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The Supporting Information document contains further details on the fluidic traps and the system design characteristics that ensure the fluidic network remains flowing until the moment of cryofixation. Further details are provided on the microchannel calibration procedure, used to set the sample to room temperature prior to each experiment. Extracted images of a 100 fps video of the cryofixation event are discussed. Details on the transfer procedure at cryo temperature between the in situ cryofixation and liquid nitrogen storage are provided.


SI VIDEO 1

The video shows cryofixation of a C. elegans within the microscope field of view. The C. elegans was suspended in M9 with 10% (m/m) trehalose. The video was captured with 100 fps using differential interface contrast and an Andor Neo sCMOS camera. Frames extracted from this video featuring the cryofixation event are described further below. 

TRAPS

The 30 µm width of the main microchannel allows the L1 C. elegans to continuously move, perform body bends, and reverse direction in the channel. At the center of the field of view, the channel width narrows from 30 µm to 10 µm and the straight channel becomes a zigzag structure. The nematode cannot enter the zigzag feature independently as the geometry prevents body bending. The trapping structures block C. elegans migration to the left while minimal pressure driven flow prevents the nematode from migrating to the right. Trapping features are used here to confine the nematode in the 30 µm wide portion of the channel at a known location along the channel length but they do not restrict nematode body bending during the experiment. We note that constraint or immobilization of C. elegans in a microfluidic channel is an established technique for neuronal and behavioral studies (Chalasani et al. 2007; Chronis, Zimmer, and Bargmann 2007; Guo et al. 2008). 

SYSTEM DESIGN

In addition to the capability of live, video-rate cryofixation, the system design enables a second feature unique to this workflow. The fluidic network remains flowing until the moment of cryofixation. To achieve this aim, heat transfer was optimized to warm the three‑component fluidic network during the experiment. The fluidic network consists of macroscale fluidic tubing, bypass channels etched in the silicon injector chip, and the main PDMS microchannel. The main PDMS microchannel forms part of a 5 mm x 5 mm PDMS foil, which also contains an array of microposts (see Figure 2 and caption). 

Two auxiliary heaters (top and ring heaters) surround the microfluidic device to heat the fluidic network during live imaging. The microfluidic device is mounted into the top auxiliary heater, which warms the silicon near the fluidic inlets and outlets as well as the connecting tubing. The PDMS microposts that surround the microchannel rest on the main heater substrate (dark gray in Figure 2). The heat generated by the main heater must be dissipated by the cold post, which limits the heater element to a 300 µm wide x 4 mm long strip aligned beneath the main microchannel. The rest of the 15 mm x 5 mm main heater substrate, including the portion in contact with the PDMS microposts, remains unheated. 

The microposts introduce a 1.2 mm2 thermal contact area between the substrate at cryo-temperature and the room temperature silicon injector chip. Conservative analytical calculations indicate the silicon injector chip must dissipate ~ 1.6 W to compensate for the conductive heat transfer via the PDMS micropost array. The cross-sectional area of the silicon injector chip measures 5 mm in width x 300 µm in thickness, with a maximum heat dissipation of ~ 7W, to ensure the lateral heat transfer from the top heater balances the heat loss through the micropost array. A second, ring-shaped auxiliary heater mounted on top of the microfluidic device further ensures the U‑shaped bypass channels remain flowing during live imaging. With the full fluidic network heated, the sample and channel contents can be exchanged as desired up until cryofixation. 

CALIBRATION OF MICROCHANNEL TEMPERATURE FOR SAMPLE VIABILITY

The temperature in the microfluidic channel was calibrated prior to each experiment using a temperature sensitive fluorescent probe (RhB-ITC-Dextran, Sigma Aldrich). The quantum yield of Rhodamine B is strongly temperature dependent between ~0100°C, making it a suitable probe for non-contact temperature calibration within the range relevant to biological samples(Erickson, Sinton, and Li 2003; Ross, Gaitan, and Locascio 2001). A calibration curve (Figure S1) was calculated based on the change in fluorescence intensity as a function of temperature, similar to past reports(Erickson, Sinton, and Li 2003; Ross, Gaitan, and Locascio 2001; Samy, Glawdel, and Ren 2008). 

