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            Abstract
The contractility of cardiac cells is a key parameter that describes the biomechanical characteristics of the beating heart, but functional monitoring of three-dimensional cardiac tissue with single-cell resolution remains a major challenge. Here, we introduce microscopic whispering-gallery-mode lasers into cardiac cells to realize all-optical recording of transient cardiac contraction profiles with cellular resolution. The brilliant emission and high spectral sensitivity of microlasers to local changes in refractive index enable long-term tracking of individual cardiac cells, monitoring of drug administration, accurate measurements of organ-scale contractility in live zebrafish, and robust contractility sensing through hundreds of micrometres of rat heart tissue. Our study reveals changes in sarcomeric protein density as an underlying factor to cardiac contraction. More broadly, the use of novel micro- and nanoscopic lasers as non-invasive, biointegrated optical sensors brings new opportunities to monitor a wide range of physiological parameters with cellular resolution.
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                    Fig. 1: The principle of microlaser-based intracellular sensing in neonatal mouse cardiomyocytes.[image: ]


Fig. 2: Transient redshifts of microlaser emission are caused by changes in the intracellular refractive index.[image: ]


Fig. 3: Microlasers monitor cellular contractility.[image: ]


Fig. 4: Single-cell tracking and contractility sensing under compromised conditions.[image: ]


Fig. 5: Multimodal sensing and in vivo integration.[image: ]


Fig. 6: Living myocardial slices and deep tissue contractility sensing.[image: ]
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Reporting Summary

Supplementary Video 1
Visualization of the data acquisition and analysis workflow. a, DIC microscopy time-lapse video of a spontaneously beating neonatal cardiomyocyte. The internalized microlaser is seen as circular object in the centre of the cell. Images were acquired with a Ã—60 oil immersion objective at a rate of 100â€‰Hz. b, The WGM spectrum of the microlaser acquired simultaneously with DIC images. Dotted vertical lines mark the laser mode position at diastole. c, Centre position of the laser mode at around 519.75â€‰nm obtained after peak fitting of the spectrum in a. d, External refractive index next calculated by the look-up table algorithm that, at each time point, compares the positions of the five laser modes shown in b to a database of simulated spectra. All panels are synchronized in time and played in real time.


Supplementary Video 2
Video-rate fluorescence microscopy of the three neonatal cardiomyocytes shown in Fig. 3d (main text). Cells were labelled with SiR-actin to visualize sarcomeric actin inside the myofibrils. The microlasers are seen as dark circular objects. Experiment performed in triplicate for a total of nâ€‰=â€‰12 cells.


Supplementary Video 3
Large field of view fluorescence video-rate microscopy of neonatal cardiomyocytes shown in Supplementary Fig. 7. Cells were labelled with SiR-actin to visualize sarcomeric actin.


Supplementary Video 4
Multimodal imaging of cellular calcium dynamics and contractility. a, Fluorescence microscopy time-lapse video of the adult cardiomyocyte shown in Fig. 5a (main text). The cell was labelled with the calcium-sensitive dye XRhod1 and images were recorded at a rate of 50 Hz. b, Smoothed external refractive index \(n_{{\mathrm{ext}}}^ \ast\) measured by a microlaser located on top of the cell. A longer time trace is shown in Supplementary Fig. 10. c, Fluorescence intensity profile normalized to the intensity at resting phase obtained from the video shown in a. All panels are synchronized in time.


Supplementary Video 5
In vivo contractility measurement by a microlaser attached to the atrium of a zebrafish embryo (3â€‰dpf). The simultaneously acquired microlaser spectra and the calculated external refractive index are shown in Supplementary Fig. 11 and Fig. 5g (main text), respectively. A measurement performed at a more posterior position of the heart is shown in Supplementary Fig. 13.
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