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Abstract 
 

The Use of Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes in the 
Characterization of Ultra-Stable Voltage Sensitive Fluorophores 

 
By  

 
Kayli N. Martinez 

 
Doctor of Philosophy, Chemistry  

 
University of California, Berkeley  

 
Professor Evan W. Miller, Chair 

 
 

Voltage sensitive fluorescent indicators have been a useful method for monitoring cardiac 
electrophysiology for nearly 50 years, complementing traditional methods of electrophysiology 
such as patch clamp techniques. The impacts fluorophore phototoxicity on cell health have long 
been a concern in fluorescent imaging. VoltageFluors (VF dyes) are a class of voltage sensitive 
indicators that rely on photoinduced-electron transfer to sense changes in membrane potential. 
While our lab has made significant strides towards expanding the wavelengths of indicators offered 
and improving indicator voltage sensitivity, efforts to reduce fluorophore phototoxicity in the 
context of VF dyes was largely unexplored. The work presented in this dissertation explores a 
generalizable method for reducing the phototoxicity of our VF dyes, with the tethering of our 
probes to the triplet state quencher cyclooctatetraene (COT). Chapter 1 presents the development 
of VF-COT, a green, xanthene-based indicator intramolecularly tethered to COT. VF-COT can 
report cardiac action potentials for twice as long as its parent dye, without significant impacts on 
electrophysiology parameters. Chapter 2 presents BeRST-COT, a near-infrared, silicon 
rhodamine-based VF that demonstrates the generalizability of reducing phototoxicity with an 
intramolecularly tethered COT molecule. BeRST-COT reports cardiac electrophysiology for 2.7-
times as long as its parent dye and reduces the relative production of singlet oxygen during imaging 
sessions. Chapters 1 and 2 present work utilizing cardiac cells towards efforts of better 
characterizing ultra-stable VF indicators. Appendix 1 aims to utilize VF dyes and fluorescence 
lifetime imaging to better quantify cardiac electrophysiology parameters and lays out the work 
completed and the rationale for future work in this project. 
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Introduction  
 

Overview 
Electrophysiology’s inextricable link to overall human health and disease makes this an 

important area of study. Cardiac arrhythmias can occur when the highly concerted 
electrophysiology of the heart is disrupted by pharmaceutical, genetic, or other health factors.1 
Developments in fluorescent dyes, data processing software, charge coupled device (CCD) 
cameras, and light sources have advanced optical studies of electrophysiology such as whole-heart 
mapping.2 These technologies have enhanced the ability to monitor specific regions (i.e. chambers) 
of the heart, develop assays for non-cardiotoxic drugs, and multiplex voltage sensitive 
fluorophores with calcium indicators, all of which have led to better understanding of action 
potential propagation, mechanisms of arrhythmias, and effects of physiological stimuli.3–8  

Patch clamp electrophysiology methods have historically been the gold standard for electrode-
based measurements of membrane potential, measuring electrophysiological changes with high 
temporal resolution and sensitivity.9 However, this is a technically challenging, low-throughput 
method that is destructive to cells and limits spatial resolution.10 Multielectrode arrays (MEAs) 
increase throughput, relative to patch clamp electrophysiology, by allowing for long-term 
recordings of extracellular field potentials of cells seeded in the array and are less invasive.11,12 
However, MEAs do not allow for transmembrane potential recordings or monitoring of single cells 
and have limited spatial resolution.12  

Voltage sensitive fluorophores can both complement and offer advantages over traditional 
methods of probing electrophysiology such as capabilities for single cell, monolayer, and tissue 
imaging and are relatively non-invasive. Voltage indicators localize to the plasma membrane and 
change their optical properties upon changes in the membrane potential of a cell.13  

A class of voltage indicators considered “slow” dyes relies on the redistribution of a molecule 
upon changes in membrane potential. One example is merocyanine 540, which is shuttled into the 
nonpolar bilayer during membrane depolarization and shows an increase in fluorescence based on 
a solvatochromic response.3 A second example is a FRET-based coumarin-oxonol pair which 
includes a stationary fluorophore on the membrane and a lipophilic anion that partitions into the 
cell membrane, redistributing towards the inner or outer leaflet of the membrane based on 
membrane potential impacting the efficiency of FRET.14 As these dyes have slow kinetics, they 
are unable to monitor fast changes in membrane potential such as neuronal action potentials, and 
also add a significant capacitive load to the cell membrane.13  

Additionally, there are “fast” dyes which are electrochromic voltage indicators responding to 
changes in membrane potential with fast kinetics, changing their spectral properties as a result of 
a molecular Stark effect.15–17 The spectral shift can be used for ratiometric voltage imaging, 
however this requires highly specific instrumental parameters. A commonly electrochromic 
indicator, di-4-ANNEPS, has been previously used in cardiac optical mapping.8 However, many 
electrochromic indicators have low voltage sensitivities and are relatively phototoxic to the cells 
they are aiming to study.18,19 The drawbacks of these voltage indicators demonstrate the need for 
the development and synthesis of new dyes for voltage imaging.  

 
VoltageFluor Indicators 

The Miller lab has developed a class of voltage sensitive fluorophores, or VoltageFluors (VFs), 
that rely on a photoinduced electron transfer (PeT) mechanism from an electron rich aniline donor 
near the inner leaflet of the cell membrane to a fluorophore anchored at the outer leaflet of the cell 
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membrane via a molecular wire (Fig. 
1a,b).20–22 At resting or polarized 
membrane potentials, the rate of PeT is 
increased which in turn decreases 
fluorescence. At depolarized membrane 
potentials, the rate of PeT is decreased 
resulting in an increase in fluorescence 
(Fig. 1b). VF indicators respond to 
changes in membrane potential with fast 
kinetics.10 A focus of our lab is the 
development of new indicators that span 
the visible spectrum and increase voltage 
sensitivity, brightness, and signal to 
noise ratio, while reducing photobleaching and phototoxicity.  

VoltageFluors developed with various fluorophore backbones, such as boron dipyrromethenes 
(BODIPYs), fluoresceins, and rhodamines, have provided a diverse library of voltage indicators 
at different excitation and emission wavelengths.10 This has benefits for microscopy by allowing 
for selection of probes to fit individual imaging needs, such as multiplexing a VoltageFluor with 
a calcium indicator, mitochondrial trackers, or other physiology probes that one may need or 
simply selecting a red-shifted probe with intent to reduce autofluorescence.23,24  

The Miller lab has also worked to better understand how structural design of indicators impacts 
voltage sensitivity. The conjugation of the aniline donor of VF indicators was thoroughly 
investigated in order to understand its impact on voltage sensitivity and fluorescence lifetime.25 
We’ve also investigated reverse-PeT dyes which “turn-off” with depolarizations in membrane 
potential, the ways in which the indicators orient in the cell membrane impact voltage sensitivity, 
and how changing the structure of the molecular wire impacts PeT.26–28 
 
Reducing Phototoxicity in Voltage Sensitive Indicators 

Our lab is now also investigating the phototoxicity of our dyes and developing new, photostable 
voltage sensitive indicators. We initially showed that the use of the novel indicator fVF2 in human 
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) allowed for long term 
imaging of cardiac action potentials. Other dyes caused an arrest of beating in the hiPSC-CMs, 
likely due to phototoxicity.28 fVF2 has a modified, fluorene-based molecular wire, different from 
the majority of other VoltageFluors with a phenylene-vinylene wire. While we hypothesize the 
fluorene wire reduces phototoxicity, we have not yet done mechanistic studies to prove this. This 
observation sparked our interest in designing generalizable strategies to enhance photostability and 
reduce photobleaching and phototoxicity in VF dyes.  

Phototoxicity primarily arises from the production of reactive oxygen species (ROS) during 
imaging.29 The production of ROS can arise from the use of high energy wavelengths of light used 
to image. When these high energy photons hit endogenous chromophores such as flavins and 
NAD(P)H, it can cause autofluorescence and the possibility for the excited chromophores to 
crossover into the triplet state and sensitize molecular oxygen, generating reactive singlet oxygen. 
Most endogenous chromophores have excitation wavelengths between 250 and 500 nm.30 A 
common method for reducing phototoxicity caused by excitation of these endogenous 
chromophores has been to simply image with red-shifted fluorescent indicators. However, this 
method is not always feasible if a fluorophore for a specific imaging need has not yet been 

Figure 1. Mechanism of a VoltageFluor Indicator. a) 
Molecular structure of the VoltageFluor, BeRST 1, with a 
aniline donor (green), a molecular wire (black) and a 
fluorophore head (purple). b) Schematic of PeT in a 
VoltageFluor located in the membrane bilayer. 
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synthesized at a red-shifted/near-infrared (NIR) wavelength. Additionally, it can be difficult to 
rely only on red-shifted/NIR probes if an experiment requires multiplexing and imaging at multiple 
wavelengths of light to monitor more than one physiological parameter.  

Additionally, phototoxicity can occur from the inherent likelihood of any given exogenous 
fluorophore to create ROS. For an ideal fluorophore, the molecule transitions from the S0 to the S1 
state upon absorption of a photon and then transitions back to the S0 state upon fluorescence and 
release of a photon. However, a chromophore can also undergo intersystem crossing into the 
nonradiative triplet excited state (T1).31 While the quantum yield of the triplet state is relatively 
low, typically <0.01, the lifetime of the triplet state is relatively long which can result in 
fluorophore blinking and bleaching. The triplet state fluorophore can interact with molecular 
oxygen via triplet energy transfer which further produces singlet state oxygen, an oxidizing agent 
with the ability to create other ROS.31,32 Singlet oxygen and other ROS can react with the indicators 
causing degradation of the fluorophore and photobleaching, or react with biomolecules causing 
phototoxicity. 33,34 

The photostability of fluorophores can be enhanced by the addition of triplet state quenchers 
(TSQs) or conjugated photoprotectants.14 TSQs such as Trolox, 4-nitrobenzylalcohol (NBA), and 
1,3,5,7-cyclooctatetraene (COT) reduce fluorophore photobleaching and blinking with the 
introduction of a reducing and oxidizing system that assists with a speedier recovery of the 
fluorophores singlet ground state.35 However, these exogenous photostabilizing agents at 
experimentally relevant concentrations alter the properties of the cell bilayer, altering capacitance, 
and membrane protein functions.36  

The development of fluorophores with TSQs tethered to the fluorogenic center has led to a new 
class of ‘self-healing’ fluorophores and insights into the mechanisms of photostabilization in the 
presence of the TSQ.37,38 TSQ-tethered fluorophores show reduced photobleaching and blinking 
relative to their parent fluorophores by directly reducing the lifetime of the triplet state, showing 
the triplet state lifetime is related to instability of the fluorophore.31,38,39 The reduction of the triplet 
state lifetime via direct mitigation of the formation of triplet and radical states disables the 
production of ROS and should enable long-term use of the fluorophore. Pioneering work on TSQ-
tethered fluorophores was previously performed on fluorophores in single-molecule imaging 
contexts.31,37,38  

 
Dissertation Work  

Herein, I present dissertation work that focuses on the development and characterization of TSQ-
tethered indicators of voltage sensitivity, the first examples of TSQ-stabilized indicators of cellular 
physiology. I demonstrate that this method is generalizable across variations of VoltageFluors and 
that these stabilized indicators allow for elongated imaging times and reduced phototoxicity as 
compared to their parent dyes.  

In Chapter 1, I present a new VoltageFluor, VF-COT, a green, fluorescein-based dye 
functionalized with a covalently tethered COT molecule.40  VF-COT boasts the ability to image 
cardiac action potentials for more than twice as long as its parent VF dye, without disrupting 
underlying cellular electrophysiology. VF-COT also reports neuronal electrophysiology without 
electrophysiological artifacts likely caused by phototoxicity.  

In Chapter 2, I present currently unpublished work on a second TSQ-tethered VoltageFluor 
(TSQ-VF) named BeRST-COT, a silicon rhodamine-based indicator. BeRST-COT contains the 
intramolecular triplet state quencher and is an NIR indicator, qualities which both can help to 
mitigate phototoxicity of the fluorophore. BeRST-COT reduces photobleaching in HEK293T cells 
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and elongates imaging times during phototoxicity assays in hiPSC-CMs, relative to its parent dye. 
BeRST-COT produces less singlet oxygen than its parent dye, leading us to hypothesize that 
BeRST-COT has a shorter triplet state lifetime and is thus less phototoxic. The cellular dimness 
of BeRST-COT contrasted with the indicator’s relatively long fluorescence lifetime leads us to 
hypothesize that BeRST-COT does not load well into the membrane bilayer, and future work with 
this dye would be synthetic efforts to improve loading capacity, solubility, and brightness.  

The use of our stabilized TSQ-VFs in hiPSC-CMs is an effort to utilize biology to characterize 
the capabilities of our indicators. hiPSC-CMs have automaticity, or spontaneous contractions, as 
a result of their immature electrophysiological structure.41 While this immature electrophysiology 
creates other challenges for the use of hiPSC-CMs in studying cardiac biology, it aided our lab 
with an efficient method for determining the length of time our indicators could be functionally 
useful in cells with easily defined parameters of health such as action potential duration and beat 
rate.42 Previous VoltageFluor indicators such as BeRST 1 have also been used in the 
characterization of hiPSC-CMs by our collaborators, making hiPSC-CMs a good platform for 
demonstrating the usefulness of our new TSQ-VFs.23,43–46 

While much of the work herein presented uses biological samples to characterize voltage 
sensitive indicators, Appendix 1 of this dissertation is an effort to utilize our VoltageFluor 
indicators to characterize cardiac electrophysiology. As hiPSC-CMs are structurally and 
electrophysiologically immature, there is much focus on methods to mature these cells so they can 
make physiologically relevant statements about cardiac biology.46–48 Since traditional methods of 
determining absolute membrane potential values, such as patch-clamp electrophysiology, are 
technically challenging and low-throughput, this work aims to develop a high-throughput, optical 
method for measuring absolute values of membrane potential. This work lays out the rationale and 
methodology of using fluorescence lifetime imaging to characterize absolute membrane potentials 
in hiPSC-CMs.  

In closing, the work presented in this dissertation has been interdisciplinary, using concepts in 
cell biology, microscopy, and chemical synthesis and physical organic chemistry. I lay out the 
work completed in each section, as well as rationale for future directions possible for each project 
presented.   
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Abstract 
Voltage-sensitive fluorescent reporters can reveal fast changes in membrane potential in 

neurons and cardiomyocytes. However, in many cases, illumination in the presence of the 
fluorescent reporters results in disruptions to action potential shape that limits the length of 
recording sessions. We show here that a molecular prosthetic approach, previously limited to 
fluorophores, rather than indicators, can be used to substantially prolong imaging in neurons and 
cardiomyocytes.  
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Introduction 
Fluorophores are indispensable in the investigation of living systems. The problem is they bleach 

and can perturb the very system they are meant to observe. Bleaching makes it difficult to make 
sustained measurements, and phototoxicity introduces artifacts by disrupting the underlying 
physiology of the biological system. Exogenous photoprotectant cocktails, often containing anti-
oxidants or triplet-state quenchers (TSQs), are often added to imaging media to prolong imaging 
duration by either reducing photobleaching or phototoxicity. However, addition of exogenous 
photoprotectants often required millimolar concentrations of hydrophobic compounds,1 which can 
modify lipid bilayer properties.2 Pioneering work showed that intramolecular tethering of a TSQ, 
like vitamin E derivative Trolox, or cyclooctatetrane (COT), improves photostability and reduces 
phototoxicity of common fluorophores in single molecule and cellular imaging,4, 5 without the 
requirement for mM concentrations of lipophilic additives.3, 4, 6 In some live-cell contexts, cellular 
viability is improved without altering the rate of photobleaching.5  

However, this self-healing fluorophore strategy has never been applied in the context of 
fluorescent reporters: dyes which change their optical properties in response to biological cues, 
such as pH, Ca2+, or membrane potential. Additionally, because the molecular mechanisms behind 
self-healing fluorophores rely on tuning of electron and energy transfer rates between fluorophore 
and TSQ,6-8 it was not clear whether the presence of a TSQ would interfere with the sensing 
mechanism of fluorescent reporters that utilize photoinduced electron transfer (PeT) .  