To generate the calibration curve, a 1% (m/m) solution of Rhodamine B-isothiocyanate-Dextran and DI water was loaded into the microchannel at room temperature. A platinum resistance thermometer (PT 1000) was used to monitor the temperature of the full assembly (shown in Figure 2 of the main manuscript). The assembly temperature was equilibrated to five different values, ranging between 1535°C. The fluorescence intensity value was averaged over a region of interest in the channel at each temperature value (inset) after background subtraction.
 
To ensure photobleaching did not affect the accuracy of the calibration, the calibration was performed in a cyclic manner in which the assembly was heated to 35°C and then allowed to cool to room temperature. Fluorescence intensity was measured during both heating and cooling cycles. A second order polynomial fit describes the relative change in intensity as a function of temperature. The average accuracy of the measurement was 2.4%, equivalent to 0.6˚C at the normalization temperature of 25˚C. This value is compatible with the previously reported accuracy value of 0.8˚C(Ross, Gaitan, and Locascio 2001). The solid line in Figure S1 represents a second order polynomial fit of the form

where I is the measured fluorescence intensity, T is the temperature and the factors An have the following values with respective standard errors: A0=1.42 ± 0.03, A1=-0.021 ± 0.003, A2=1.610-4 ± 610-5. The fit provides an R-squared value of 0.9974.
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[bookmark: _Ref500406670]Figure S1. Microchannel temperature calibration. a.) A temperature sensitive fluorescent probe was loaded into the microchannel, which was mounted on the main heater. The temperature of the assembly was equilibrated to five different temperatures using a microcontroller. b.) the change in the average intensity of a region of interest in the microchannel was monitored as a function of temperature. The calibration was performed in a cyclic manner, warming the assembly to 35°C then cooling back down to 15°C, to ensure photobleaching did not affect the measurement.
Prior to each experiment, the temperature of the microchannel was calibrated by first measuring the fluorescence intensity of the Rhodamine B solution at room temperature. The heatsink was then cooled to liquid nitrogen temperature and the power to the thin-film resistive heat was tuned to ensure the Rhodamine B intensity matched the room temperature value. Nematode motility is a commonly used indicator for the physiological health of the animal(Bansal et al. 2015; Buckingham and Sattelle 2009; Hahm et al. 2015)]. Here motility provided an independent indicator for the success of the calibration procedures. 

IN SITU CRYOFIXATION

In situ cryofixation of C. elegans was recorded at 100 frames per second using differential interference contrast (DIC) microscopy. Figure S2 shows frames extracted from the Supplementary cryofixation video. DIC microscopy is a common technique used to enhance the contrast of transparent samples imaged using bright field illumination without sample staining(Stephens and Allan 2003). 

During cryofixation, the nematode is observed translating along the channel for a total distance of about 13 µm. This translation occurs within 3 frames or less, lasting up to 30 ms. In contrast to typical nematode locomotion, the 13 µm sample translation between frames “0 ms” and “40 ms” occurs in the absence of nematode body bending. Video frames leading up to “0 ms” show the progression of typical locomotive behaviour for C. elegans. The origin of the nematode translation is attributable to a pressure gradient generated by the thermal contraction of the channel upon turning off of the main heater. The nematode translation is arrested once the channel contents freeze, within ~30 ms.
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[bookmark: _Ref500406509]
[bookmark: _GoBack]Figure S2. Frames extracted from the Supplementary Information video of in situ cryofixation of a C. elegans. The video was recorded at 100 fps using DIC microscopy, a 10x air objective (0.2 NA), and an Andor Neo sCMOS camera. 



TRANSFER OF THE CRYOFIXED SAMPLE 

During live imaging and in situ cryofixation, the copper heat sink is partially submerged in a liquid nitrogen (LN2) bath. Following cryofixation, the full assembly is transferred to a dewar where it is submerged under LN2 (Figure S3). During the transfer from the testing system to the LN2 dewar, the temperature of the assembly was monitored (Figure S4). The assembly remains below -190°C during the transfer event, well below the threshold value of -140°C for ice recrystallization. The assembly is opened under LN2 by removing a single retaining ring. The microfluidic device is recovered and stored under LN2 in a vented cryovial, until further sample preparation for room temperature electron microscopy.
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[bookmark: _Ref500406545]Figure S3. Transfer of a cryofixed sample from the in situ cryofixation system to LN2 storage. 
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Figure S4. Assembly temperature during transfer from the in situ cryofixation system to the LN2 dewar. The ~4°C drop in temperature occurs when the assembly is submerged in LN2.



