity, u [m s~ '] is the

velocity vector, p [kg m ] is the density, p [kg m ' s %] is the
dynamic pressure, and F [kg m > s~ ] is a body force. The no-
slip condition was imposed at the channel walls and the
surfaces of the embryo and the tape. The pressure at the outlet
was fixed at atmospheric pressure and the fluid velocity at the
inlet was set at the mean linear velocity which was obtained by
dividing the volumetric flow rate by the cross-sectional area of
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Fig. 2 Geometry of the channel and finite element mesh used in
numerical simulations. All segments of the channel are 850 um wide in
the y-direction and 750 um deep in the z-direction. The channel outline
and the position of the double-sided tape and embryo are shown in the
inset.
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the channel. The inlets are longer than the length required for
the flow to develop fully. The assumption of uniform initial
velocity over the cross-section of the inlets, therefore, did not
generate errors in the region of interest (immediately around
the embryo).

To simulate heat transport, the convection-conduction
equation was used [eqn (2)]

KV>T + pCopVT =0 )

where T [K] is temperature, C, [J kg ' K"l is the heat
capacity of the medium, p [kg m ?] is the density, v [m s~ '] is
the velocity vector, and k [W m~' K™'] is the thermal
conductivity.

The channel walls were assumed to be thermal insulators.
The temperatures at the inlets were fixed at 300 K and 293 K.
The temperature at the surface of the embryo and surface of
the tape was assumed to be continuous with the temperature of
the fluid. We assumed that the heat flux at the channel outlet
was dominated by the convective flux. Simulation convergence
was determined using successive mesh refinement. Heat
capacities [J kg~ K™ of 4180, 130, and 4180 were used for
buffer, tape, and embryo, respectively. A thermal conductivity
W m~! Kil] of 0.6, 0.2, and 0.6 was used for buffer, tape, and
embryo, respectively. Densities [kg m™>] of 1000, 1160, and
1000 were used for buffer, tape, and embryo, respectively.
Finally, viscosities [kg m™' s™'] of 0.001 and 0.001 were used
for buffer and embryo, respectively.

All models presented here assumed the system was operating
in a steady state. This assumption was based on the relatively
rapid time scale for heat transfer across the embryo in com-
parison to the time scale for heat transfer into the PDMS. To
verify rapid heat transfer through the embryo, the thermal
diffusivity through the eggshell surrounding the embryo and
through the cytoplasm was calculated and compared. The
thermal diffusivity, D [m?s~ '] was calculated using Dt = k/pC,,
where k is thermal conductivity [W m 'K '], p is density
[kg m 3], and C, is specific heat [J kg 'K ™']. The time scale
t [s] of heat transport through the eggshell and cytoplasm was
approximated by t = x*/2Dr, where x [m] is the distance over
which heat transport is taking place. The eggshell, which is
composed of waxy layers, was approximated by paraffin wax,
for whichk =25 x 10 3 kIm ™ 's ! K™, p=930kg m~3, and
Cp,=21kJkg "K' givingDr=1.3 x 10° um*s™',t=0.9 x
107> s. The cytoplasm of the embryo was approximated by
water, forwhichk=6.0 x 10 kIm 's 'K, p=1000kg m3,
and C, = 4.2 kJ kg ' K, giving Dy = 1.4 x 10° pm* s~ !,
t=09s.

Collecting embryos and detecting protein expression in the
embryo after being exposed to a temperature step

Wild-type (Oregon R.) Drosophila embryos were collected
from adults on molasses plates with yeast medium,'* at 23 °C
for 2-5 minutes. The embryos were placed on double-sided
tape (Scotchd #667) and assembled in the microfluidic device.

Embryos removed from the microfluidic device after being
exposed to the temperature step, were hand dechorionated on
double-stick tape, fixed in 3% formaldehyde in PEM buffer

(0.1 M 1,4-piperazine diethane sulfonic acid (PIPES), 2.0 mM
[ethylenebis(oxyethylenenitrilo)]tetraacetic  acid  (EGTA),
1.0 mM MgSO,, adjusted to pH 6.95) (Fisher Scientific,
Fairlawn, New Jersey) and histochemically immunostained
according to standard procedures.!! Protein expression was
detected through oxidation of diaminobenzidine (DAB) by
conversion of H,O, by horseradish peroxidase. A mouse
monoclonal antibody (DP311) that recognizes several Pax3/7
gene products including Paired and goat anti-mouse HRP
IgG (H + L) secondary antibody were used to detect Paired
protein.'*

Results and discussion

Experimental verification of laminar flow and temperature step
across the main channel

In simple geometries, laminar flow is expected at values of the
dimensionless Reynold’s number (Re)'® that are less than
2000. A stable laminar interface between the two streams of
flow was observed when ink or fluorescent microspheres were
used to mark flow at a flow velocity of 5 cm s~ ! (Re = 13 in
outlet channel). While the overall flow is clearly laminar under
the conditions used in experiments, at values of Re ~ 40 it is
possible for localized eddies to exist. Eddies could affect the
temperature profile around the embryo. No eddies or fluid
crossover was observed experimentally, as demonstrated by
the streamlines of fluorescent microspheres (Fig. 3a).