Voltage-sensitive dyes have been limited by toxicity induced by the presence of dye and the 
intense illumination required for fast voltage imaging. We have been exploring new molecular 
wire scaffolds for fluorescent voltage indicators which utilize PeT as a voltage-sensitive trigger.9, 

10 These molecular wire-based Voltage-sensitive Fluorophores (VF dyes) show decreased 
phototoxicity, we found that imaging of evoked neuronal action potentials under elevated 
illumination intensity (21 mW/mm2) altered observed neuronal physiology, likely because plasma 
membranes are especially sensitive to dye-sensitized photodamage.11 The changed neuronal 
physiology manifested as non-evoked spikes, after-depolarizations, shifts in the baseline, and 
decreases in ΔF/F (Figure S1). We wondered whether the addition of exogenous photoprotectants, 
like Trolox or COT, might decrease the apparent disruptions to underlying neuronal physiology. 
	

Scheme 1. Synthesis of triple-state quencher VF dyes 
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Results  
To test this, we added Trolox or COT (1 mM) to see if this reduced the number of artifacts when 

imaging with mVF-sarcosine12 (Figure S1) or with VF2.1.Cl (Figure S6).13 Addition of Trolox 
has only a modest effect on the proportion of neurons that fire normally during field stimulation 
(27% ± 17%, 95% C.I.) compared to mVF-sarcosine alone (12% ± 11%), while COT significantly 
improves the fraction of normally firing neurons to 89% (± 10%) (Figure S1). However, 
application of millimolar concentrations of lipophilic photoprotectants is often not practical, and 
we wondered whether a covalently-tethered photoprotectant would reduce the impact on cellular 
physiology while retaining the voltage sensitivity of the native VF dye. 
	

 

Figure 1. Characterization of TSQ-stabilized indicators. a) Plot of normalized absorbance and emission 
intensity for 1-COT (200 nM) in phosphate-buffered saline (PBS, pH 7.2) with 0.1% Triton X-100. b) Plot 
of relative change in fluorescence of 1-COT (ΔF/F) vs. time in a patch-clamped HEK293T cell under whole-
cell voltage-clamp conditions. c) Widefield, epifluorescence images of 1-COT in HEK293T cells (1 μM). 
d) Confocal images of 1-COT (0.5 μM) in d) cultured rat hippocampal neurons or e) hiPSC-derived 
cardiomyocytes. All scale bars are 20 μm. 

 
Synthesis 

To test this hypothesis, we first synthesized a new VF dye, 1, with a cysteic acid residue that 
possesses a sulfonic acid group for water solubility and retention in cell membranes, and a free 
amine, for ready functionalization with Trolox or carboxy-COT (Scheme 1 and Scheme S1). From 
intermediate 1, we synthesized a VF dye with covalently-tethered Trolox (1-Tro) or COT (1-COT) 
(Scheme 1). 
 
In vitro and cellular characterization 

The new VF-conjugates show absorption and emission nearly identical to the parent compound, 
with an absorbance maximum at 525 nm and an emission maximum near 540 nm (Figure 1a, 
Figure S2). In HEK293T cells, 1-COT is voltage sensitive, with a 17.9% ΔF/F per 100 mV (Figure 
1b, Figure S3). Both the parent 1 and conjugates, 1-Tro and 1-COT, localize to cell membranes in 
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HEK293T cells, neurons, and human induced pluripotent stem cell derived cardiomyocytes 
(hiPSC-CMs) (Figure 1c-e, Figure S4). 
 
Imaging in neurons 

We treated neurons with 1-Tro, or 1-COT and imaged optical action potentials driven by 
extracellular stimulation. We compared the results to imaging with 1 alone, or 1 plus the addition 
of exogenous photoprotective reagents Trolox or COT (Figure 2a-b). Similar to VF-sarcosine, 
imaging neuronal activity with 1 results in neurons without an artifact only 19% of the time (± 
10%, 95% confidence interval). Neurons treated with Trolox (1 mM) showed no improvement, but 
imaging with Trolox covalently conjugated to 1 (500 nM, 1-Tro) dramatically increased the 
proportion of neurons with artifact-free firing to 57% (± 16%). COT had an even more dramatic 
effect. When 1 mM exogenous COT was added to neurons loaded with 1, the proportion of neurons 
without artifacts substantially increased, to 93% (± 8%). However, millimolar concentrations of 
COT—a 2000x excess over 1—were required to observe this protective effect; at lower 
concentrations of 1 and 10 μM, still in stoichiometric excess over 1, a high percentage of cells still 
displayed artifacts (Figure S5). When COT is covalently-attached to 1, 96% of neurons fire 
normally (± 7%, Figure 2b).  
	

 

Figure 2. TSQ-stabilized indicators prevent unwanted physiological disruption in mammalian neurons. a) 
Plots of relative fluorescence (ΔF/F) vs. time for neurons loaded with 500 nM of the indicated dye (1, black; 
1 + 1 mM COT, blue; or 1-COT, green) and stimulated with an extracellular electrode to evoke firing. 
Traces are single trials and are bleach corrected using a linear fit. b) Plot of fraction of neurons that exhibit 
no experimental artifacts during the neuronal simulation protocol, including shifts in baseline, after 
depolarizations, or non-evoked spikes. Data are the proportion of cells without artifacts. Error bars are 95% 
confidence interval. White values indicate the number of analyzed neurons per condition. 

Imaging in cardiomyocytes 
Because of the excellent performance of 1-COT in neurons, we investigated whether this 

protective effect could be observed in a distinct model system of electrically excitable cells. We 
loaded human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) with 1 alone 
(1 μM), 1 plus an equimolar amount of COT (1 μM), or the new 1-COT conjugate (1 μM) (Figure 
3a-c). The amplitude of cardiac action potentials (AP) drops dramatically during imaging with 1 
alone (Figure 3a, black). Addition of equimolar COT helps maintain AP height; however, the 
signal to noise (SNR) is substantially degraded at the end of a 60 s imaging session (Figure 3b, 
blue). In contrast, AP height remains nearly constant throughout the 60 s imaging bout with 1-COT 
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(Figure 3c, green). In these experiments, the hiPSC-CMs are unpaced, which means that the beat 
rate, or number of APs, can vary from trial to trial. 

The protective effects of covalently-tethered COT are even more profound after periods of 
extended imaging. Even after 10 min of continuous illumination, the AP duration (APD) and beat 
rate of hiPSC-CMs treated with 1-COT remains unchanged (Figure 3d, green; Figure S9). hi-
PSC-CMs imaged with 1 alone show dramatic changes in APD even after 1 minute of illumination, 
significant changes to APD, beat rate, and shape after 5 minutes, and stop beating shortly thereafter 
as evidenced by an arrest of beating and lack of APs after minute 6 (Figure 3d, black; Figure S9; 
Supplemental Videos 1-4). Examination of AP shape during the initial 10 s of imaging (Figure 
3e, t = 0) and after 5 minutes of continuous illumination reveal profound changes to the shape of 
APs in hiPSC-CMs imaged with 1, while APs recorded after 5 min with 1-COT overlay closely 
with initial APs (Figure 3f). Under maximum illumination, higher imaging speeds can be achieved 
using 1-COT, enabling high temporal resolution recording of AP rise times and upstroke velocity 
(Figure S7).14 Similar to the previously reported use of COT-conjugated fluorophores in live cells,5 
1-COT has a similar bleach rate to 1 (Figure S8), but substantially decreases phototoxicity. 

 

 
Figure 3. TSQ-stabilized indicators prevent unwanted physiological disruption in human induced 
pluripotent stem-cell derived cardiomyocytes (hiPSC-CMs). Plot of relative fluorescence vs. time for 
unpaced hiPSC-CMs loaded with 1 μM of either a) 1 alone (black), b) 1 + COT (exogenously added, 1 
μM), or c) 1-COT. Recordings are single trials and are bleach corrected using an asymmetric least squares 
fit. d) Plot of normalized action potential duration (APD) vs. time in spontaneously beating hiPSC-CMs 
loaded with 1 alone (black) or 1-COT (green) and illuminated continuously for the indicated time. At 1 
minute intervals, a 20 s movie was acquired and action potential duration was assessed. Data are mean ± 
S.E.M. for n = 3 separate experiments. Example optically-recorded action potentials for e) 1 alone 
(black/gray) or f) 1-COT (black/green) at t = 0 min (black) and at t = 5 min (gray or green) of continuous 
illumination. AP traces are the average of 21 and 24 aligned APs for 1 alone (black/gray) and 1-COT 
(black/green), respectively.  
	

Conclusion 
In summary, we present a generalizable molecular prosthetic that can be used to stabilize 

recordings made with fluorescent reporters. Previous studies elegantly showed that covalent 
attachment of TSQs could prolong the duty cycle of fluorophores, but to date, no study has 
highlighted a similar strategy for fluorescent molecules that report dynamically on their 
environment. Here, we show specifically that covalent attachment of TSQs like Trolox or COT 



 14 

allow VF dyes to retain their performance in neurons or cardiomyocytes while avoiding disruptions 
to underlying cellular physiology. In contrast to previous studies in our lab, which altered the 
molecular wire of the voltage-sensitive fluorophore,15, 16 this present strategy has the potential to 
be more universal and could likely be applied to any VF dye, such as the silicon-rhodamine 
fluorophore BeRST 1, or other indicators regardless of the molecular wire or fluorescent reporter.4, 
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Chapter 1: Supplementary Information  
 

Synthetic Methods 
 
Palladium catalysts and phosphine ligands were purchased from Strem Chemical. Deuterated 

solvents used for NMR studies were purchased from Cambridge Isotope Laboratories. Anhydrous 
solvents and all other chemical reagents were purchased from Sigma Aldrich, Acros Chemical, or 
Oakwood Chemical (South Carolina, USA) and used without further purification. References to 
previously synthesized compounds are provided along with characterization data. Thin layer 
chromatography (TLC) (Silicycle, F254, 250 µm) and preparative thin layer chromatography 
(PTLC) (Silicycle, F254, 1000 µm) were performed on glass backed plates pre-coated with silica 
gel and visualized by fluorescence quenching under UV light. Flash column chromatography was 
performed on Silicycle Silica Flash F60 (230–400 Mesh) using a forced flow of air at 0.5–1.0 bar. 
NMR spectra were measured on Bruker AVB-400 MHz, 100 MHz, AVQ-400 MHz, 100 MHz, 
Bruker AV-600 MHz, 150 MHz. Chemical shifts are expressed in parts per million (ppm) and are 
referenced to CDCl3 (7.26 ppm, 77.0 ppm), DMSO-d6 (2.50 ppm, 40 ppm), or acetone-d6 (2.04 
ppm, 29.8 and 206.3 ppm). Coupling constants are reported as Hertz (Hz). Splitting patterns are 
indicated as follows: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublet; m, multiplet. 
High-resolution mass spectra (HR-ESI-MS) were measured by the QB3/Chemistry mass 
spectrometry service at University of California, Berkeley. High performance liquid 
chromatography (HPLC) and low resolution ESI Mass Spectrometry were performed on an 
Agilent Infinity 1200 analytical instrument coupled to an Advion CMS-L ESI mass spectrometer. 
The column used for the analytical HPLC was Phenomenex Luna 5 μm C18(2) (4.6 mm I.D. × 75 
mm) with a flow rate of 1.0 mL/min. The mobile phases were MQ-H2O with 0.05% trifluoroacetic 
acid (eluent A) and HPLC grade acetonitrile with 0.05% trifluoroacetic acid (eluent B). Signals 
were monitored at 254, 350 and 480 nm over 10 min with a gradient of 10-100% eluent B unless 
otherwise noted. Ultra-high performance liquid chromatography (UHPLC) for purification of final 
compounds was performed using a Waters Acquity Autopurification system equipped with a 
Phenomenex Luna 10 µm C18(2) column (21.2 mm I.D. x 250 mm with a flow rate of 30.0 
mL/min, made available by the Catalysis Facility of Lawrence Berkeley National Laboratory 
(Berkeley, CA)). The mobile phases were MQ-H2O with 0.05% trifluoroacetic acid (eluent A) and 
HPLC grade acetonitrile with 0.05% trifluoroacetic acid (eluent B). Signals were monitored at 254 
and 350 nm over 20 min with a gradient of 10-100% eluent B, unless otherwise noted. 

 
Steady-state UV-vis and fluorescence spectroscopy 

 
Stock solutions of VoltageFluors were prepared in DMSO and diluted with PBS (10 mM 

KH2PO4, 30 mM Na2HPO4·7H2O, 1.55 M NaCl, pH 7.2) solution containing 0.10 % (w/w) SDS 
(1:500 dilution). UV-Vis absorbance and fluorescence spectra were recorded using a Shimadzu 
2501 Spectrophotometer (Shimadzu) and a Quantmaster Master 4 L-format scanning 
spectrofluorometer (Photon Technologies International). The fluorometer is equipped with an 
LPS-220B 75-W xenon lamp and power supply, A-1010B lamp housing with integrated igniter, 
switchable 814 photon-counting/analog photomultiplier detection unit, and MD5020 motor driver. 
Samples were measured in 1-cm path length quartz cuvettes (Starna Cells). 

 
Cell Culture 
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All animal procedures were approved by the UC Berkeley Animal Care and Use Committees 

and conformed to the NIH Guide for the Care and Use and Laboratory Animals and the Public 
Health Policy. 

 
Human embryonic kidney cells (HEK293T) 

HEK293T cells were acquired from the UC Berkeley Cell Culture Facility. Cells were passaged 
and plated onto 25 mm glass coverslips coated with Poly-D-Lysine (PDL; 1 mg/mL; Sigma-
Aldrich) to a confluency of ~15% and 40% for electrophysiology and imaging, respectively. 
HEK293T cells for imaging were plated and maintained in Dulbecco’s modified eagle medium 
(DMEM) supplemented with 4.5 g/L D-glucose, 10% fetal bovine serum (FBS), and 1% Glutamax. 
To reduce rapid growth, HEK293T cells were maintained in DMEM supplemented with 1.0 g/L 
D-glucose, 10% FBS, 1% Glutamax, and 1 mM sodium pyruvate for electrophysiology 
experiments. 

 
Rat hippocampal neurons 

Hippocampi were dissected from embryonic day 19 Sprague Dawley rats (Charles River 
Laboratory) in cold sterile HBSS (zero Ca2+, zero Mg2+). All dissection products were supplied by 
Invitrogen, unless otherwise stated. Hippocampal tissue was treated with trypsin (2.5%) for 15 min 
at 37 °C. The tissue was triturated using fire polished Pasteur pipettes, in minimum essential media 
(MEM) supplemented with 5% fetal bovine serum (FBS; Thermo Scientific), 2% B-27, 2% 1M 
D-glucose (Fisher Scientific) and 1% glutamax. The dissociated cells were plated onto 12 mm or 
25 mm diameter coverslips (Fisher Scientific) pre-treated with PDL (as above) at a density of 
27,000 cells or 125,000 cells per coverslip, respectively, in MEM supplemented media (as above). 
Neurons were maintained at 37 °C in a humidified incubator with 5 % CO2. At 1 day in vitro (DIV) 
half of the MEM-supplemented media was removed and replaced with Neurobasal media 
containing 2% B-27 supplement and 1% glutamax.  

