


1. Background

Due to their ability to control small volumes, microfluidic devices are ideal for use in
applicatiors where localized heating and cooling with fast time scales is required. Foretison,
microfluidic systeméavebeen used previously for studied ice formation™, for creating valves
by exploiting local temperaturénduced phase chang&&and for cyogenic cooling of magnetic
resonance coifs For microscopy applications, Chung et alemonstrated a clever scheme
basal on cooling a portion of a microfluidic channel t¢@ in order to temporarily immobilize
and image small nematodes. Microfluidic methods have also been apmi¢de study of the
effects of different cryoprotectants on cell morphology and viabifit}, as well as for the fast
mixing of solutions that are quickly frozen once they exit the de¥ité

Microfluidic platforms havealso proven to be advantageous for the manipulation and
imaging of a wide variety of cetlulture systems.In fact, he growth and viability of a wide
range of cell types and small organisms within microfluidic channels halseady been
demonstrated**®. However, fictors like surface treatment, shear stress aadkquatenutrient
supply have @ be considered.

2. Device fabrication, assembly, and operation

Micromachined components of the microfluidic cryofixation devitlee novel fabrication procedure
used in the construction of our microfluidic cryofixation device has been designed so as to maximize
freezing ratesThe microfluidic cryofixation device consists of three key componastshown in Fig.

Sla. First, asilicon wafer was patterned using SB&nd silanized to serve as a master for the
fabrication of the PDMS microchann®IDMS is a flexible polymer thattains excellent mechanical
stability and optical clarity at cryogenic temperatur8gcondl a A f A 02y OfKifitdhimE S N SR
was made by dry etching sfngle crystal silicorilhe fluidic chip is used to deliver fluid to the thin
PDMS channel, lich would otherwise be inaccessible due to its small dimensibmschip contains
patterned bypass channels on the t@ipig.Sla, top view white lineg and connecting througoles

to the bottom (Fig.Sla, bottom view). It also contains ariim circularopeningin the center. The
throughrsiliconfluidic vias and bypasshannels of thefluidic chip were made in a twstep deep
reactive ion etching (DRIE) process using a combinatigohotoresist and SiOas masksin this
process, the wafers were firshérmally oxidized (~fum) and the bypass channels were defined by
etching the oxide layer in buffered oxide etch (BOE). Next, photoresist was spun and patterned with
a mask that revealed the througfoles. These holes were subsequently etched to a depthOof
100um less than the thickness of the silicon. The photoresist mask was then stripped, and etching
was continued to finish the througholes and, at the same time, etch the bypass channels, which
were masked by the patterned SiOrhe third componentn the system ighe heater chip. The
micro-heater was fabricated by sputtering a 900 nm layeniokelchrome (NiCr, 80/20) followed by

a 350nm layer of aluminum on a double side polished wafer with gu5thermal oxide layer as a
thermal and electrickinsulator. The layers were wet etched so as to form a thin@@Q@vide strip of

NiCr connected to a printed circuit board via wire bonded aluminum traamesglso Fig.S2d).

Assemblyof the microfabricated componentsThe threemicromachinedcomponentsthat make up
the microfluidic cryofixation device are assembled as shown schematicdfig.i8Lb. First athin




PDMS layer is spin coated anfluorosilanecoated siliconmaster. A thin layer of parylene is then
deposited to give the PDMS layer enouglidity to be peeled fi the master(Fig.SLb, 1-3). A second
PDMS layer ithen spin coated on dlank fluorosilandreated wafer and cured at 80C.Next, two
holes are lasercut in the PDMS and the layg@lasmabonded to the bottom side of théuidic chip.
The membrane with theatterend channel is then bonded to thHkuidic chip so as to form a closed
microchannel with an inlet and an outl&ts the bypass channel&ig.Slb, 46). A third layer of PDMS
is used to close the bypass channels onttigeside of thefluidic chip(Fig.SLb, 7) Last, he finished
micro-fluidic device is aligned to the heater chiping a micromanipulator so that thehannelfits
entirely inside the heaterarea Thealignment between thawo chipsis then fixed by dJ\-cured
adhesive
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Figure S1: (a) Layout of main components in the microfluidic cryofixation devicBDMS foil with
embedded fluidic channel made by soft lithographyF®Ridic chip made of silicon, 3. THilm
resistive heater chip. (b) Assemiolfythe components.