A step-like temperature profile was observed in the main
channel by flowing a suspension of thermochromic liquid
crystals. A tight thermal boundary was experimentally
observed at the interface of the two laminar streams of flow
(Fig. 3b). The temperature profile across the main channel and
the embryo is therefore referred to as a temperature step
(T-step).

Verification of laminar flow and temperature step across the
main channel by numerical simulation

FEMLAB was used to numerically simulate fluid flow and
heat transport within the channel. The flow profile obtained by
numerical simulation further confirms the presence of laminar
flow. Placement of the embryo in the center of the cross section

Fig. 3 Experimental observation of flow and temperature profile
around a live embryo in a microfluidic device. (a) Flow profile
observed with a suspension of FluoSpheres. No eddies were observed
around the embryo. (b) Temperature profile observed with a
suspension of thermochromic liquid crystals. A tight thermal boundary
was observed between the two laminar streams of flow around the
embryo, confirming the presence of a temperature step (T-step) across
the main channel.
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of the main channel did not lead to the formation of eddies
within the channel (Fig. 4a). Streamlines of fluid flow over and
around the embryo were continuous, whereas eddies would
have appeared as closed streamlines. The velocity and tem-
perature fields at the midplane of the channel are shown in
Fig. 4b and c, respectively.

The numerical simulations also considered heat conduction
within the embryo. The steady-state temperature distribution
for the cross section along the antero-posterior axis of the
embryo is shown in Fig. 4d. The temperature profile within the
embryo is also step-like.

Simulating the effects of embryo position on the temperature
distribution across the main channel

We determined the error in placement of the embryo by
assembying 10 embryos in the microfluidic device and measur-
ing the offset of the embryo in the y direction, and the rotation
of the embryo away from the y plane (Fig. 5a). The largest
measured offset of the embryo in the y direction was 36 pm.
The largest rotation of the embryo away from the y plane was
3°. After assembling embryos in the microfluidic device, an
offset of the embryo greater than 20 pm and a rotation of the
embryo greater than 3° were easily detected. Embryos that
were offset more than 20 pm or rotated more than 3° were
removed from the channel and not used for experiments. Using
numerical simulations, we quantified the effects of variation in
embryo position on the temperature profile within the embryo.
The largest offset (36 pwm), largest rotation (3°), largest offset
and largest rotation (36 pm, 3°), and smallest offset detectable
by visualization (20 um) in the 10 embryos were considered, as
well as shifting the embryo to the edge of the tape towards the
converging point of the two laminar streams (Fig. S5c-h). The
temperature along the midplane of the embryo was plotted as a
function of embryo length for each simulation (Fig. 5b).
Normal position of the embryo centered across the main
channel with the length of the embryo perpendicular to flow
resulted in a step-like temperature profile (Fig. 5b, c). The
effect of rotating the embryo 3° away from the perpendicular
was negligible, shifting the temperature profile by ~2%
embryo length (Fig. 5b, d). Shifting the embryo to the edge
of the tape upstream, towards the converging point of the two
laminar streams, did not shift the temperature profile along the
embryo length, but slightly sharpened the thermal boundary
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Fig. 5 Effect of embryo position on temperature within the embryo.
(a) The layout of the computational domain is shown from above for
the normal embryo position. (b) The temperature profiles along the
hemisphere of the embryo are plotted as a function of embryo length.
(c)~(h) The temperature on the fluid/embryo interface is shown
projected onto the x-y plane for each of the simulated embryo
positions. (i) Flow velocity profile around an embryo shifted 36 um in
the y direction.

(Fig. 5b, e), presumably due to the shorter contact time
between the two streams upon reaching the embryo. The effect
of embryo offset on the temperature distribution within the
embryo was more pronounced. The smallest offset detectible
by visualization, 20 um, caused the temperature profile to be
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Fig. 4 Velocity and temperature profiles determined by numerical simulation. (a) Stream lines color-coded with fluid temperature mapped the
paths of the fluid as it flows around the embryo. Eddies would appear as closed loops, and were not observed. (b) Velocity field at the vertical
mid-plane of the channel. The fluid was observed to accelerate as it flowed around the embryo. (c) Temperature profile at the vertical mid-plane of
the channel. Conduction through the embryo broadened the transition between the high and low temperatures. (d) Temperature distribution within
the embryo. The temperature profile was taken at a cross-section through the middle of the embryo.
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shifted ~8% embryo length (Fig. 5b, f), while the maximum
shift of 36 um caused the temperature profile to be shifted
~16% embryo length (Fig. 5b, g). This shifting of the bound-
ary between the two different temperature laminar streams can
be explained by a change in the flow velocity between the tip of
the embryo and the channel wall. The regions between the tips
of the embryo and the walls are constricted. Shifting the embryo
opens one constriction while closing the other, leading to the
corresponding increase and decrease of the flow velocity, and
the shift of the boundary between the two streams. Therefore,
small changes in distance have a significant impact on flow rate.