 
Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) 

hiPSCs (WTC11) were cultured on Matrigel (1:100 dilution; Corning)-coated 12 well-plates in 
StemFlex medium (Gibco). When the cell confluency reached 80–90%, which is referred to as day 
0, the medium was switched to RPMI 1640 medium (Life Technologies) containing B27 minus 
insulin supplement (Life Technologies) and 10 µM CHIR99021 GSK3 inhibitor (Peprotech). At 
day 1, the medium was changed to RPMI 1640 medium containing B27 minus insulin supplement 
only. At day 3, medium was replaced to RPMI 1640 medium containing B27 supplement without 
insulin, and 5 µM IWP4 (Peprotech) for 2 days without medium change. On day 5, medium was 
replaced to RPMI 1640 medium containing B27 minus insulin supplement for 2 days without 
medium change. On day 7, medium was replaced with RPMI 1640 containing B27 with insulin 
supplement. After day 7, the medium was changed every two days. Confluent contracting sheets 
of beating cells appear between days 7 to 15. 

Beating sheets were treated with collagenase II for 60-75 minutes. The collagenase solution was 
carefully transferred to cold DMEM, making sure cardiac sheets were not disturbed. Trypsin 
(0.25%) was added to dissociated sheets for 4-8 minutes and plated onto 6 well-plates coated with 
Matrigel (1:100 dilution) in RPMI 1640 medium containing B27 supplement plus ROCK inhibitor 
Y-27632. 24 hours later, the medium was replaced with fresh RMPI/B27 without ROCK inhibitor. 
Cardiomyocytes were maintained for 7 days, replacing media every other day, and then were 
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switched to RPMI 1640 medium (-glucose) supplemented with 4 mM sodium lactate (Sigma 
Aldrich). Cells were maintained in this media for 7 days, replacing every other day, then switched 
back to RPMI/B27 containing glucose. These purified cardiomyocytes were then used for imaging. 

Lactate purified sheets were dissociated with 0.25% trypsin-EDTA (4-8 minutes, depending on 
density and quality of tissue) and plated onto Matrigel (1:100)-coated Ibidi ® 24 well µ-plates (cat 
no. 82406) in RPMI 1640 medium containing B27 supplement (containing insulin). Medium was 
changed every 3 days until imaging. For loading hiPSC cardiomyocytes, voltage dyes were diluted 
1 in 1000 in RPMI 1640 with B27 supplement minus Phenol Red to the desired final concentration. 
Cardiomyocytes were incubated in this solution for 20 minutes at 37 °C, then exchanged with dye-
free RPMI 1640 with B27 supplement minus Phenol Red. 
 
Fluorescence Imaging Conditions 

 
For experiments with rat hippocampal neurons, Epifluorescence imaging was performed on an 

AxioExaminer Z-1 (Zeiss) equipped with a Spectra-X Light engine LED light (Lumencor), 
controlled with Slidebook (v6, Intelligent Imaging Innovations). Images were acquired with a W-
Plan-Apo 20x/1.0 water objective (20x; Zeiss) and focused onto either an OrcaFlash4.0 sCMOS 
camera (sCMOS; Hamamatsu). 

 
Inverted epifluorescence imaging of HEK293T cells and hiPSC cardiomyocytes was performed 

on an AxioObserver Z-1 (Zeiss), equipped with a Spectra-X Light engine LED light (Lumencor), 
controlled with µManager (V1.4, open-source, Open Imaging).2,3 were acquired using a Plan-
Apochromat 20/0.8 air objective (20x, Zeiss) or an EC-Plan-NEOFLUAR 40/1.3 oil immersion 
objective (40x; Zeiss). Images were focused onto an OrcaFlash4.0 sCMOS camera (sCMOS; 
Hamamatsu). 

 
More detailed imaging information for each experimental application is expanded below. 

 
Membrane staining in HEK293T cells 

HEK293T cells were incubated with an imaging buffer (IB) solution (composition in mM: 139.5 
NaCl, 10 HEPES, 5.6 D-glucose, 5.3 KCl, 1.3 CaCl2, 0.49 MgCl2, 0.44 KH2PO4, 0.41 MgSO4, 
0.34 Na2HPO4; 290 mOsm/kg, pH 7.25) containing VoltageFluors (500 nM) at 37 °C for 20 min 
prior to transfer to fresh IB (no dye) for imaging. Microscopic images were acquired with a 
40X/1.3NA oil objective (Zeiss) and OrcaFlash4.0 sCMOS camera (Hamamatsu). For 
fluorescence images, the excitation light was delivered from a LED (9.5 mW/mm2; 100 ms 
exposure time) at 475/34 (bandpass) nm and emission was collected with an emission filter 
(bandpass; 540/50 nm) after passing through a dichroic mirror (510 nm LP). 
 
Membrane staining in rat hippocampal neurons 

Neurons were incubated in HBSS containing VoltageFluors BeRST 1 and 1-COT (500 nM each) 
at 37 °C for 20 min prior to transfer to fresh HBSS (no dye) for imaging. Microscopic images were 
acquired with a 63x/1.4 PlanApo oil objective on a confocal Zeiss LSM 980 with Airyscan2 and 
BH FLIM. BeRST 1 fluorescence was delivered at 639 nm, 1-COT fluorescence was delivered at 
488 nm, and transmitted images were taken at 405 nm (1.42 s exposure time per frame). 
 
Membrane staining in hiPSC-CMs 
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hiPSC-CMs were incubated in RPMI/B27 (without phenol red) containing VoltageFluors 
BeRST 1 and 1-COT (500 nM each) at 37 °C for 20 min prior to media exchange with fresh 
RPMI/B27 (no phenol red, no dye) for imaging. Microscopic images were acquired with a 40x/1.3 
oil objective on a confocal Zeiss LSM 980 with Airyscan2 and BH FLIM. BeRST 1 fluorescence 
was delivered at 639 nm, 1-COT fluorescence was delivered at 488 nm, and transmitted images 
were taken at 405 nm (1.89 s exposure time per frame). 
 
Voltage sensitivity in HEK293T cells 

Functional imaging of the VoltageFluors was performed using a 40x/1.3 NA oil immersion 
objective paired with image capture from the sCMOS camera at a sampling rate of 0.5 kHz, 
focused onto a 100x100 pixel2 ROI (binned 4x4, 66.5x66.5 µm2). VoltageFluors were excited 
using the 475 nm LED with an intensity of 9.5 mW/mm2. For initial voltage characterization, 
emission was collection with the emission filter and dichroic listed above. 
 
Evoked activity in rat hippocampal neurons 

Extracellular field stimulation was delivered by a SD9 Grass Stimulator connected to a recording 
chamber containing two platinum electrodes (Warner), with triggering provided through a 
Digidata 1440A digitizer and pCLAMP 10 software (Molecular Devices). Action potentials were 
triggered by 1 ms 80 V field potentials delivered at 5 Hz. To prevent recurrent activity the HBSS 
bath solution was supplemented with synaptic blockers 10 μM 2,3-Dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX; Santa Cruz Biotechnology) and 25 μM 
DL-2-Amino-5-phosphonopentanoic acid (APV; Sigma-Aldrich). Functional imaging was 
performed using the sCMOS camera and a 20x water objective. VF dyes (500 nM in HBSS) were 
excited with a 475/34 (bandpass) nm LED with an intensity of 21 mW/mm2 and emission was 
collected with an emission filter (bandpass; 540/50 nm) after passing through a dichroic mirror 
(510 nm LP).  
 
Voltage recordings of hiPSC cardiomyocytes and assessment of phototoxicity 

Functional recordings of voltage indicators (0.5 µM) were performed using a 20x air objective 
paired with a sCMOS camera at a sampling rate of 0.2 kHz (4x4 binning and restricted to a 
512x125 pixel frame for high-speed acquisition over long periods). Indicators were excited at 
475/34 (bandpass) nm with an intensity of 11.1 mW/mm2 and emission was collected with an 
emission filter (bandpass; 540/50 nm) after passing through a dichroic mirror (510 nm LP). 
Routine recordings were made for ten seconds. 

Phototoxicity of VoltageFluor dyes was assessed in cardiomyocyte monolayers incubated with 
0.5 µM of indicator. These were exposed to constant illumination from the excitation LED 
(475/34; bandpass) for up to 14 minutes, while typical ten second fluorescence recordings were 
made at the beginning of each minute.  

For upstroke velocity and rise time estimations (Figure S7), imaging experiments were 
performed as described above, but at maximum illumination intensity (25.4 mW/mm2). 
 
 
Image Analysis 
 
HEK cell image analysis 
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Analysis of voltage sensitivity in HEK293T cells was performed using ImageJ (FIJI). Briefly, a 
region of interest (ROI) encompassing the cell body was selected and average fluorescence 
intensity was calculated for each frame. For background subtraction, a ROI encompassing a region 
without cells was selected and the average pixel intensity was calculated for each frame. A linear 
fit to the background trace was calculated and applied to the background, and this was used to 
subtract background signal from the fluorescence intensity trace. F/Fo values were calculated by 
dividing the background subtracted trace by the median value of fluorescence when the cell is held 
at -60 mV. ΔF/F values were calculated by plotting the change in fluorescence (ΔF) vs the applied 
voltage step and finding the slope of a linear best-fit.  
 
Rat hippocampal neuron image analysis 

For analysis of voltage responses in neurons, regions of interest encompassing cell bodies (all of 
approximately the same size) were drawn in ImageJ and the mean fluorescence intensity for each 
frame extracted. ΔF/F values were calculated by first subtracting a mean background value from 
all raw fluorescence frames to give a background subtracted trace. A least squares linear regression 
was fit to the background subtracted trace and a bleaching curve, derived from the slope of the 
regression, was used to correct for photobleaching. A baseline fluorescence value (Fbase) was 
calculated from the median of all the frames and was subtracted from each timepoint of the bleach 
corrected trace to yield a ΔF trace. The ΔF was then divided by Fbase to give ΔF/F traces. No 
averaging was applied to any voltage traces.  

Traces were then scored for the presence of artifacts (see Figure S1c-g for examples), including 
non-evoked spikes, after-depolarizations, and shifts in the baseline. Scoring of neurons was 
performed by 3 different experimenters. Experimenters were blind to the experimental conditions 
during scoring. The proportion of responding cells for each dye/condition was noted, and 95% 
confidence intervals were constructed according to the Equation S1. 

 C. I. = 	 z∗'"($%")
'

 Equation S1 

Where C.I. is the confidence interval, p is the proportion of cells that show no artifacts during 
the trial, n is the number of cells analyzed, and z* is critical value of z at 95% confidence (z* = 
1.96 for 95% confidence interval). 
 
hiPSC-CM image analysis 

Analysis of action potential (AP) data from hiPSC cardiomyocytes was performed using in-
house MATLAB scripts based on previously developed software by the Efimov lab (Washington 
University, St. Louis, MO). Scripts are available upon request. Briefly, raw OME-tiffs recorded in 
µManager was read directly into MATLAB for batch-processing of large datasets (>30 Gb per 
experiment). The mean pixel intensity of the entire image (512x125 pixels) was calculated for each 
frame and a mean fluorescence trace was extracted for the entire stack. Photobleach correction was 
performed by subtracting an asymmetric least-squares fit of the data from the mean trace. No 
subtraction of background was possible due to staining of the entire monolayer. Individual AP 
events were identified through threshold detection based on a Schmidtt trigger. Action potential 
duration (APD) values were calculated for each AP by finding the activation time (time of the 
maximum derivative of the AP upstroke) and the time the signal returns to 70, 50, and 10% of the 
maximum depolarization (APD30, APD50, APD90, respectively). APD values were corrected for 
variation due to spontaneous beat rate by Fridericia’s formula (Equation S2). CL is the cycle 
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length, calculated as the time period from the beginning of one beat to the beginning of the 
succeeding beat. 

 APDc	 = 	 ()*
√,-!  Equation S2 

 
Electrophysiology 
 

For electrophysiological experiments in HEK293T, pipettes were pulled from borosilicate glass 
with filament (Sutter Instruments, BF150-86-10) with a P-97 pipette puller (Sutter Instruments) to 
a resistance of 4-7 MΩ. Pipettes were filled with an internal solution (composition, in mM): 125 
potassium gluconate, 10 HEPES, 10 KCl, 5 NaCl, 2 ATP disodium salt, 1 EGTA, 0.3 GTP sodium 
salt (pH 7.25, 285 mOsm). EGTA (tetraacid form) was prepared as a stock solution in 1M KOH 
prior to addition to internal solution. Pipettes were positioned with an MP-225 micromanipulator 
(Sutter Instruments). Electrophysiological recordings were obtained with an Axopatch 200B 
amplifier (Molecular Devices) at room temperature. The signals were digitized with a Digidata 
1440B, sampled at 50 kHz, filtered at 5 kHz and recorded with pCLAMP 10 software (Molecular 
Devices).  

Electrophysiology was performed in the whole cell voltage clamp configuration. After gigaseal 
formation and break-in, recordings were only pursued if series resistance in voltage clamp was 
less than 30 MΩ and the recording maintained a 30:1 ratio of membrane resistance to access 
resistance throughout all voltage steps. No series resistance compensation was applied. Fast 
capacitance was compensated in the cell attached configuration. All voltage clamp protocols were 
corrected for the calculated liquid junction (-14 mV, Liquid Junction Potential Calculator in 
pClamp). For tandem electrophysiology and fluorescence intensity recordings, cells were held at 
-60 mV and de- and hyper- polarizing steps were applied from +100 to -100 mV in 20 mV 
increments, with each step lasting 100 ms (for 1) or 75 ms (for 1-COT). 
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Supporting Figures  
 

 VF-sarcosine + photoprotectants 

 
Figure S1. Effect of exogenous photoprotectants on neuronal activity imaging with mVF-sarcosine. a) 
Structure of mV used in these experiments (compound 13 from Grenier, et al. JACS, 2019, 141, 1359). b) 
Plot of fraction of normally-firing neurons (i.e. no shifts in baseline, after depolarization, or non-evoked 
spikes) vs. condition for rat hippocampal neurons imaged with mVF (500 nM) and subjected to the evoked 
activity protocol. Trolox and cyclooctatetraene (COT) were applied at a concentration of 1 mM. Error bars 
are the 95% confidence interval for each proportion. The number of neurons analyzed for each condition is 
indicated in white at the base of the bars. c-g) Example plots of neuronal activity traces used to determine 
normal firing. All plots are plots of fractional change in fluorescence (ΔF/F) in rat hippocampal neurons 
stained with 500 nM mVF-sarc and stimulated with 3 sets of 3 pulses to evoke action potentials (APs). c) 
An example of a recording with no artifacts—this cell fires normally. d) An example of decreasing ΔF/F 
in the 2nd and 3rd round of stimulation. The dotted red line indicates the approximate ΔF/F for APs in the 
first round of recording. Red bars indicate APs with lower ΔF/F. e) An example of a baseline jump. The 
dotted red line during the 2nd round of stimulation shows the off-set increase in baseline fluorescence. f) An 
example of a recording with non-evoked spikes. Red bars indicate spikes that arrived regardless of 
stimulation. g) An example of after-depolarizations, in which additional spikes are recorded after the 
stimulated spike. Red bars indicate after-depolarizations. 
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 Absorption and Emission 

 
Figure S2. Absorption and emission spectra of 1. Plots of normalized absorbance and emission intensity 
for 1 (200 nM) in phosphate-buffered saline (PBS, pH 7.2) with 0.1% Triton X-100. 
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 Voltage sensitivity of 1 and 1-COT (plot of ΔF/F vs mV) 