Assembly of thesystem:Fig. S explainsthe assembly of the complete systeithe key to obtaining
high cooling rates and thereby suppressing ice crystallizasiaghe low thermal mass of thituidic
device. The microchanneltiserefore embedded inside a PDMS fgily f @ 4 n j whielvspangkai O |




1 mm circular opening in the fluidichip.To further reduce thermal mass the channel is formed by 50
>Y (i KA Glanked brf thedoutside byan insulating air spacéFig. Sa-c, and Fig. $f). The
electrical heater is a 200m wide NiCrstrip connectingwo aluminum tracesn an Hconfiguration
(Fig.22d). The fluidic chip and the heater chip are aligned such that their long axes are perpendicular
to each other and the fluidic channel isrpel and on top of théheater such that the channel fits
entirely inside the heated strigFig.S2e). The alignment is done as follswFirst, the heater chip is
glued to two glass supportshown at the top and bottom dfig.S2e. It is then loosely pted into

the copper frame. The fluidic chip is then put on top and mechanically clamped to the fNewg.

the heater chip is aligned to the channel in X, Y, and Theta (in the plafégo®e) using a
micromanipulator.Finally, the two chips arbrought into hard contact with the channedlandwiched
between them.At this point, a small amount of Udhesive is cured between the glass pieces and
the copper frame. This fixes the alignment. Since the copper frame remains warm throughout the
experiment, theadhesive joint is not subjected to large temperature variatic@easmples are injected

into bypasses on théuidic chip through twdPDMS manifolds (shown in clear grdarFig.2e). A

close up of theflow path and of the alignment between the suspendaitrochannel and the heater

strip is shown irFig.S2f Note how te silicon chip distributefiuid to the PDMS microchannel and
keeps theincoming liquid warm despite being in close proximity to a cold surface underneath.
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Figure S2: Detailed assemblgf the microfluidic cryofixation systenfa) Crosssection diagram of the
fluidic chip with bonded PDMS microchannel aligned with the heater chiipichted according to
Fig.Slb. (b) Magnified section of the fluidic layers in the suspended regioneotiiannel. (c) Optica
micrograph of the channel, channel inlets, and thearh circular opening in the fluidic chip throug
which optical observation is done. (d) Optical micrograph of the-filim micro-heater. (e) Top view
schematic of the relative arrgement of the fluidic chip (blue) and the heater chip (grey) af
alignment. (f) Section view of the aligned fluidic chip and heater chip showing the suspended c
embedded in the thin PDMS foil that spans theath hole in the fluidic chip.



Device @eration: The assembly is placed on top of the cryogenic ssagé thatonly the heater chip

is in direct contact with the cold surfac&he heater chip serves as a combined heat sink (silicon),
thermal insulator over which the thermal gradient drops @pi@nd mechanical connection point.
During the experiment, the heater chip is kept cold by means of a cryogenic stage cooled by a
constant flow of liquid nitrogen. Approximately 8310 W of poweris supplied to the heater during
operation to keep the acatents of the microchannel at room temperature. This povieadjusted

using the resistivity of the thifilm heater itself as a measure of temperatufég.S3 illustratesthe
temperature zones in the system as the channel is cybletiveen room temperatte and low
temperature. The copper frame and the fluidic chip remain at room temperature throughout the
experiment. While the heater is on, there is a steep temperature gradient across the thermal oxide
layer of the heater chip. Minor gradients also builgin the warm parts, but due to the high thermal
conductivity ofsiliconand copper, these are sufficiently small to allow the continuous flow of fluid
through the different layers into and out of the PDMS channel. Wherptwer is shut off, the thin

PDMS foil on top of the heater is the only part that experiences a strong drop in tempera#fies.
freezing, there is a temperature gradient in the inlet and outlet of the PDMS chadoeling is less
rapid in this transition zone, and idermation is theefore expected. However, it is important to
note that this does not affect the central part of the PDMS channel seen in the microscope, where
heat is dissipated vertically with great efficiency into the liquid nitrogen cooled sink.
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Figure S3: Schemat of heat transfer and temperature gradients of the microfluic
cryofixation device.@) Side section of the device shown kig. 2. b) Schematic of the
temperature gradients present when the heater is on and off. When the micro heater i
the silicon dioxide insulator on the heater chip maintains a very steep temperature grac
from liquid nitrogen temperature to temperatures ab®¥ °C The heat provided by the
heater chip keeps the solutionsidethe PDMShannelliquid. In addition,for fluid flow to

be possiblethe completepath from the fluid inlet b the outletmust be kept above 0°Chis

is ensured by external heaters ptiding heat to the copper frame, which in turn keeps tt
fluidic silicon chip at temperatures above freezing. When the raieater is off fluid flow is

interrupted by the frozen channel.



3. Cell culture and viability of yeast cells in YPD + 800 mM sorbitol
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Figure S4: Comparison of growth curves for yeast cells in YPD alone and YPD suppler
with 800 mM sorbitol as a cryoprotectant.

