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Abstract: Microscopic whispering gallery mode lasers detect minute changes in cellular refractive
index inside individual cardiac cells and in live zebrafish. We show that these signals encode

cardiac contractility that can be used for intravital sensing.
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1. Introduction

Characterizing the contraction of single cells in the beating heart is the ultimate challenge for understanding
heart diseases and for advancing cardiac regeneration therapies. However, currently available techniques and probes
lack speed and sensitivity as well as single cell specificity.

Here, we introduce a spectroscopic technique to extract transient contraction profiles of beating cardiomyocytes
based on intracellular microlasers. The sensitivity of microlaser emission to local changes in refractive index allows
us to gain quantitative results that can be linked to the protein density of the contractile myofibrils. We further
explore unique advantages of microlasers like long-term tracking of individual cells and real-time monitoring of
drug administration. To explore the translational perspective of our work, we performed experiments in isolated
primary cardiomyocytes and live zebrafish. Our results will stimulate novel translational approaches by accessing
the functional properties of transplanted cells and engineered cardiac tissue in vitro and in vivo reliably and non-
invasively.

2. Results

Whispering gallery mode (WGM) microresonators belong to the most advanced biosensors and have reached
sensitivities down to the single molecule and protein level [1,2], but their potential for intracellular and in vivo
sensing remain largely unexplored. Only recently, microlasers were proposed as novel optical tags to uniquely
discriminate hundreds of thousands of cells and to track cells over extended periods in time [3—6]. Here, we show
that spherical microlasers with a size of about 15 um can be internalized by neonatal mouse cardiomyocytes (CMs).
A typical WGM spectrum is shown in Fig. 1. During contraction, the modes reveal pulse-shaped perturbations in
lasing wavelength which are synchronized across all modes and coincident with the spontaneous contractions of the
CMs.
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Fig. 1. a, DIC microscopy of a group of neonatal CMs and an intracellular microlaser. Scale bar, 15 um. b, Whispering gallery mode lasing
spectrum of a 16 um polystyrene microlaser located inside a neonatal cardiomyocyte. ¢, Zoom-in to a TM- and TE-mode pair at 2 different time
points in the contraction cycle of the cell. d, Mode position under continuous lasing reveals periodic red shifts in the laser mode position. e,
Calculated diameter (top) of the microlaser (orange) and time-averaged diameter (red). External refractive index (7., bottom) calculated with
unrestricted microlaser size (orange) and by applying the fixed mean diameter of the microlaser (red).
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Fig. 2. Microlasers monitor cellular contractility a, Fluorescence microscopy of neonatal mouse CMs with labelled myofibrils (SiR-actin). The
intracellular microlaser is visible as dark circular object. b, Kymograph of a single myofibril used to extract sarcomere length (SL). ¢,
Simultaneously acquired temporal profiles of sarcomere length (SL, blue, left axis, extracted from fluorescence profiles of the myofibrils
highlighted by the white rectangles in a) and cellular refractive index n.y (grey, right axis, extracted from microlaser spectra). d, Extracellular
microlaser (white arrow) on top of an adult CM. Scale bar, 30 um. e, Magnified view showing highly organized myofibrils (sarcomere repeat
units indicated by dashed blue lines). Scale bar, 4 pm. f, Optical calcium sensing with the fluorescent calcium indicator (XRhod1). g, Temporal
profiles of the refractive index (black), calcium signal (red) and sarcomere length (blue) of an electrically paced cell. h, Averaged profiles of the
traces shown in g.

By using optical modelling and after applying statistical analysis, the diameter of the microlaser and the
refractive index inside the CM were determined with high precision (Fig. 1e). We find that contractions consistently
led to an increase of cellular refractive index and that measurements can be performed continuously over more than
10 minutes without affecting the characteristics of the cells. To identify the origin of the contraction-induced
increase in refractive index, correlative contractility measurements were performed in neonatal CMs by staining
sarcomeric f-actin fibres (Fig. 2a-c). These experiments reveal that the cellular refractive index is directly correlated
to the sarcomere length. Thus, transient signals of the microlasers provide a direct measure of CM contractility.

Microlaser-based contractility measurements can also be combined with multimodal sensing as we demonstrate
by simultaneously characterizing contractility and calcium signaling in isolated mouse CMs (Fig. 2d-h). We further
injected microlasers into the heart of zebrafish embryos and were able to detect locally resolved contractility profiles
under in vivo conditions.

3. Discussion

Multifunctional probes which monitor the long-term integration of injected stem cells or engineered cardiac
tissue are urgently needed to improve cardiac regenerative therapies. Microlaser-based contractility measurements
can monitor the contractile properties of individual cells during various developmental stages without the need for
staining or genetic alteration. Being a purely spectroscopic technique, our method is expected to be more resilient to
scattering than imaging-based methods since scattering in biological tissue is elastic and hence does not alter
spectroscopic information. By providing single cell specificity, long-term tracking, reduced sensitivity to scattering,
and with potential reductions in resonator size [7], microlasers introduce new possibilities for translational
approaches that extend well beyond current microscopy-based techniques, offer reduced complexity and impose
fewer experimental restrictions.
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