 
Figure S3. Voltage sensitivity of 1 and 1-COT. a) Plot of fractional change in fluorescence (ΔF/F) vs. 
membrane potential for 1. Data are mean ± standard error of the mean for n = 9 determinations. Voltage 
sensitivity is 18% ± 0.6% (S.E.M.) b) Plot of relative change in fluorescence of 1 (ΔF/F) vs. time in a patch-
clamped HEK293T cell under whole-cell voltage-clamp conditions. c) Plot of fractional change in 
fluorescence (ΔF/F) vs. membrane potential for 1-COT. Data are mean ± standard error of the mean for n 
= 4 determinations. Voltage sensitivity is 17.9% ± 0.6% (S.E.M.) 
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 Images of compounds in HEK cells, neurons, and hiPSC-CMs 

 
Figure S4. Imaging of 1, 1-COT, or 1-Tro in HEK293T cells, neurons, and hiPSC-CMs. a) Widefield 
epifluorescence and b) transmitted light images of 1 in HEK cells. Widefield epifluorescence image of 1 in 
c) hiPSC-CMs, or d) dissociated rat hippocampal neurons. e) Transmitted light image of panel d. f) 
Widefield epifluorescence and g) transmitted light images of 1-Tro in dissociated rat hippocampal neurons. 
h) (left to right) transmitted light image of 1-COT in hiPSC-CMs, 1-COT imaged at 488 nm, BeRST 1 co-
stain imaged at 639 nm, composite image of 1-COT and BeRST 1 staining the cell membranes – images 
are a zoomed-out version of Figure 1e in the main text . i) (left to right) transmitted light image of 1-COT 
in neurons, 1-COT imaged at 488 nm, BeRST 1 co-stain imaged at 639 nm, composite image of 1-COT 
and BeRST 1 staining the cell membranes – images are a zoomed out version of Figure 1d in the main text. 
Scale bars are 20 μm for all images.  
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 COT titration in neurons 

 
Figure S5. Titration of cylcooctatetraene (COT) in neurons. Plot of fraction of normally-firing neurons (i.e. 
no shifts in baseline, after depolarization, non-evoked spikes, or after-depolarizations) vs. concentration of 
COT (in μM) for rat hippocampal neurons imaged with 1 and subjected to the evoked activity protocol. 
Error bars are the 95% confidence interval for each proportion. The number of neurons analyzed for each 
condition is indicated in white at the base of the bars. Data for 0 μM and 1,000 μM COT are repeated from 
the main text, Figure 2, for ease of comparison.  
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 Comparison of all dyes and conditions in neurons 

 
Figure S6. Comparison of all dyes and conditions in neurons. Plots of fraction of normally-firing neurons 
(i.e. no shifts in baseline, after depolarization, non-evoked spikes, or after-depolarizations) vs. all analyzed 
dye and additive conditions. a) Plot of normally-firing neurons vs. VF dye with no additives. VF2.1.Cl, 
mVF-sarc, or Compound 1. Data for mVF-sarc and 1 are repeated from Figure S1b and Figure 2b, 
respectively, for comparison). b) Plot of normally-firing neurons vs. mVF-sarc with addition of exogenous 
Trolox (1 mM) and COT (1 mM). Data are repeated from Figure S1b for ease of comparison. c) Plot of 
normally-firing neurons vs. 1, 1 + Trolox (1 mM), 1-Tro, 1 + COT (1 mM), or 1-COT. Data are repeated 
from Figure 2b in the main text, for ease of comparison. All error bars are ± 95% confidence interval. 
Numbers of neurons analyzed are indicated in white at the base of the respective bar. 
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 Action potential kinetics estimation under high-speed, high-powered illumination 

 
Figure S7. Action potential kinetics estimation under high-speed, high-powered illumination. a) Plots of 
maximum upstroke velocity (dV/dt, in units of V/s) vs. time for action potentials (AP) recorded with either 
1 (black traces) or 1-COT (blue traces). Thick colored line (black or blue) are the mean dV/dt values, 
individual dV/dt plots are in grey (n = 3 independent experiments). Plots show t = 0 min of illumination 
and after 1 min of continuous illumination. The mean dV/dt value was calculated by estimating an AP 
amplitude of 100 mV (Table 1 in Front. Physiol. 2012, 3, 346; mean AP amplitude = 100 mV). Across all 
6 experiments, including APs recorded with both 1 and 1-COT, the mean upstroke velocity is 11.4 V/s 
(±3.2 V/s, standard deviation, n = 6), which is within the range of recorded upstroke velocities for hiPSC-
CMs reported in Hoekstra, et al. (Table 1 in Front. Physiol. 2012, 3, 346; mean dV/dt = 31 V/s, min = 9 
V/s, max = 115 V/s).1 b) Plot of the change in dV/dt (ΔdV/dt) as a percentage of original dV/dt after one 
minute of high powered illumination for 1 alone (black) or 1-COT (blue). Data are mean ΔdV/dt; error bars 
are S.E.M. for n = 3, and individual differences (paired before/after) are in grey circles. c) Plot of rise time 
vs. total illumination time for 1 (black) and 1-COT (blue). Data are mean rise time (in ms); error bars are 
S.E.M. for n = 3 independent experiments. d) Rise times are calculated as the time difference between the 
initial rise from baseline (first blue circle) to the maximum slope at 50% (second blue dot, or blue dashed 
line) of maximum AP height (red dotted line). A schematized AP from Figure 3e in the main text is shown 
for illustrative purposes. 
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 Photobleaching comparison in hiPSC-CMs 

 
Figure S8. Photobleaching comparison in hiPSC-CMs. a) Plot of normalized photobleach rate for 1 or 1-
COT vs. time in hiPSC-CMs. Data are mean bleach rate for 1 (black line) or 1-COT (blue line). Shaded 
area represents 95% confidence interval for n = 5 independent determinations. b) Plot of normalized 
fluorescence intensity values vs. time in hiPSC-CMs. S.E.M. are reported for n = 3 independent 
determinations. 
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 Beats per minute comparison in hiPSC-CMs 

 
Figure S9. Beats per minute comparison in hiPSC-CMs. a) Plot of raw fluorescence values vs. time in 
hiPSC-CMs for 1 or 1-COT. Data are representative of one sample. b) Representative images of hiPSC-
CMs stained with 1 or 1-COT. The cell membrane remains stained for 1 and 1-COT at t = 0 and t = 6 
minutes. Images are individual frames from Supplemental Videos 1-4, demonstrating beating or lack of 
beating in hiPSC-CMs. c) Plot of normalized beat rate vs. time in hiPSC-CMs. Data are a mean beat rate 
for 1 (black line) or 1-COT (blue line). S.E.M. are reported for n = 3 independent determinations. 
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Supplemental Videos 1-4  
Visual comparison of contraction and healthy activity in hiPSC-CMs stained with 1 or 1-COT. At t = 0 
(Video 1) and t = 6 minutes (Video 2) for 1-COT, cells are visually contracting, with healthy 
electrophysiology evidenced by the AP traces in Figure S9. 1-COT is seen staining cell membranes over 
time. At t = 0 (Video 3) for compound 1 cells are visually contracting with healthy electrophysiology 
evidenced by the AP traces in Figure S9. At t = 6 minutes (Video 4), iPSC-CMs stained with compound 1 
are no longer contracting and APs are not seen in the 10 s trace in Figure S9. Compound 1 remains 
fluorescent and in the cell membrane at minute 6 but is detrimental to cell health.  
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Table S1. Summary of neuron imaging data 

Dye additive [additive] no 
artifacts (#) 

no artifacts 
(%) 

total 
cells Figure 

1 --- --- 10 19% 54 2b / 
S6c 

1 Trolox 1 mM 6 17% 35 2b / 
S6c 

1 COT 1 mM 39 93% 42 2b / 
S6c 

1-Tro --- --- 20 57% 35 2b / 
S6c 

1-COT --- --- 27 96% 28 2b / 
S6c 

1 COT 0.001 
mM 6 55% 11 S5 

1 COT 0.01 mM 10 83% 12 S5 
mVF-
sarca --- --- 4 12% 33 S1b / 

S6b 
mVF-
sarca Trolox 1 mM 7 27% 26 S1b / 

S6b 
mVF-
sarca COT 1 mM 34 89% 38 S1b / 

S6b 
VF2.1.Clb --- --- 5 33% 15 S6a 

a Compound 13 from Grenier, et al. JACS, 2019, 141, 1359. b VF2.1.Cl from Miller, et al. PNAS, 
2012, 109, 2114. 
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Scheme S1. Synthesis of 1, 1-Tro, and 1-COT 
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Synthesis of 2. 

 
Synthesis of 2, or, tert-butyl 4-(4-bromo-2-(2,7-dichloro-6-hydroxy-3-oxo-3H-xanthen-9-
yl)benzoyl)piperazine-1-carboxylate. 

 
6-bromo-2',7' dichlorofluorescein (317 mg, 660 μmol), Boc-protected piperazine (127.6 mg, 685 
μmol) and HATU (695 μmol) were dissolved in 2 mL anhydrous DMF, followed by addition of 
575 μL DIPEA (427 mg, 3.30 mmol). After stirring for 24 hours the reaction was diluted with 50 
mL 20% iPrOH/DCM and washed five times with 20 mL water. The organic phase was dried over 
MgSO4, decanted, and solvents removed under reduced pressure. Product was purified by flash 
column chromatography (10% MeOH/DCM) to obtain 2 (380 mg, 586 μmol, 89%) as a red 
powder. Analytical HPLC retention time: 6.89 minutes.  

1H NMR (300 MHz, d6-DMSO) δ 7.95 (dd, J = 8.3, 2.1 Hz, 1H), 7.85 (d, J = 2.0 Hz, 1H), 7.62 
(d, J = 8.3 Hz, 1H), 7.17 (s, 2H), 6.77 (s, 2H), 3.38 (bm, 4H), 3.13 (bm, 4H)1.4 (s, 9H). 

 
ESI-MS: [M+H]+ calculated 647.0, found 647.2. 
[M-C3H8+H]+, calculated 591.0, found 591.1 

 
 

  



 35 

Spectra S1. HPLC of 2. 
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Synthesis of 3. 

 
Synthesis of 3, or, tert-butyl 4-(2-(2,7-dichloro-6-hydroxy-3-oxo-3H-xanthen-9-yl)-4-((E)-4-((E)-
4-(dimethylamino)styryl)styryl)benzoyl)piperazine-1-carboxylate. 

 
To an oven-dried Schlenk flask added 2 (350 mg, 540 μmol), phenylene vinylene molecular wire 
(169 mg, 678 μmol), Pd(OAc)2 (1.80 mg, 8.01 μmol) and P(o-Tol)3 (15.5 μmol). The flask was 
evacuated and backfilled with N2 three times. Solid reagents were dissolved in 3 mL anhydrous 
DMF, 1.5 mL anhydrous Et3N and the reaction stirred for 16 hours at 90 °C. After cooling to rt 
the reaction was diluted with 20 mL 20% iPrOH/DCM and filtered through a pad of celite. Solvents 
were removed under reduced pressure and product purified by flash column chromatography (10% 
MeOH/DCM) to obtain 3 (408 mg, 500 μmol, 92%) as a red powder.  
 

1H NMR (300 MHz, d6-DMSO) δ 7.91 (d, J = 2.1 Hz, 1H), 7.82 (d, J = 1.9 Hz, 1H), 7.76 (s, 1H), 
7.65 (d, J = 8.1 Hz, 1H), 7.61-7.48 (m, 4H), 7.47-7.43 (m, 3H), 7.15 (d, J = 3.0 Hz, 3H), 7.00 (s, 
1H), 6.72 (m, 4H), 3.12 (m, 8H), 2.93 (s, 6H), 1.40 (s, 9H). 
 
ESI-MS [M+H]+ calculated 816.3 , found 816.4. 
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Spectra S2. HPLC of 3 
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Synthesis of 4. 

 
Synthesis of 4, or (R)-2-((tert-butoxycarbonyl)amino)-3-(4-(2-(2,7-dichloro-6-hydroxy-3-oxo-
3H-xanthen-9-yl)-4-((E)-4-((E)-4-(dimethylamino)styryl)styryl)benzoyl)piperazin-1-yl)-3-
oxopropane-1-sulfonate 

 
3 (154.3 mg, 188 μmol) was dissolved in 2 mL 1:1 TFA:DCM. After stirring for 30 minutes the 
reaction was concentrated under a stream of N2 and residual solvents removed by toluene 
azeotrope. In the same round bottom, added Boc-protected cysteic acid (56.0 mg, 208 μmol) and 
HATU (82.5 mg, 217 μmol). Solid reagents were dissolved in 1 mL anhydrous DMF, followed by 
addition of 164 μL DIPEA (121 mg, 164 μmol). After stirring for 16 hours the reaction was 
neutralized by drop-wise addition of AcOH and solvents removed under reduced pressure. Crude 
material was purified by preparative TLC (15% MeOH, 5% AcOH in DCM, material eluted off 
silica with 10% MeOH/DCM) to obtain 4 as a red gum. Trituration with MeCN led to formation 
of a red powder, which could be isolated by vacuum filtration to obtain 4 (90.0 mg, 93.0 μmol, 
50%).  
 
ESI-MS [M+H]+ calculated 967.3 , found 967.5.  
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Spectra S3. HPLC of 4 
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Synthesis of 1. 

 
Synthesis of 1, or, (R)-2-ammonio-3-(4-(2-(2,7-dichloro-6-hydroxy-3-oxo-3H-xanthen-9-yl)-4-
((E)-4-((E)-4-(dimethylamino)styryl)styryl)benzoyl)piperazin-1-yl)-3-oxopropane-1-sulfonate. 
 
4 (47.9 mg, 51.7 μmol) was dissolved in 1 mL 1:1 TFA:DCM. After stirring for 30 minutes, the 
reaction was concentrated under a stream of N2, after which residual solvents were removed by 
toluene azeotrope under reduced pressure. The resulting solid was suspended in MeCN and 1 (40.1 
mg, 37.3 μmol, 90%) was collected by vacuum filtration as an orange powder. Analytical HPLC 
retention time: 4.67 minutes.  
 

1H NMR (600 MHz, d6-DMSO) δ 8.03 (s, 3H), 7.93 (d, J = 8.2 Hz, 1H), 7.77 (s, 1H), 7.68 (d, J = 
8.1 Hz, 1H), 7.61 – 7.50 (m, 3H), 7.50 – 7.30 (m, 4H), 7.18 (d, J = 16.3 Hz, 2H), 6.98 (d, J = 16.3 
Hz, 1H), 6.73 (d, J = 8.5 Hz, 2H), 4.47 (s, 1H), 3.66 – 3.54 (m, 6H), 3.17 – 3.06 (m, 2H), 2.94 (s, 
6H). 
 
ESI-MS [M+H]+ calculated 867.2 , found 867.2. 
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Spectra S4. HPLC of 1 
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Synthesis of 1-Tro. 

 
Synthesis of 1-Tro, or, (2R)-3-(4-(2-(2,7-dichloro-6-oxido-3-oxo-3H-xanthen-9-yl)-4-((E)-4-((E)-
4-(dimethylamino)styryl)styryl)benzoyl)piperazin-1-yl)-2-(7-hydroxy-2,5,6,8-
tetramethylchromane-2-carboxamido)-3-oxopropane-1-sulfonate 
 
4 (42.1 mg, 43.5 μmol) was dissolved in 1 mL 1:1 TFA:DCM. After stirring for 1 hour the reaction 
was concentrated under a stream of N2 and residual solvents removed by toluene azeotrope. In the 
same round bottom, added Trolox (12.2 mg, 48.6 μmol) and HATU (19.1 mg, 50.1 μmol). Solid 
reagents were dissolved in 1 mL anhydrous DMF, followed by addition of 37.9 μL DIPEA (28.1 
mg, 217 μmol). After stirring for 16 hours the reaction was neutralized by addition of 50 μL AcOH 
and solvents removed under reduced pressure. The crude reaction was dissolved in MeOH, filtered 
through a 0.22 μm filter and purified by preparative HPLC to obtain 1-Tro (9.49 mg, 8.63 μmol, 
20%) as an orange powder.  
 