To ensure thayeast growth is not hindered kthe addition of sorbitol, we compared growth curves

with and without the additive. Avernight yeast culture was diluted in fresh YPD and incubated at
30°C. Growth was measured every hour using a Nanodrop 2000c and measuring absorbance at
600nm. After tiree hours of incubation, half of the culture was spun down and resuspended in
YPD+80M of sorbitol. Both cultures were incubated at 30 for a total of 8 hours. Measurements
were normalized by the value at=t4h. The presence of 80@M sorbitol doesnot cause any
significant reduction in growth rate.

Yeast cells for all freezing experiments were grown in YPD at 30 °C-aunspended in PM (0.5%
peptone, 0.17% YNB, 2% glucose, 40 pg/mL uracil) with 800 mM sorbitol as a cryoprotectant. PM is a
media wth low autofluorescence.



4. Freezing and thawing dynamics
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Figure S5:

Two  consecutive réezing
cycles  with  intermediate
thawing arevisualizedhere by
the formation and dissolution
of crystalline ice irYPD + 109
(v/v) ethanol At time t=10ms
the heaker chip is on so that
the solution in the channel i
liquid. The heater is ther
turned off (Freezing 1) so thg
the solution solidifies. Thd
system allows redime
observation of the dynamics g
ice formation. The heater i
then turned on (Thawing) ang
the ice crystals start to slowly
disappear. The heater is turne
off again (Freezing 2) and id
crystals quickly réorm. Images
were taken with a 40x air
objective and a 1@ns exposure
time.

One possible application of the current system is the studyicef formation and thawing in
microfluidic channels at heating and cooling rates on the order 6P@0s An example of such an
experiment is shown iifrig. 6. A solution of YPD containing 1Q9v) ethanolas cryoprotectanis
cycled between room temperate and the base temperature of the liquid nitrogen cooled stage by



turning on and off the heateDifferential interference contrast (DI@haging reveals the formation
of crystalline ice, athis modeis highly sensitive to gradients in refractive indéke experiment
shown inFig. 5 allows an approximatestimate of the heating and cooling rates achieved by the
systembased on the thawing proces#s can be seen in the middle paifedd box) the morphology

of the ice changes visibly within the fir80ms, andvisible melting sets ibetween 50and 70ms
after activating the heaterBased on a simple exponential approximation to the cooling and heating
curve and considering a freezing point of approximatedyC forthis ethanol/water mixture,the
time constantcan be obtainedThe resultconfirms that the mean rate over the first 3¢ of the
temperature jump is on the order of,500 ¢ 10,000 °C/s. Although the geometry and fabrication
process have not been optimized, these results reveal heatingcaoting ratestwo orders of
magnitude faster thamreviouslyreported formicrofluidic systents.



5. Incorporation into a correlative microscopy workflow
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6. Perspectives on optical cryo-imaging of frozen samples

Our microfluidic cryofixation method enables the optical imaging of frozen samples immediately
after freezing and without the need for transfer protocols or tools. Hence this method eliminates the
risk of de-vitrification or ice contamination of the sampl&urthermore, one additional benefit of
cryofixation inside microfluidic channels is that objects that are normally in suspension, suchas non
adherent cells, can be imaged free from motimduced blur. This is of particular interest in 3D
confocal micrgcopy, where long acquisition periods can be required to assemble asaitlz Other
well-known advantages of cryoptical imaging include narrow line widths, large cross sections, and
dramatically improved photostability™°. In fact, recently there has been significant interest in the
development and use of cryogenic stages for fluorescence-rorgmscopy for correlative imaging
with electroncryo-microscopy®# and for superresolution fluorescence microscépy’.

A universal limitation in optical imaging at low temperaturéhiat no cryeimmersion objectives
are commercially available for thespection of the frozen sample with high numerical apert@er
currentsystemusesa Zeisd.D PlarNeofluar40x/0.6 NAair objective .Modifications to the top cover
of the copper holder would allow the use ather air objectives with a shorter working distance and
higher numerical aperture (e.@eissLD PlarNeofluar63x/0.75 Mitutoyo Plan Apo HR 100x/0.9)
Numerical apertures higher than 1, and the consequent increase in spatial resolution, are only
possibé using immersion objectives. Unfortunately, the identification, characterization and use of
appropriate immersion fluids that remain liquid at temperaturdglOC or lower, and that minimize
aberrations due to index of refraction mismatch or thermal gratieffects still remains a challenge.
Nonetheless, some progress in developing such objectives has been made inyesrsit®.
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