ELECTRON MICROSCOPY IMAGES 
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Figure S5. A larger version of the image shown in Figure 4 of the main manuscript. The white dashed boxes indicate the areas where the following higher magnification images were taken. The nematode intestine is outlined by the red dashed line. Examples of the following components are labelled within the nematode section: n: nucleus, m: mitochondria, mc: muscle cells, ld: lipid droplets, h: hypodermis, nc: nerve cord, a: alae. 
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Figure S6. A larger version of the inset shown in Figure 4 of the main manuscript. The image shows a higher magnification image of the best-preserved nucleus, which still had some evidence of chromatin segregation due to crystalline ice damage. 
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Figure S7. Higher magnificent image of the L1 C. elegans cross section. Chromatin segregation seen in the nucleus here was caused by ice crystallization. 















SUPPORTING INFORMATION REFERENCES

Bansal, Ankita, Lihua J Zhu, Kelvin Yen, and Heidi A Tissenbaum. 2015. “Uncoupling Lifespan and Healthspan in Caenorhabditis Elegans Longevity Mutants.” Proceedings of the National Academy of Sciences of the United States of America 112(3): E277-86. 
Buckingham, Steven D, and David B Sattelle. 2009. “Fast, Automated Measurement of Nematode Swimming (Thrashing) without Morphometry.” BMC neuroscience 10: 84.
Chalasani, Sreekanth H et al. 2007. “Dissecting a Circuit for Olfactory Behaviour in Caenorhabditis Elegans.” Nature 450: 63–71. 
Chronis, Nikos, Manuel Zimmer, and Cornelia I Bargmann. 2007. “Microfluidics for in Vivo Imaging of Neuronal and Behavioral Activity in Caenorhabditis Elegans.” Nature Methods 4(9): 727–31. 
Erickson, David, David Sinton, and Dongqing Li. 2003. “Joule Heating and Heat Transfer in Poly(dimethylsiloxane) Microfluidic Systems.” Lab on a chip 3(3): 141–49.
Guo, Samuel X et al. 2008. “Femtosecond Laser Nanoaxotomy Lab-on-a-Chip for in Vivo Nerve Regeneration Studies.” Nature Methods 5(6): 531–33. 
Hahm, Jeong Hoon et al. 2015. “C. Elegans Maximum Velocity Correlates with Healthspan and Is Maintained in Worms with an Insulin Receptor Mutation.” Nature communications 6: 8919.
Ross, David, Michael Gaitan, and Laurie E Locascio. 2001. “Temperature Measurement in Microfluidic Systems Using a Temperature-Dependent Fluorescent Dye.” Analytical Chemistry 73(15): 4117–23.
Samy, Razim, Tomasz Glawdel, and Carolyn L Ren. 2008. “Method for Microfluidic Whole-Chip Temperature Measurement Using Thin-Film Poly(dimethylsiloxane)/Rhodamine B.” Analytical Chemistry 80(2): 369–75.
Stephens, David J, and Victoria J Allan. 2003. “Light Microscopy Techniques for Live Cell Imaging.” Science 300(5616): 82–86.







1

image3.png
In Situ Cryofixation Submerge Assembly in LN, Recover Microfluidic Device
2




image4.tif
100

1
AN
(e}

-190 &

~
1

(D,) eamesadwa |

-194 |

Time (s)




image5.png




image6.png




image7.png




image1.tiff
I— Heater power >

p-Controller

|—< T-sensor

Air
objective

Intensity (a.u.)

1 2 L] ] L] L) I
%
. Lo Dl H
10 -
e Heating cycle
e Cooling cycle
2nd order Polyn. Fit
08 1 1 1 1 L
15 25 35

Temperature (°C)





image2.tiff