1H NMR (600 MHz, d6-DMSO) δ 7.93 (d, J = 8.3 Hz, 1H), 7.75 (s, 1H), 7.67 (dd, J = 8.1, 4.9 Hz, 
1H), 7.57 (m, 4H), 7.51-7.31 (m, 4H), 7.17 (m, 3H), 7.00 (d, J = 16.3 Hz, 1H), 6.79 (m, 3H), 5.76 
(s, 1H), 4.70 (m, 2H), 3.41 (s, 4H), 3.13-3.04 (m, 1H), 2.95 (s, 6H), 2.80-2.57 (m, 3H), 2.06 (m, 
7H), 1.98 (m, 3H), 1.75-1.62 (m, 1H). 
 
ESI-MS [M+H]+ calculated 1099.3, found 1099.5. 
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Spectra S5. HPLC 1-Tro 
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Synthesis of 1-COT. 

 
Synthesis of 1-COT, or, (R)-2-((1E,3Z,5Z,7Z)-cycloocta-1,3,5,7-tetraene-1-carboxamido)-3-(4-
(2-(2,7-dichloro-6-oxido-3-oxo-3H-xanthen-9-yl)-4-((E)-4-((E)-4-
(dimethylamino)styryl)styryl)benzoyl)piperazin-1-yl)-3-oxopropane-1-sulfonate. 

 
From DMGA summary (only source): 

 
4 (23.6 mg, 24.4 μmol) was dissolved in 1 mL 1:1 TFA:DCM. After stirring for 30 minutes the 
reaction was concentrated under a stream of N2, after which residual solvents were removed by 
toluene azeotrope. To the same reaction vial, added COT-CO2H (8.6 mg, 58.1 μmol) and HATU 
(18.4 mg, 48.4 μmol). Solid reagents were dissolved in 0.25 mL anhydrous DMF, followed by 
addition of 0.03 mL DIPEA (22.3 mg, 172 μmol). After stirring for 16 hours, the reaction was 
neutralized by drop-wise addition of AcOH and solvents removed under reduced pressure, 
azeotroping with toluene. Crude material was purified by preparative TLC (15% MeOH, 5% 
AcOH in DCM, material eluted off silica with 10% MeOH/DCM) to obtain 1-COT as a red gum 
(>95% pure by HPLC). Azeotroping with toluene led to formation of a red powder (14.5 mg, 60%).  
 
ESI-MS [M+H]+ calculated 997.2 , found 997.3. 
 
High resolution ESI-MS [M-H]- calculated 995.2290 (12C54H45O9N435Cl232S1), found 995.2292. 
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Spectra S6. HPLC of 1-COT 
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Chapter 2 
 

Red-shifted fluorescent voltage sensitive indicator with molecular prosthetic for long-term 
cardiac imaging 
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Abstract 
Voltage sensitive indicators can report cardiac action potentials with fast kinetics but 

phototoxicity of the fluorophores can cause the production of reactive oxygen species, aberrant 
electrophysiology, and damage the health of the cells being studied. The use of an intramolecular 
triplet state quencher can promote photostability and self-healing of the fluorophore, which can 
increase the longevity of the indicator and elongate imaging sessions with healthy cells. Herein, 
we demonstrate a generalizable method for reducing phototoxicity and singlet oxygen production 
with a cyclooctatetraene molecular prosthetic tethered to a near infrared silicon rhodamine-based 
voltage indicator. This novel indicator, BeRST-COT, can image cardiac electrophysiology for 2.7x 
longer than its parent dye, and reduces the amount of singlet oxygen produced while imaging.  
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Introduction 
Voltage sensitive fluorescent indicators 

have long been used in cardiac biology 
research for direct visualization of 
electrophysiology. These indicators 
complement traditional methods of 
monitoring cardiac electrophysiology such as 
whole-cell patch clamp electrophysiology.1 
The use of patch clamp electrophysiology has 
helped determine the electrophysiological 
effects of structural immaturity in hiPSC-
CMs and provided insight into action 
potential (AP) parameters.2 However, the 
patch clamp technique is difficult, lacks 
spatial resolution, and is a low throughput 
process. Voltage sensitive indicators offered a 
new method for studying electrophysiology 
and have led to progress in whole-heart 
optical mapping and understanding of cardiac 
arrhythmias.3,4 More recently, fluorescent 
indicators have been used in the 
characterization of human induced pluripotent 
stem cell-derived cardiomyocytes (hiPSC-
CMs),5–8 as well as in screening assays for 
arrhythmias and drug toxicity, including screening for COVID- therapeutics.9–12  

Fluorescence imaging of cardiac electrophysiology dates back to 1976 with the study of frog 
hearts with merocyanine 540.13 However, merocyanine 540 has an low ΔF/F at 1% per 100 mV, 
photobleaches rapidly, and can be quite toxic.14,15 Electrochromic dyes, such as di-4-ANEPPS, 
have improved fractional fluorescence (ΔF/F of 10% per 100 mV), but are phototoxic, internalize 
from the outer leaflet of the cell membrane, and are photon limited due to the reliance on spectral 
changes of the dye.16–18 While phototoxicity and photobleaching can be somewhat reduced by 
altering experimental parameters such as light intensity and exposure times,19–21 there is also a 
need for the rational design of new, less toxic voltage sensitive indicators.22,23  

VoltageFluors (VFs) are a class of voltage sensitive indicators that anchor into the cell membrane 
and utilize a photoinduced electron transfer (PeT) mechanism to sense changes in membrane 
potential.24 PeT rapidly occurs from an electron rich aniline donor located near the inner leaflet of 
the cell membrane, to a fluorophore anchored at the outer leaflet of the cell membrane, via a 
phenylenevinylene molecular wire.24–26 The result is a voltage sensitive fluorescent indicator 
reacting with fast kinetics to changes in membrane potential, demonstrating a linear correlation 
between fluorescence intensity and voltage.27 VF indicators offer high temporal and spatial 
resolution, are high throughput, and allow the study of single cells, monolayers, and 3D cultures. 

Previously we reported VF-COT, a green VoltageFluor indicator tethered to a cyclooctatetraene 
(COT) molecule via a piperazine-cysteic acid linker.28 We utilized a method for reducing 
phototoxicity in fluorescence imaging by intramolecularly tethering the triplet state quencher 
(TSQ) cyclooctatetraene (COT) to the fluorophore with the goal of reducing the production of 
reactive oxygen species (ROS).29–31 This method reduces the lifetime of the triplet state 

Figure 1. Molecular structures of VF probes. top) 
Structure of isoBeRST-pip-cys-COT (1-COT). 
bottom) Structure of isoBeRST-pip-cys (1). 
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fluorophore through intramolecular triplet 
energy transfer, reducing the amount of time 
that singlet oxygen can be produced and 
regenerating the ground state fluorophore in a 
process considered “self-healing.”29,32,33 VF-
COT prolonged imaging time relative to its 
parent indicator lacking the triplet state 
quencher. VF-COT also reduced light-
induced physiological disruptions in rat 
hippocampal neurons and hiPSC-CMs like 
spurious action potentials, runaway firing, or 
cessation of beating, likely by reducing 
singlet oxygen and overall ROS production.  

Herein, we demonstrate the generalizability 
of the self-healing strategy of COT on voltage 
sensitive indicators with the silicon-
rhodamine based fluorophore, 1-COT (Fig. 1, 
top). 1-COT is a near-infrared (NIR) VoltageFluor tethered to COT with a piperazine-cysteic acid 
linker. The indicator demonstrates reduced production of singlet oxygen, reduced photobleaching, 
and enables long-term imaging of cardiac action potentials relative to its parent dye. 1-COT is 
preferable to its green counterpart as it minimizes effects of autofluorescence of endogenous 
chromophores, uses lower energy excitation wavelengths, and is better suited for potential 
multiplexing with green indicators. Additionally, BeRST 1, from which 1-COT is derived, has 
already been used extensively for the study of iPSC-CMs.34–42 
 
Results and Discussion 

Synthesis. The synthesis of isoBeRST-pip-cys-COT (1-COT) began by performing an amide 
coupling N-Boc-piperazine and protected cystine S-X (Figure SX). Our attempts to perform this 
amide coupling with various cysteic acid analogs were met with failure, necessitating the use of 
the cystine group. Oxidation of the cystine using hydrogen peroxide and formic acid, followed by 
re-installation of the Boc group resulted in the isolation of cysteic acid S-X. Deprotection of the 
primary amine followed by an amide coupling yielded the cyclooctatetraene amide 2.  

With the cyclooctatetraene amide 2 in hand, we tested different conditions in order to couple it 
to the dye with the molecular wire already installed. Unfortunately, these amide couplings were 
met with nothing but unreacted starting material; thus, we developed conditions in which the amide 
coupling occurred before the installation of the molecular wire. Deprotection of 2 followed by the 
coupling with the acid chloride derived from X resulted in the isolation of the silicon rhodamine 
X in 29% yield. The removal of all of the TFA from the deprotection proved to be essential for 
this reaction as trace amounts of TFA would decompose the DMF and result in small amounts of 
dimethylamine reacting with the acid chloride, generating a biproduct that was extremely 
challenging to separate from X. Finally, we developed conditions for the Heck coupling of X with 
the molecular wire X. While we initially performed the Heck coupling using tri-(o-tolyl)phosphine 
as a ligand at elevated temperatures, these conditions proved to be inconsistent due to the instability 
of 1-COT to the elevated temperatures. Ultimately, we discovered that using QPhos as a ligand at 
milder temperatures resulted in the isolation of 1-COT in 41% yield (Scheme 1). 

 

Scheme 1. Synthesis of 1-COT. a) i) TFA, CH2Cl2, rt, 
ii) 3, (COCl)2, CH2Cl2, rt, iii)Et3N, DMF, rt; b) 4, cat. 
Pd2dba3, QPhos, Et3N, DMF, 50 °C. 
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In Vitro and Cellular Characterization. Spectroscopic characterization of 1-COT shows that 
it has very similar absorbance and emission spectra compared to its parent fluorophore, 1 (Fig 1; 
Fig. 2a; Table S1).43 1-COT has a quantum yield (Φ) of 0.013 (Table S1) and localizes to the cell 
membrane in both HEK293T cells and hiPSC-CMs (Fig. 2b,c), however it is only 13% as bright 
relative its parent dye (Fig. S1c). The cause for the reduction in relative brightness in cells could 
be related to the lower quantum yield and extinction coefficient of 1-COT relative to its parent dye 
(1) (Table S1). 1-COT is a functional voltage sensitive indicator with a ΔF/F of 11% +/- 0.4% per 
100 mV (n = 5) and is capable of resolving cardiac action potentials (Fig. 2d). However, 1-COT 
is less voltage sensitive that parent dye (1) which has a previously reported ΔF/F of 24% +/- 1.9% 
per 100 mV.43 Voltage sensitivities are reported as the mean +/- SEM.  

 
Photostability of 1-COT 

Reduced Photobleaching. 1-COT reduces photobleaching compared to its parent dye, 1. Where 
1 sees an average of 10% (n = 18, SEM = 0.006) loss in fluorescence over three minutes of 
continuous imaging in HEK293T cells, 1-COT maintains its fluorescence with a 0.2% (n = 18, 
SEM = 0.005) loss in fluorescence (Fig. 2e).  

Long Term Recording in Cardiomyocytes. 1-COT can report cardiac electrophysiology and 
allows for approximately 30 minutes of continuous imaging of hiPSC-CM action potentials. The 
ability to image for 30 minutes is a 2.7x improvement relative to its parent indicator, 1, which can 
image continuously for up to 11 minutes but quickly demonstrates aberrant changes in action 
potential characterization (Fig. 3a). The use of 1 long-term gives rise to a dramatic 38% (SEM = 
0.17, n = 3) increase in action potential duration at just 11 minutes (Fig. 3a,b,c), as well as a 
relatively rapid 32% (SEM = 0.11, n = 3) decrease in beats per minute (BPM) (Fig. S2) before 
cells show an arrest of beating, pointing to the phototoxicity of the indicator. Over the course of a 
30-minute imaging session, 1-COT reports stable cardiac action potentials with just a 19% (SEM 
= 0.031, n = 3) increase in action potential duration over the 30 minutes (Fig. 3a,d,e) and a 28% 
loss in BPM at t = 30 min (Fig. S2). These data point to relatively smaller phototoxicity effects 
with the use of the 1-COT indicator. The ability of 1-COT to image for 30 minutes shows its 

Figure 2. Characterization of 1-COT. a) Absorbance (black) and emission (red) profile of 1-COT. Confocal 
images of 1-COT loaded at 0.5 μM in b) HEK293T cells and c) hiPSC-CMs. Scale bars are 20 µm. d) Plot 
of relative change in fluorescence of 1-COT (ΔF/F) vs. time in a patch-clamped HEK293T cell under 
whole-cell voltage-clamp conditions. e) Plot of relative fluorescence intensity vs time for 1 (black) or 1-
COT (red) in HEK293T cells. Shaded area represents the standard error of the mean for n = 18 individual 
cell rafts.  
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reduced phototoxicity as well as demonstrates its 
stability in functional imaging. As phototoxicity and 
photobleaching are a large concern in live-cell 
fluorescence imaging where cell health is very 
important, 1-COT could reduce the risk of long-term 
imaging in cells. 1-COT is likely allowing elongated 
imaging sessions due to reduced singlet oxygen 
production which is an effect of the intramolecularly 
tethered triplet state quencher which promotes self-
healing and a reduction of the triplet state of the 
dye.32 However since 1-COT shows reduced relative 
brightness in cells, the ability of 1-COT to image for 
extended periods of time could be related to a smaller 
effective concentration of indicator loading into the 
cell membrane due to the increased hydrophobicity 
of the indicator with the addition of COT.  

These data were collected via a phototoxicity assay 
which was performed by bath applying 500 nM of 
VoltageFluor in RPMI/B27 (minus phenol red) to 
hiPSC-CMs for 20 minutes, exchanging media for 
fresh RPMI/B27 (minus phenol red), and imaging 
under continuous illumination for 30 minutes or until 
an arrest of beating was seen, whichever came first. 
Ten-second recordings at 200 Hz were taken every 
minute for the duration of the imaging session. 
hiPSC-CMs are used for the phototoxicity 
experiments as action potential duration and beat rate 
are common parameters of cardiac cell health that we 
can measure with relative ease using an in-house 
MATLAB script.42,44 Additionally, voltage sensitive 
dyes are commonly used in cardiac biology thus 
making this a useful method to demonstrate the 
capabilities of our VoltageFluors.  

Reduced Singlet Oxygen Production. 1-COT’s 
elongated imaging capabilities could be a result of 
lower levels of ROS generation, lower levels of dye 
incorporation into the membrane, or a combination of 
the two. To investigate the former, we measured 
production of singlet oxygen by 1-COT in solution 
using singlet oxygen sensor green (SOSG). SOSG is 
highly fluorescent at 525 nm upon interaction with 
singlet oxygen but is inherently dim in the absence of 
singlet oxygen due to intramolecular PeT quenching 
fluorescence.45,46    

1-COT produces a statistically insignificant 
amount of singlet oxygen as compared to the control, 

Figure 3. Characterization of action potential 
parameters. a) Plot of normalized action 
potential duration over time for 1 (black) and 
1-COT (red). At every minute, a 10 s 
acquisition was taken, and the action potential 
duration was measured. Data are a mean ± 
SEM of n = 3 trials. Plots of fluorescence 
intensity versus time demonstrating a 
representative action potential trace during a 
phototoxicity assay for b) 1 at t = 0 min, c) 1 at 
t = 10 min, d) 1-COT at t = 0 min, and e) 1-
COT at t = 10 min. Average action potentials 
as optically recorded at t = 0 min and t = 10 
min using f) 1 (black/grey) and g) BeRST-
COT (red/grey). Average traces are 
representative of the overall action potential 
traces shown in figure 3b-e. 
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while 1 produces 25% more singlet oxygen than 1-COT on average (n = 4, P<0.0001) (Fig. 4a). 
This leads us to conclude that 1-COT is more photostable than its parent dye, and likely contains 
self-healing properties due to the reduction of the triplet state lifetime which leads to a lower 
production of singlet oxygen and reduced phototoxicity.29,32 We abstained from continuous 
monitoring of the green SOSG signal as SOSG itself can be a sensitizer of singlet oxygen, thus the 
SOSG fluorescence signal was collected only before and after illumination of the samples with the 
red LED for 10 minutes.45 Negative controls tested included the illumination of 1 alone and 1-
COT alone. Neither showed an increase in green SOSG signal, demonstrating lack of spectral 
overlap between the VF dyes and SOSG (Fig. S3). These results suggest that reduced production 
of singlet oxygen contributes to the low phototoxicity of 1-COT. 

