u

) <

The University of Osaka
Institutional Knowledge Archive

Time-Deterministic Cryo-Optical Microscopy:
Title Microscopic Cryofixation for High-Precision
Imaging of Dynamic Cellular States

Author(s) |3t, BB

Citation | KPrKZ, 2026, {Et:m

Version Type

URL https://hdl.handle. net/11094/105431

rights

PUOEB/LRWVWEHIH I ERNBERRRNEEEL
2, EXIRKATZEOHRRDENEZ AL TWE
Note T, EXDTHRAZ CHLEDIHZEIE. <a
href="https://www. Library. osaka-

u.ac. jp/thesis/ficlosed”> KR KZEDBLHTICDW
K/DETSRCEI W,

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



£ 3

K 4 ( it BT )

Time-Deterministic Cryo—Optical Microscopy: Microscopic Cryofixation for High-Precision
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Fluorescence microscopy is a powerful tool for analyzing biological phenomena because it enables specific
visualization of biomolecular dynamics as well as quantitative measurements of intracellular
environments, such as ion concentrations, in living cells. Recent advances in super—resolution microscopy
have overcome the diffraction limit and achieved nanometer—-scale spatial resolution. In addition,
correlative approaches that combine fluorescence microscopy with electron microscopy add molecular
specificity to ultrastructural information. However, imaging dynamic biological processes involves trade—
offs among measurement parameters, including spatial resolution, quantitative precision, and multimodal
capability, because live imaging requires short exposure times that limit signal levels

To address this limitation, this dissertation presents a cryogenic optical microscopy technique that
enables rapid freezing of cellular dynamics at arbitrary time points during live imaging. Cryogenic
imaging permits longer exposure times, allowing signal accumulation for detailed analyses, including
super—-resolution microscopy. Because cellular processes can be observed up to the moment of freezing
this approach preserves spatiotemporal information about the cellular state up to fixation. It therefore
enables high-precision optical imaging while retaining temporal information on cellular dynamics

To achieve rapid freezing during live imaging, a custom cryo—chamber was developed. This chamber
permits liquid cryogen at —185 °C (a mixture of isopentane and propane) to be poured directly onto the
sample for rapid freezing. The cryogen remains in the chamber to maintain low temperatures, enabling
subsequent optical imaging under cryogenic conditions. Using this system, rapid calcium dynamics in rat
cardiomyocytes loaded with the calcium indicator Fluo—4 were frozen during live imaging at 100 frames/s
demonstrating millisecond-scale arrest of dynamic events. Freezing timing can be controlled using a
custom—built cryogen injector triggered by external signals. In a demonstration, light—-induced calcium
dynamics were frozen 120ms after stimulation with a timing precision of =£10ms. Importantly, the
dissociation constant of Fluo—4 remained unchanged before and after freezing, indicating that the binding
state between calcium ions and the probe was preserved by rapid freezing prior to thermal equilibration.

Frozen cells were then imaged with extended exposure times, allowing super-resolution fluorescence
imaging, quantitative analysis, and multimodal imaging. While super-resolution microscopy typically
requires acquisition times of several seconds or longer, rapid freezing preserves cellular states within
milliseconds, allowing super-resolution imaging of a millisecond snapshot of calcium dynamics. Longer
exposures improved signal-to—noise ratio and enabled more precise calcium quantification using a
ratiometric probe (Yellow Cameleon 3.60) or fluorescence lifetime imaging microscopy. In addition, rapid
freezing preserved molecular distributions on millisecond timescales, allowing Raman and super-resolution
fluorescence images to be acquired without temporal mismatch despite different acquisition times and
the need to switch imaging modalities

Finally, time—-deterministic cryo—optical microscopy was extended toward integration with electron
microscopy to combine temporal information from live imaging with nanoscale structural information. For
this purpose, the cryo—chamber was redesigned to maintain the sample temperature below —150°C during
transfer to liquid nitrogen, thereby preventing crystalline ice formation. Scanning electron microscopy
confirmed that cellular structures frozen on glass coverslips were well preserved, demonstrating the

feasibility of integrating live—cell optical microscopy with electron microscopy.
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