Embryos exposed to fluid flow in the microfluidic device develop
normally

The shear rate at the embryo was calculated to be ~700 s~
(refer to the supplementary information of ref. 1). We used
numerical simulations to verify the shear rate at the embryo.
The shear rate was obtained from the numerical simulations by
plotting dU/dy, where dU [m s '] is the change in average
velocity, and dy [m] is the change in position across the
channel. The shear rate obtained by numerical simulations was
~1100 s " at the ends of the embryo, and ~750 s~ ' at the top
of the embryo. The viability of Drosophila embryos exposed to
flow of buffer at higher flow velocities and smaller channel
dimensions than in our microfluidic system has been pre-
viously shown to be comperable to controls.'® Embryos
exposed to fluid flow at constant temperature in our micro-
fluidic device also developed normally (refer to the supple-
mentary information of ref. 1). Embryos exposed to flow for
4 hours after collection and then removed from flow and kept
on molasses plates hatched and developed into normal adult
flies.

Embryos exposed to the temperature step feel the effect of the
two different temperatures

Using fluorescent immunostaining, we have previously shown
that Even-skipped expression is affected by the T-step. Here,
we used histochemical immunostaining'' to validate the
characterized microfluidic system by observing expression of
Paired protein!”'* in wild-type Drosophila embryos exposed to
a T-step of 20 °C/27 °C. Paired protein is expressed in a
spatially precise striped pattern in Drosophila embryos. We
expected that embryos exposed to an unnatural environment
of a T-step could have disrupted protein expression due to the
difference in temperature and thus rate of development in the
two halves of the embryo. Since Paired expression is controlled
by upstream pair-rule gene expression, stripes would be
expected to form out of order with stripes forming in the
warm half first, since this is what was observed with Even-
skipped expression.

Under normal conditions, Paired is expressed in a complex
spatial and temporal pattern of seven stripes along the antero-
posterior axis of the embryo.!”'® Normally, Paired stripe 1 is
expressed first with Paired stripe 2 forming slightly afterwards.
Paired stripe 7 is then formed, followed by Paired stripes
3-6.!71% During early gastrulation, the 7 broader regions of
Paired stripes form a 14 striped pattern with gooseberry, a
segment-polarity gene.

Development of embryos exposed to a temperature step of
20 °C/27 °C was affected by the two different temperatures.
Paired stripes formed out of order, with stripes forming in the
warm half of the embryo first (Fig. 6a, c). This result was
particularly striking in embryos in which the anterior half was
warm and the posterior half was cool (Fig. 6¢) in that stripes
3-5 formed before stripes 67 were expressed. This is highly
unusual, since stripe 7 always forms before stripes 3—5 under
normal conditions. While stripes were expressed in the wrong
order (Fig. 6a, ¢), the later 14 striped pattern of Paired and
Gooseberry expression was in the correct position (Fig. 6b, d).
The developmental network that controls later pair-rule and
segment-polarity gene expression remained robust even under
the unnatural condition of the T-step.

Conclusions

Experimental characterization of the microfluidic platform
showed that there were no eddies in fluid flow and that the
thermal boundary between the two laminar streams was tight,
creating a step-like temperature profile across the channel.
These results were confirmed by numerical simulation. The
numerical simulations were used to predict the temperature
profile within the embryo. Simulations confirmed that there is
also a step-like temperature profile within the embyro, and
that the maximum observable variations in embryo positioning
do not result in significant changes to the temperature dis-
tribution within the embryo. The most significant change in
the temperature profile within the embryo resulted from offset
in embryo position across the main channel. However, this
potential problem can be overcome by marking one stream of
flow with dye, facilitating the visualization of the interface
between the two laminar streams. By marking flow, the relative
flow rates of the two laminar streams can be adjusted to shift
the interface of the two streams over the midpoint of the
embryo, regardless of the embryo’s displacement in the channel
cross-section. Automated systems for positioning of embryos

255 min.

Fig. 6 Paired protein expression in embryos exposed to a T-step of
20 °C/27 °C. (a)-(b) Embryos exposed to a T-step with the anterior
half at 20 °C and the posterior half at 27 °C. (c)-(d) Embryos exposed
to a T-step with the anterior half at 27 °C and the posterior half at
20 °C. Paired stripes resolved in the warm half of the embryo first,
shown by white arrows in a and ¢, but the later 14 striped pattern of
Paired and Gooseberry expression was in the correct position. Anterior
is to the left, posterior is to the right in each image. Fluid flow was
from the top.
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are being developed.'” The microfluidic system characterized
herein could prove useful for controlling the local temperature
of other biological systems. While the device geometry
described is sufficient for our purposes, new geometries may
need to be designed for more precise temperature control of
other systems. The protocol developed here is general and can
be used to characterize future microfluidic platforms.
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