Reduced loading of 1-COT. While 1-COT boasts the ability to image cardiac electrophysiology 
for about three times longer than 1, the relative brightness of 1-COT is only 13% that of its parent 
dye. While some of the dimness of this indicator may be attributed to the lower extinction 
coefficient and lower quantum yield, we also hypothesized that the addition of the hydrophobic 
COT molecule to the fluorophore may reduce overall loading of 1-COT into the cell membrane. 
To help determine how 1-COT is loading into the cell membrane compared to 1, we performed a 
concentration curve using fluorescence lifetime imaging which allowed us to compare the lifetime 
of our VoltageFluors at various loading concentrations. Previous work provides rationale for the 
concentration curve and has shown that a decrease in fluorescence lifetime as concentration 
increases points to self-quenching as a result of high concentrations of excess fluorophore.47,48  

For 1, we see a significant decrease in fluorescence lifetime at 500 nM concentrations, 
suggesting that self-quenching is occurring at 500 nM and above (Fig. 4c). For 1-COT, there is no 
significant difference between the lifetimes at any of the tested concentrations, suggesting that the 
loading is not impacted by concentration (Fig. 4b). At 200 nM 1, the average lifetime is 0.83 ns (n 
= 9, SEM = 0.020) while at the same concentration 1-COT, the average lifetime is 1.46 ns (n = 8, 
SEM = 0.03382). 1-COT has a longer fluorescence lifetime which would typically correlate to a 
brighter fluorophore, however 1-COT is a functionally dimmer probe than its parent dye.  

Figure 4. Characterization of singlet oxygen production and fluorescent lifetimes. a) Relative changes in 
SOSG emission in solution after continuous illumination of samples for 10 minutes. Concentrations for all 
probes are 1 µM. Solutions represented are: 1 with SOSG present (grey); 1-COT with SOSG present (red); 
and SOSG in solution (cyan). ANOVA test: p<0.0001, ****; p=0.0015, **. Concentration curve of 
fluorescence lifetime over increasing concentrations of b) 1-COT and c) 1. ANOVA test: lifetime variance 
over concentration increases in 1-COT were not significant; p-values for 1 are listed.  
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These data suggest that 1 loads well into membranes making it a functionally brighter indicator, 
but is inherently dimmer than 1-COT. 1-COT is an inherently brighter dye, but is likely loading 
inefficiently into cells, as seen in the insignificant changes in fluorescence lifetime over a 
concentration curve. We are possibly reducing the likelihood that 1-COT enters the nonradiative 
triplet state with the addition of COT, increasing the fluorescence lifetime, while 1 is likely 
entering the triplet state with a higher frequency which reduces the fluorescence lifetime.49 These 
results suggest that reduced loading of 1-COT in the plasma membrane may also contribute to 
decreased toxicity, along with lower singlet oxygen production. 

 
Conclusion 

In this study, we demonstrate the generalizability of the addition of COT to a functional voltage 
sensitive fluorophore for increasing the photostability of the probe, elongating the amount of time 
an indicator can image, and reducing the production of singlet oxygen while imaging. 1-COT is 
photostable showing minimal photobleaching over a 3-minute period, is capable of imaging and 
characterizing cardiac action potentials for at least 30 minutes and reduces the production of singlet 
oxygen compared to its parent dye by 25%.  

1-COT fills a need in the library of voltage sensitive fluorophores for a near-infrared self-healing 
indicator, capable of performing long term imaging with minimal impact on cell health. The near-
infrared spectrum of 1-COT allowed for the relative determination of singlet oxygen production 
compared to 1, an experiment which we were not able to with the previously reported green probe, 
1-COT, due to the spectral overlap. The NIR indicator also opens opportunities for experiments 
requiring multiplexing of voltage sensing with a different green indicator, such as calcium probes 
or mitochondrion trackers.  

While 1-COT provides many benefits during imaging, the indicator is only 13% as bright as its 
parent and is less voltage sensitive, leaving room for structural improvements of the indicator. 
Previous work by others has shown that close proximity of COT to the fluorogenic center of the 
indicator may further improve its photostability and may further decrease the lifetime of the triplet 
state of the molecule.32 We are also interested in rational structural design to improve the quantum 
yield and extinction coefficient of the probe to improve the overall brightness. Lastly, as we found 
the effective concentration of 1-COT in the plasma membrane is likely lower than 1, we are 
interested in increasing the solubility of future probes, likely with the addition of a sulfonate group.  

Much work has been done by others to describe the mechanisms of self-healing fluorophores, 
and this study lays a foundation for the development, use, and future improvement of self-healing 
reporters of membrane potential and cellular physiology.  
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Chapter 2: Supplementary Information  
 

Chemical Synthesis and Spectroscopic Characterization 
Performed by Nels C. Gerstner  
 
Cell Culture 
 
Human embryonic kidney (HEK) 293T cell culture 
 
HEK 293T cells were acquired from the UC Berkeley Cell Culture Facility. Cells were passaged 
and plated onto 25 mm glass coverslips coated with Poly-D-Lysine (PDL; 1 mg/mL; Sigma-
Aldrich) to a confluency of ~15% and 50% for electrophysiology and imaging, respectively. 
HEK293T cells were plated and maintained in Dulbecco’s modified eagle medium (DMEM) 
supplemented with 4.5 g/L D-glucose, 10% fetal bovine serum (FBS), and 1% Glutamax. 
 
Differentiation towards human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs)  
 
hiPSCs (WTC11) were cultured on Matrigel (1:100 dilution; Corning)-coated 12 well-plates in 
StemFlex medium (Gibco). When the cell confluency reached 80–90%, which is referred to as day 
0, the medium was switched to RPMI 1640 medium (Life Technologies) containing B27 minus 
insulin supplement (Life Technologies) and 10 μM CHIR99021 GSK3 inhibitor (Peprotech). At 
day 1, the medium was changed to RPMI 1640 medium containing B27 minus insulin supplement 
only. At day 2, medium was replaced to RPMI 1640 medium containing B27 supplement without 
insulin, and 5 μM IWP4 (Peprotech) for 2 days without medium change. On day 4, medium was 
replaced to RPMI 1640 medium containing B27 minus insulin supplement for 2 days without 
medium change. On day 6 and 7, medium was replaced to a serum-free medium - RPMI 1640 
containing B27 with insulin supplement. After day 7, the medium was changed every other day. 
Confluent contracting sheets of beating cells appear between days 7 to 15 and are ready for 
dissociation after this time.  
Confluent sheets were treated with collagenase II for 60-74 minutes. The collagenase solution was 
carefully transferred to cold DMEM, making sure cardiac sheets were not disturbed. Cells were 
then dissociated with 0.25% trypsin-EDTA (4-10 minutes, depending on density and quality of 
tissue) and plated onto Matrigel (1:100)-coated 6 well-plates in RPMI 1640 medium containing 
B27 supplement plus ROCK inhibitor Y-27632. 24 hours later, the medium was replaced with 
fresh RPMI/B27 without the ROCK inhibitor. Cardiomyocytes were maintained for 7 days, 
replacing media every 48 hours, and then were switched to RPMI 1640 medium (minus glucose, 
supplemented with 4 mM sodium lactate (Sigma Aldrich). Cells were maintained in this media for 
7 days, replacing every 48 hours, then switched back to RPMI/B27 medium containing glucose. 
These purified cardiomyocytes were used for imaging.  
The lactate purified sheets of cardiomyocytes were dissociated with 0.25% trypsin-EDTA (4-10 
minutes, depending on density and quality of tissue) and plated onto Matrigel (1:100)-coated Ibidi 
® 24 well μ-plates (cat no. 82426) in RPMI 1640 medium containing B27 supplement (containing 
insulin). Medium was changed every 3 days until imaging. For loading hiPSC-cardiomyocytes, 
VoltageFluors were diluted in DMSO and then diluted in RPMI 1640 with B27 supplement minus 
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Phenol Red to a desired final concentration of 500 nM. Solutions were bath applied to incubating 
cardiomyocytes for 20 minutes at 37 °C, the exchanged with dye-free RPMI 1640 with B27 
supplement minus Phenol Red. 
 
Fluorescence Microscopy 
 
Inverted epifluorescence imaging of HEK293T cells and hiPSC-CMs was performed on an 
AxioObserver Z-1 (Zeiss), equipped with a Spectra-X Light engine LED light (Lumencor), 
controlled with µManager (V1.4, open-source, Open Imaging). Images were acquired using a Plan-
Apochromat 20/0.8 air objective (20x; Zeiss) or an EC-Plan-NEOFLUAR 40/1.3 oil immersion 
objective (40x; Zeiss). Images were focused onto an OrcaFlash4.0 sCMOS camera (sCMOS; 
Hamamatsu). More detailed imaging information for each experimental application is expanded 
below.  
 
Membrane staining in HEK293T cells  
 
HEK293T cells were incubated with HBSS solution (Gibco) containing VoltageFluors (500 nM) 
at 37°C for 20 minutes and then exchanged for fresh HBSS (no dye) for imaging. Microscopic 
images were acquired with a 63x/1.4 PlanApo oil objective on a confocal Zeiss LSM 980 with 
Airyscan2 and BH FLIM. VoltageFluors were illuminated at 639 nm and transmitted images were 
taken at 405 nm (10.07 s exposure time per frame).  
 
For photostability experiments, HEK cells were incubated separately with BeRST-COT (500 nM) 
or isoBeRST-pip-cys (500 nM) in HBSS at 37°C for 20 minutes and then exchanged for fresh 
HBSS (no dye) for imaging. Data were acquired with a 20x air objective (Zeiss) And OrcaFlash4.0 
sCMOS camera (Hamamatsu). Images (2048x2048 pixels) were taken every 500 ms for 3 minutes 
with constant illumination of LED (2.88 W/cm2; 5 ms exposure time). The obtained fluorescence 
curves (background subtracted) were normalized with the fluorescence intensity at t = 0 seconds 
and averaged (18 different cell rafts for each dye).  
 
Membrane staining in hiPSC-CMs 
 
hiPSC-CMs were incubated in RPMI/B27 (without phenol red) containing VoltageFluors (500 
nM) at 37°C for 20 minutes prior to a media exchange with fresh RPMI/B27 (no phenol red, no 
dye) for imaging. Microscopic images were acquired with a 40x/1.3NA oil objective (Zeiss) and 
OrcaFlash4.0 sCMOS camera (Hamamatsu). For fluorescence images, the excitation light was 
delivered from a LED (2.88 W/cm2; 100 ms exposure time) at 631/28 (bandpass) nm and emission 
was collected with a quadruple emission filter (430/32, 508/14, 586/30, 708/98 nm) after passing 
through a quadruple dichroic mirror (432/38, 509/22, 586/40, 654 nm LP).  
 
Voltage Sensitivity in HEK293T cells  
 
Functional imaging of BeRST-COT was performed using a 20x air objective (Zeiss) paired with 
image capture from a sCMOS camera at a 0.5 kHz sampling rate. Images were binned 4x4. 
VoltageFluors were excited using the 631 nm LED with an intensity of 2.88 W/cm2. For initial 
voltage characterization, emission was collected with the emission filter and dichroic listed above.  
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Voltage Recordings of hiPSC-CMs and assessment of phototoxicity  
 
Functional recordings of VoltageFluors (500 nM) were performed using a 20x air objective paired 
with a sCMOS camera at a sampling rate of 0.2 kHz (4x4 binning and restricted to a 512x125 pixel 
frame for high-speed acquisition over long periods). Indicators were excited at 631/28 (bandpass) 
nm with an intensity of 2.88 W/cm2 and emission was collected with a quadruple emission filter 
(430/32, 508/14, 586/30, 708/98 nm) after passing through a quadruple dichroic mirror (432/38, 
509/22, 586/40, 654 nm LP). Routine recordings were made for ten seconds.  
 
Phototoxicity of VoltageFluor dyes was assessed in hiPSC-CM monolayers incubated with 500 
nM indicator. These were exposed to constant illumination from the excitation LED for up to 30 
minutes, while ten second fluorescence recordings were made at the beginning of each minute.  
 
Singlet Oxygen Sensor Green Measurements  
 
Singlet oxygen sensor green (SOSG) (ThermoFisher Cat. No. S36002), isoBeRST-pip-cys, and 
BeRST-COT were used in HBSS (Gibco) at 1 µM concentrations. 200 µL stocks were made, and 
solutions were imaged by placing a 20 µL drop on a glass coverslip. Initial SOSG fluorescence 
was captured by taking five images every two seconds with excitation light delivered from a LED 
(3.23 W/cm2; 5 ms exposure time) at 475/34 (bandpass) nm and emission was collected with an 
emission filter (bandpass; 540/50 nm) after passing through a dichroic mirror (510 nm LP). 
Fluorescence for the five initial snaps were averaged to obtain the initial SOSG fluorescence.  
 
The solutions were exposed to constant illumination for ten minutes (image acquisition every 30 
sec; 5 ms exposure) using the 631 nm LED with an intensity of 2.88 W/cm2, and emission was 
collected with a quadruple emission filter (430/32, 508/14, 586/30, 708/98 nm) after passing 
through a quadruple dichroic mirror (432/38, 509/22, 586/40, 654 nm LP).  Final SOSF 
fluorescence was captured by taking five images every two seconds with excitation light delivered 
from a LED (3.23 W/cm2; 5 ms exposure time) at 475/34 (bandpass) nm and emission was 
collected with an emission filter (bandpass; 540/50 nm) after passing through a dichroic mirror 
(510 nm LP). Fluorescence for the five final snaps were averaged to obtain the final SOSG 
fluorescence. 
 
Image Analysis 
 
HEK cell image analysis  

Analysis of voltage sensitivity in HEK293T cells was performed using ImageJ (FIJI). Briefly, a 
region of interest (ROI) encompassing the cell body was selected and average fluorescence 
intensity was calculated for each frame. For background subtraction, a ROI encompassing a region 
without cells was selected and the average pixel intensity was calculated for each frame. A linear 
fit to the background trace was calculated and applied to the background, and this was used to 
subtract background signal from the fluorescence intensity trace. F/F0 values were calculated by 
dividing the background subtracted trace by the median value of fluorescence when the cell is held 
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at -60 mV. ΔF/F values were calculated by plotting the change in fluorescence (ΔF) vs the applied 
voltage step and finding the slope of a linear best-fit.  

hiPSC-CM image analysis  
 
Analysis of action potential (AP) data from hiPSC cardiomyocytes was performed using in-house 
MATLAB scripts based on previously developed software by the Efimov lab (Washington 
University, St. Louis, MO). Scripts are available upon request. Briefly, raw OME-tiffs recorded in 
μManager was read directly into MATLAB for batch-processing of large datasets (>30 Gb per 
experiment). The mean pixel intensity of the entire image (512x125 pixels) was calculated for each 
frame and a mean fluorescence trace was extracted for the entire stack. Photobleach correction was 
performed by subtracting an asymmetric least-squares fit of the data from the mean trace. No 
subtraction of background was possible due to staining of the entire monolayer. Individual AP 
events were identified through threshold detection based on a Schmidtt trigger. Action potential 
duration (APD) values were calculated for each AP by finding the activation time (time of the 
maximum derivative of the AP upstroke) and the time the signal returns to 70, 50, and 10% of the 
maximum depolarization (APD30, APD50, APD90, respectively). APD values were corrected for 
variation due to spontaneous beat rate by Fridericia’s formula (Equation S2). CL is the cycle 
length, calculated as the time period from the beginning of one beat to the beginning of the 
succeeding beat. 
 
 APDc	 = 	 !"#

√%&!  Equation S1 
Fluorescence Lifetime Imaging 
 
FLIM Acquisition and Analysis 
 
HEK293T cells were incubated with HBSS solution (Gibco) containing VoltageFluors (500 nM) 
at 37°C for 20 minutes and then exchanged for fresh HBSS (no dye) for imaging. A fluorescence 
lifetime imaging concentration curve in HEK293T cells was conducted performed with a 63x/1.4 
PlanApo oil objective (coated with Zeiss Immersol Immersion Oil 518F 37C) on Zeiss 
AxioObserver inverted laser scanning confocal microscope, LSM 980 with Airyscan2, Spectra-
Physics MaiTai HP laser, and Becker-Hickl TCSPC FLIM system. The LSM 980 was operated by 
Zen Blue software (Zeiss) and the TCSPC was operated by SPCM software (Becker-Hickl). Pulsed 
excitation at 50 MHz was applied to the cells with a 640 nm diode laser (Becker-Hickl), laser 
power was control with a neutral density filter wheel controlled by the software. Emission was 
detected with an HPM-100-40 (Becker-Hickl) hybrid detector, based on a Hamamatsu R10467 
GasP hybrid photomultiplier tube.  
 
Data were acquired with 256 time binds in the analog-to-digital-converter and 256x256 pixels of 
spatial resolution with a pinhole of 100 microns. The incubation chamber was maintained at 37°C. 
Cells were imaged for 75 seconds at an image size of 89.8x89.8 microns, and a pixel size of 0.35 
microns. Routine evaluation of proper lifetime recordings were performed with the measurement 
of instrument response function (IRF) of erythrosine B in water (pH 7). 
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Lifetime decays were fit using in-house MATLAB scripts previously described.50 BeRST-COT 
was fit using a 2-component model and isoBeRST-pip-cys was fit using a 3-component model. All 
lifetimes reported are the average lifetimes of an ROI. 
 
Electrophysiology 
 
For electrophysiological experiments in HEK293T, pipettes were pulled from borosilicate glass 
with filament (Sutter Instruments, BF150-86-10) with a P-97 pipette puller (Sutter Instruments) to 
a resistance of 4-7 MΩ. Pipettes were filled with an internal solution (composition, in mM): 125 
potassium gluconate, 10 HEPES, 10 KCl, 5 NaCl, 2 ATP disodium salt, 1 EGTA, 0.3 GTP sodium 
salt (pH 7.25, 285 mOsm). EGTA (tetraacid form) was prepared as a stock solution in 1M KOH 
prior to addition to internal solution. Pipettes were positioned with an MP-225 micromanipulator 
(Sutter Instruments). Electrophysiological recordings were obtained with an Axopatch 200B 
amplifier (Molecular Devices) at room temperature. The signals were digitized with a Digidata 
1440B, sampled at 50 kHz, filtered at 5 kHz and recorded with pCLAMP 10 software (Molecular 
Devices).  
 
Electrophysiology was performed in the whole cell voltage clamp configuration. After gigaseal 
formation and break-in, recordings were only pursued if series resistance in voltage clamp was 
less than 30 MΩ and the recording maintained a 30:1 ratio of membrane resistance to access 
resistance throughout all voltage steps. No series resistance compensation was applied. Fast 
capacitance was compensated in the cell attached configuration. All voltage clamp protocols were 
corrected for the calculated liquid junction (-14 mV, Liquid Junction Potential Calculator in 
pClamp). For tandem electrophysiology and fluorescence intensity recordings, cells were held at 
-60 mV and de- and hyper- polarizing steps were applied from +100 to -100 mV in 20 mV 
increments, with each step lasting 100 ms. 
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Supporting Tables  
 
Table S1. Properties of 1 and 1-COT  

 1 1-COT 
labs / nm 662 663 
lem / nm 681 683 
ffl 0.05 0.013 
DF/F 24% +/- 1.9% 11% +/- 0.4% 
e 172,000 95,000 
Relative Brightness 1.0 0.13 

 
Table S1. Characterization of absorption and emission maxima (l), quantum yield (Φ), fractional change 
in fluorescence (ΔF/F) extinction coefficient (ε) and relative brightness in HEK293T cells for 1 and 1-COT.  
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Supporting Figures 
 
Figure S1. Characterization of 1-COT in HEK293T Cells  

 
Figure S1. a) Transmitted light image of HEK293T cells stained with 1-COT, with corresponding image 
in Figure 2. Scale bar is 20 µm. b) Plot of fractional change in fluorescence (ΔF/F) vs. membrane potential 
for 1-COT. Data are mean ± standard error of the mean for n = 5 determinations. Voltage sensitivity is 11% 
± 0.4% (S.E.M.). c) Plot of relative fluorescence of 1 vs. 1-COT in HEK293T cells. (1: n = 35; 1-COT: n 
= 36; p<0.0001, ****).  
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Figure S2. Beats per Minute Comparison in hiPSC-CMs 

 
Figure S2. Plot of normalized beat rate vs. time in hiPSC-CMs. Data are a mean beat rate for 1 (black line) 
or 1-COT (red line). S.E.M. are reported for n = 3 independent determinations. 
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Figure S3. Singlet Oxygen Sensor Green (SOSG) Controls  

 
Figure S3. Control values for singlet oxygen sensor green. The fractional change in fluorescence of SOSG 
measured in the presence of 1 alone was -0.22% (SEM = 0.095; n = 4). The fractional change in fluorescence 
of SOSG measured in the presence of 1-COT alone was -0.26% (SEM = 0.10; n = 4).  
 
 



 67 

Appendix 1 
 

Optical Quantification of Absolute Voltage with Fluorescence Lifetime Imaging and 
VoltageFluor Indicators in hiPSC-CMs 
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Abstract 
Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) hold promise to 

advance studies of human cardiac biology. However, iPSC-CMs are structurally and 
transcriptionally immature leading to spontaneously beating cells with a less negative resting 
membrane potential (RMP), resembling the electrophysiology of fetal cardiomyocytes. These 
immaturities hinder the relevance of hiPSC-CMs in drug development, specialized patient care, 
and basic cardiac research. Cell maturation through mechanical or metabolic manipulation or 3D-
culture approaches is of active interest to the field. hiPSC-CM electrophysiology can be quantified 
via whole-cell patch clamp electrophysiology. However, patch clamp technique is difficult and 
low throughput, lacking spatial resolution. The Miller Lab turns to optical voltage imaging to 
complement traditional methods. Utilizing a photoinduced electron transfer (PeT) based 
mechanism to sense changes in voltage potential (Vmem), VoltageFluor (VF) probes are high 
throughput, reacting with fast kinetics to changes in Vmem. While intensity imaging using VF 
probes in hiPSC-CMs offers only relative changes in Vmem for cardiac action potentials (APs), 
fluorescence lifetime imaging (FLIM) has potential to provide absolute values of changes in 
voltage during an AP as well as the RMP. FLIM provides fluorescence lifetimes (τfl) of a 
fluorophore, providing τfl based on the exponential decay rate of a fluorophore, a property 
independent of dye concentration, loading, or photobleaching. Previous work has shown a 
correlation of Vmem and τfl for VoltageFluors in FLIM. The goal of this project was to develop a 
novel method to optically quantify absolute electrophysiology parameters in hiPSC-CM 
monolayers and tissues.   
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Introduction 
Human induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs) hold great promise 
advance study of cardiac biology.1 These cells are a 
renewable source of cardiomyocytes, are patient 
derived and physiologically relevant, and can 
replicate human disease phenotypes.2 Yet, along with 
the great potential of hiPSC-CMs come drawbacks.3  

hiPSC-CMs are structurally immature, and 
therefore more closely resemble fetal cardiomyocytes 
instead of adult cells. They have a smaller and rounder 
phenotype compared to adult cardiomyocytes, and 
have disorganized sarcomeric structure, lacking T-
tubules.4 While hiPSC-CMs have similar 
transcription levels of most voltage-gated ion 
channels relative to adult cells, the inwardly rectifying 
K+ current (IK1) is significantly reduced and the funny 
current (If), typically only present in fetal 
cardiomyocytes, is present.1 These transcriptional and 
structural differences lead to immature 
electrophysiology which results in automaticity, or 
spontaneously beating cells, with a less negative 
resting membrane potential (RMP) of ~-60 mV versus 
the adult RMP of -85 mV.5,6 hiPSC-CMs also 
demonstrate slower conduction and upstroke 
velocities.7 

These differences in electrophysiology are 
important when considering the relevance of research 
performed with hiPSC-CMs to drug development, 
specialized patient care, and basic cardiac science.1 
Maturation of hiPSC-CMs via metabolic 
manipulation, 3D-culture approaches, or mechanical 
stimulation is an area of development in the field.8 

Patch clamp electrophysiology, considered a gold 
standard for studying electrophysiology, has aided in determining the electrophysiological effects 
of structural immaturity in hiPSC-CMs and has provided insight into action potential (AP) 
parameters.9,10 However, as previously discussed in the Introduction and Chapters 1 and 2 of this 
thesis, patch clamp electrophysiology is a technically challenging, low-throughput method lacking 
spatial resolution.  

Our lab and others have historically used voltage sensitive indicators via intensity-based 
imaging, which can map relative changes in Vmem in contracting hiPSC-CMs over time.9 However, 
intensity imaging cannot provide absolute membrane potential values quantified in millivolts if 
not paired with patch clamp techniques. Intensity-based imaging is subject to variance due to 
differences in indicator loading between samples, photobleaching of the fluorophore, motion 
artifacts, and illumination intensity (Fig. 1c, left).11,12 This is a limitation of intensity imaging as 
the RMP and absolute change in voltage is necessary for phenotypic characterization of the 

 
Figure 1. Introduction to FLIM a) Probe 
VF2.1.Cl demonstrates consistent and direct 
correlation of fluorescence lifetime and 
voltage potential. b) Intensity and lifetime 
images of VF2.1.Cl stained HEK293T cells at 
the indicated voltage potential. c) 
TMCRh.OMe can report cardiac APs, directly 
reading out fluorescence lifetime (right). The 
use of FLIM avoids photobleaching artifacts 
(top left) and movement artifacts reminiscent 
of early-after depolarizations (bottom left) 
seen in intensity-based imaging.  
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maturation of hiPSC-CMs, determining the strength of the IK1, and chamber-specific information 
(atrial versus ventricular myocytes).13,14  

While ratiometric-based methods, such as electrochromic reporters and FRET-pairs have been 
used for determining absolute electrophysiology, these optical methods have drawbacks and are 
unable to reliable report accurate absolute voltage. Electrochromic dyes, which report membrane 
potential through changes in the excitation and emission wavelengths, require normalization via 
an electrode on the cell of interest to report accurate Vmem and FRET-oxonol systems can add 
significant capacitive load to cells.15–17  

A fast, high-throughput method for characterizing absolute membrane potentials using 
fluorescence lifetime imaging (FLIM) could advance the use and characterization of hiPSC-CMs 
for various applications. FLIM utilizes the fluorescence lifetime of a fluorophore, providing 
quantitative lifetime measurements based on the exponential decay rate of a fluorophore.11 
Fluorescent lifetime is an inherent property of a fluorophore, independent of indicator loading, 
concentration, and photobleaching.11 VoltageFluor indicators demonstrate a linear correlation 
between Vmem (PeT).18–21 Changes in the rate of PeT affect the exponential decay rate of 
fluorescence, which correlates to a direct relationship between Vmem and fluorescence lifetime.11,22 
Our lab has previously demonstrated the correlation between fluorescence lifetime and Vmem to 
develop the VF-FLIM method and make quantitative recordings of absolute membrane potential 
in cells (Fig. 1a,b).12 Additionally, prior work has shown the successful usage of hiPSC-CMs in 
FLIM, as VF indicator TMCRh.OMe shows consistent absolute lifetime changes in hiPSC-CMs 
over the course of action potentials (Fig. 1c, right). When this preliminary data was taken by Julia 
Lazzari-Dean, the calibration of the dye (the subject of Aim 2) was not yet available due to 
microscope limitations that have been rectified with a new FLIM microscope. These prior data set 
the precedent for this project. 

Thus, the goal of the work presented herein looks to develop a novel method for optically 
quantifying absolute membrane potentials (Vmem) in hiPSC-CM monolayers and tissues by 
utilizing optical voltage imaging with VoltageFluor indicators and fluorescence lifetime 
imaging.23 The aim of this project was to utilize VoltageFluor indicators to measure 
electrophysiology in a high-throughput method. A high-throughput way of characterizing cardiac 
electrophysiology over long-term experiments has potential to benefit development of maturation 
protocols in hiPSC-CMs and drug development and drug screening in accordance with the 
Comprehensive In Vitro Pro Arrhythmia Assay Schema (CiPA) initiative.24  

This work would require completion of the following Aims for success of this project:   
1) The development and troubleshooting of protocols for measuring fluctuating fluorescence 

lifetime of cardiac action potentials in FLIM. Previous work in the Miller lab has shown that 
hiPSC-CMs in FLIM show consistent fluctuations in lifetime, relating to changes in 
membrane potentials during action potentials. The main goal here is to develop this protocol 
on a new FLIM system and increase the speed of imaging acquisitions.  

2) The development of a calibration curve in hiPSC-CMs to relate Vmem to τfl in FLIM for 
BeRST-COT (Thesis Chapter 2), and TMCRh.OMe (tetramethylcarborhodamine). This 
protocol has been described by Lazzari-Dean, et al. and would be followed to use voltage-
clamp electrophysiology with FLIM to determine the correlation between τfl and Vmem and 
develop calibrations.12 This calibration will allow us to optically quantify resting membrane 
potentials and absolute voltage changes in iPSC-CMs during an action potential. 

3) Expand the scope of VF-FLIM to include both hiPSC-CM monolayers and “heart-on-a-chip” 
tissue mimetic devices to demonstrate broad usage of this method.25,26 The expansion of this 



 71 

method to microphysiological systems can show the method is useful for validating 
maturation protocols for hiPSC-CMs or that it is useful in cardiotoxicity drug screening 
assays.  

The work herein presented is work towards completion of the first aim. A new FLIM microscope, 
purchased and installed by the UC Berkeley Molecular Imaging Center (MIC), allowed for the 
feasibility of this project (NIH S10: 1S10OD025063-01A1). This microscope has the appropriate 
640 nm wavelength laser appropriate for the excitation of BeRST-COT (λex=663 nm, λem=683 nm, 
ΔF/F=11%, Φ=0.013) and TMCRh.OMe (λex=623 nm, λem=643 nm, ΔF/F=18%, Φ=0.038). 
Delays in the installation of this microscope, brought about by Covid-19, meant this project was 
on hold until April 2021, with the ability to perform patch-clamp electrophysiology on this 
microscope only feasible in Summer 2022. In this chapter, I will describe the work completed 
toward the goal of completing Aim 1 and briefly present rationale for steps 2 and 3.  

 
Aim 1 – Protocol Development for Fast FLIM Acquisitions in hiPSC-CMs 

 
Determination of Data Collection Methods for Fast-FLIM  

Method 1: Time Series / Cycle FLIM. According to the BH TCSPC Handbook, there are three 
methods for fast FLIM imaging with Becker-Hickl software.27 The first of which is Time Series / 
Cycles FLIM (Fig. 2a). A time series can be created by using the “cycle” and “autosave” functions 
of the SPCM software. The main advantage of this method would be that the current mode of 
FLIM data analysis (FLIMFLAM)12 would still be useable. Unfortunately for this method, the 

Figure 2. FLIM Methods for Fast Imaging. a) Representative image of Method 1 (Time Series / Cycle 
FLIM) used to image amoeba at one image per second. b) Schematic of memory bank swapping in 
Method 2 (Continuous Flow Imaging). Source: W. Becker, The bh TCSPC handbook. 9th edition (2021). 



 72 

maximum acquisition speed according to the BH Handbook is 1-2 seconds. Since a cardiac action 
potential occurs on the order of about 200 to 500 ms, this temporal resolution would not be fast 
enough to resolve action potentials. The limitation of acquisition speed is likely contributed by the 
program saving each individual acquisition in between images. Additionally, relatively little is 
published on the use of this method. For these reasons, we briefly attempted this method, but the 
SPCM software could not keep up with the speeds that we need, crashing while imaging and 
lagging behind the speed we attempted to set the imaging at, which ranged from 20.5 to 40.94 ms. 
For these reasons, “Cycle FLIM” is not the best method for acquiring action potential data.  

 
Method 2: Continuous Flow Imaging. The second method is Continuous Flow Imaging, where 

unlimited sequential recording can be made possible by memory bank swapping during 
acquisitions (Fig. 2b). When one memory bank is full, the sequencer swaps the banks. While the 
sequencer writes data into one bank, the other bank is read by the computer. Unfortunately, in 
initial testing of this method, we were unable to successfully get the method to work and would 
likely need to contact Becker-Hickl for assistance. 

 

Figure 3. Temporal Mosaic FLIM. a) Schematic of temporal mosaic imaging in FLIM. Source: W. 
Becker, The bh TCSPC handbook. 9th edition (2021). b) Mosaic FLIM array of hiPSC-CMs from SPC 
Image. The array is 81 elements (9 by 9), each element is 64x64 pixels acquired at 65 ms. c) An exported 
bitmap file from SPC Image, with the total photon counts of each element stitched together and exported. 
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Method 3: Temporal Mosaic Imaging. The third method is Temporal Mosaic Imaging where a 
single region of interest of a sample is scanned at the same spatial position and images are recorded 
as an array of FLIM images contained within a single FLIM data file (Fig. 3a). Unfortunately, 
since the data file of the mosaic is a single, large data array, this mode required the development 
of a new method for data analysis. Advantages for this method are that no time is reserved for 
saving images while acquisitions are occurring, and that time series data can be accumulated. The 
time series accumulation would allow for a larger buildup of photons without having to trade 
accuracy for acquisition speed. Mosaic imaging may be the method most likely to succeed for this 
project, and likely the method most worth looking into further in the future. 

In order to perform Mosaic imaging, we found that the mosaic must be a square array, such as 
what is shown in Fig. 3b composed of 9 by 9 images (for 81 “elements”). Other sized square arrays 
would also work, such as a 4 by 4 image mosaic (for 16 “elements”), however a rectangular array 
(such as 4 by 8 images) would not work. Additionally, the individual pixel size of each image must 
be a factor of 8 (i.e. 64x64 pixels as used in Fig. 3b, but not 100x100 pixels). While testing this 
method, acquisition speeds tested were 37 ms and 65 ms. Microscopic images were acquired with 
a 63x/1.4 PlanApo oil objective (coated with Zeiss Immersol Immersion Oil 518F 37C) on a 
confocal Zeiss LSM 980 with Airyscan2 and BH FLIM. TMCRh.Ome was bath-applied to hiPSC-
CMs illuminated at 640 nm.  
 
Data Analysis Methods for Temporal Mosaic Imaging 

Data Analysis in hiPSC-CMs. The LSM 980 was operated by Zen Blue software (Zeiss) and the 
TCSPC was operated by SPCM software (Becker-Hickl). Pulsed excitation at 50 MHz was applied 
to the cells with a 640 nm diode laser (Becker-Hickl), laser power was control with a neutral 
density filter wheel controlled by the software. Emission was detected with an HPM-100-40 
(Becker-Hickl) hybrid detector, based on a Hamamatsu R10467 GasP hybrid photomultiplier tube.  

Data were acquired with 256 time bins in the analog-to-digital-converter. In testing of the Mosaic 
Imaging method, it was determined that the microscope could best maintain imaging speeds at 65 
ms with parameters of 64x64 pixel images (2.10 µm pixel size) in a 9 by 9 mosaic with 81 elements 
(Fig. 3b). Using 32x32 pixels did allow us to attempt to image at 33 ms, however there was more 
lag time during the acquisition. The pinhole was tested at 51 µm and 100 µm. The incubation 
chamber was maintained at 37°C. Routine evaluation of proper lifetime recordings were performed 
with the measurement of instrument response function (IRF) of erythrosine B in water (pH 7). 

Lifetime decays from the Mosaic Image are stored by SPCM as a single large array (Fig. 3b), 
meant for global processing of the lifetime data. Unfortunately, SPC Image is unable to process 
this data in a pixelwise manner, which would allow us to process the lifetimes of the individual 
elements which we expect to vary as action potentials occur. The SPC Image, it is possible to 
export the bitmap file of the array, with total photon counts of each “element” stitched together 
and exported (Fig. 3c), however this does not bring us closer to being able to export individual 
“element” or pixelwise lifetime decays. 

Thus, lifetime decays had to be fit using a modified, in-house MATLAB script, developed with 
the help of Anneliese Gest. This MATLAB script, “mosaicParser,” is a function that takes .asc or 
.txt files of exported mosaic FLIM data, partitions out each frame, and then combines the decays 
at each pixel within a frame into a single decay for the frame by summing them. This method 
requires some pre-processing of the data in SPC Image by the user, requiring the .sdt files from 
SPCM be opened, the bin set to zero, and then exporting the mosaic array as an ascii file. The ascii 
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files must then be opened by a text editor, the header metadata deleted, and then files saved as a 
.asc or .txt file.  

The mosaicParser MATLAB script requires three inputs: nDimensions, nFrames, and fBin. 
nDimensions is the number of pixels in x or y of each frame and nFrames is the number of frames 
acquired. Thus if your mosaic is made up of 81 frames of 64x64 pixel images as in Fig. 3b, 
nDimensions is 64 and nFrames is 81. fBin is the desired frame binning factor – if you want to 
combine three frames together into one, fBin is three. If you do not want to combine any frames, 
fBin is one. The data presented in Figure 4 has not been frame binned. In the current form of the 
MATLAB script, if nFrames is not divisible by fBin, the code will append columns filled with 
zeroes to the last frame until they are divisible. This can result in a final frame with much less 
signal than the previous frames. The user may want to discard this last frame manually in these 
situations. Data is output into the workspace and can be copied into an excel file or save as-is, or 
directly input into a fitting code such as ‘floptimize’. As this project is left with work to be 
completed, items to add to this script that could be beneficial include: the ability to export a .csv 
file, to make a version that parses out the frames without condensing all of the pixels into a single 
decay, and integrating this script into FLIMFLAM.12  

This MATLAB script was used to produce the data in Figure 4. Mosaic FLIM was performed in 
hiPSC-CMs, which produced quite noisy lifetime fluctuations (Fig 4a,c, red). While these 
fluctuations are potentially representative of cardiac action potentials, we cannot delineate action 
potentials from noise in these lifetime traces. The lifetimes reported in hiPSC-CMs closely align 
with the data acquired previously by Julia Lazzari-Dean on the old FLIM microscope, in the range 

Figure 4. Mosaic FLIM results of fluorescence lifetime and photon count vs. time in cells stained with  
VoltageFluor TMCRh.OMe. a) Fluorescence lifetime (red), b) photon count (black), and c) merged graphs 
for hiPSC-CMs. d) Fluorescence lifetime (red), e) photon count (black), and f) merged graphs for HEK293T 
cells.  
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of 2 to 3 ns (Fig. 1c, right). Photon count is also represented in Figure 4 in hopes of tracking action 
potentials based on photon output, which should increase with depolarizations in membrane 
potential due to an action potential. However, the photon count trace is also quite noisy (Fig, 4b,c, 
black), and the photon count and lifetime peaks do not align, which is what we would expect during 
an action potential.  

Mosaic FLIM in HEK293T cells was performed as a control. We expected to see a consistent 
photon count and consistent lifetime measurement across time, as the membrane potential in 
HEK293T cells does not change drastically over the course of three seconds. However, we saw 
photon count fluctuations of about 6000 photons (Fig. 4e,f, black), and lifetime fluctuations of 
about 0.6 ns (Fig. 4d,f, red). These lifetime fluctuations do appear to have some periodicity and 
fluctuate in a pattern, but do not align with an expectation of a consistent lifetime and consistent 
photon count. Not enough trials were completed to accurately gauge if these fluctuations are an 
artifact from using the mosaic FLIM method in SPCM, or if the MATLAB script is not properly 
reading the large mosaic arrays. A useful control in HEK293T cells would be to perform mosaic 
FLIM and acquire FLIM data in a standard imaging mode on the same cell raft to compare lifetime 
outputs. The comparison of the lifetimes acquired using the two different methods would inform 
us on the accuracy of lifetimes acquired with mosaic mode.  
 
Future Work Towards the Use of Temporal Mosaic Imaging in hiPSC-CMs 

Developing a Concentration Curve. Future work in this aim should include the development of 
a concentration curve in FLIM. To ensure the use of the most optimal concentrations of indicator, 
a concentration curve should be performed by measuring the lifetime of the VoltageFluor of 
interest at increasing concentrations between 200 nM and 1000 nM. Prior work has shown a 
decrease in fluorescence lifetime as concentrations increase is related to self-quenching of the 
fluorophore as a result of excess indicator present.28,29 The concentration that should be used would 
be the maximum concentration where the lifetime obtained in the concentration curve has not yet 
decreased. A concentration curve performed in HEK293T cells would minimize the amount of 
hiPSC-CMs that need to be differentiated, which could be beneficial for experimental timelines 
and ease. However, as hiPSC-CMs are plated in a monolayer, it would be best practice to develop 
the concentration curve in HEK293T cells plated for 80-90% confluency. The work presented 
herein was completed prior to the completion of a concentration curve as the focus was primarily 
on troubleshooting the instrument and software for fast FLIM acquisition and not yet focused on 
useful data acquisition.  

 
hiPSC-CM Methods  

Differentiation Towards Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes 
(hiPSC-CMs). hiPSCs (WTC11) were cultured on Matrigel (1:100 dilution; Corning)-coated 12 
well-plates in StemFlex medium (Gibco). When the cell confluency reached 80–90%, which is 
referred to as day 0, the medium was switched to RPMI 1640 medium (Life Technologies) 
containing B27 minus insulin supplement (Life Technologies) and 10 μM CHIR99021 GSK3 
inhibitor (Peprotech). At day 1, the medium was changed to RPMI 1640 medium containing B27 
minus insulin supplement only. At day 2, medium was replaced to RPMI 1640 medium containing 
B27 supplement without insulin, and 5 μM IWP4 (Peprotech) for 2 days without medium change. 
On day 4, medium was replaced to RPMI 1640 medium containing B27 minus insulin supplement 
for 2 days without medium change. On day 6 and 7, medium was replaced to a serum-free medium 
- RPMI 1640 containing B27 with insulin supplement. After day 7, the medium was changed every 
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other day. Confluent contracting sheets of beating cells appear between days 7 to 15 and are ready 
for dissociation after this time.  

Confluent sheets were treated with collagenase II for 60-74 minutes. The collagenase solution 
was carefully transferred to cold DMEM, making sure cardiac sheets were not disturbed. Cells 
were then dissociated with 0.25% trypsin-EDTA (4-10 minutes, depending on density and quality 
of tissue) and plated onto Matrigel (1:100)-coated 6 well-plates in RPMI 1640 medium containing 
B27 supplement plus ROCK inhibitor Y-27632. 24 hours later, the medium was replaced with 
fresh RPMI/B27 without the ROCK inhibitor. Cardiomyocytes were maintained for 7 days, 
replacing media every 48 hours, and then were switched to RPMI 1640 medium (minus glucose, 
supplemented with 4 mM sodium lactate (Sigma Aldrich). Cells were maintained in this media for 
7 days, replacing every 48 hours, then switched back to RPMI/B27 medium containing glucose. 
These purified cardiomyocytes were used for imaging.  

The lactate purified sheets of cardiomyocytes were dissociated with 0.25% trypsin-EDTA (4-10 
minutes, depending on density and quality of tissue) and plated onto Matrigel (1:100)-coated Ibidi 
® 24 well μ-plates (cat no. 82426) in RPMI 1640 medium containing B27 supplement (containing 
insulin). Medium was changed every 3 days until imaging. For loading hiPSC-cardiomyocytes, 
VoltageFluors were diluted in DMSO and then diluted in RPMI 1640 with B27 supplement minus 
Phenol Red to a desired final concentration of 500 nM. Solutions were bath applied to incubating 
cardiomyocytes for 20 minutes at 37 °C, the exchanged with dye-free RPMI 1640 with B27 
supplement minus Phenol Red. 

 
hiPSC-CM Preparation for Imaging. hiPSC-CMs in an Ibidi plate were incubated in RPMI/B27 

(without phenol red) containing TMCRh.OMe (500 nM) at 37°C for 20 minutes prior to a media 
exchange with fresh RPMI/B27 (no phenol red, no dye) for imaging. Microscopic images were 
acquired with a 63x/1.4 PlanApo oil objective on a confocal Zeiss LSM 980 with Airyscan2 and 
BH FLIM. VoltageFluors were illuminated at 640 nm. The incubation chamber was maintained at 
37°C 

 
Aim 2 – Development of a Calibration Curve 

In order to correlate τfl to Vmem for a given VoltageFluor, a calibration curve will be developed 
for each dye by performing patch clamp electrophysiology of hiPSC-CMs in FLIM. This method 
may be technically challenging because while our lab has patch clamp experience with neurons 
and HEK293T cells, we do not have in-house knowledge of how to patch hiPSC-CMs. The 
development of this method may require collaboration with a lab who knows how to patch hiPSC-
CMs. This calibration curve will be used to then quantify cardiac action potential parameters such 
as resting membrane potential and absolute changes in Vmem during an action potential.  

We were previously prevented from performing calibrations for red VF indicators due to a lack 
of the appropriate laser lines on the old FLIM microscope.  

 
Aim 3 – Expanding FLIM for Quantitative Cardiac Measurements at the Tissue Level 

As heart disease is a tissue-level disease, it is vital to study electrophysiology in tissue mimetic 
devices, thus the goal of this project would be to expand FLIM imaging from hiPSC-CM 
monolayers to engineered tissue constructs. The 3D microphysiological systems (MPS) developed 
in the Healy Lab at Berkeley, called “heart-on-a-chip” devices, mimic a tissue environment similar 
to human cardiac tissue and promote tissue level organization.25 These devices also provide a 
platform for drug screening and cardiotoxicity assays and promote maturation of hiPSC-CMs.26,30 
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BeRST 1, a parent derivative of BeRST-COT, has been previously used in MPS chips by the Healy 
lab, providing precedence for expanding this platform with FLIM imaging and quantitative 
electrophysiology analysis.26,30–32  

An all-optical imaging platform for MPS chips would combine multiple powerful technologies 
to quantify cardiac electrophysiology and better understand hiPSC-CMs. There would also be the 
possibility of combining this method with computational power to create a comprehensive 
comparison to adult cardiomyocytes or develop a more powerful drug screening platform.33 
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