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Abstract

Voltage imaging of cardiac electrophysiology with voltage-sensitive dyes has long been a powerful
complement to traditional methods like patch-clamp electrophysiology. Chemically synthesized voltage
sensitive fluorophores offer flexibility for imaging in sensitive samples like human induced pluripotent
stem cell derived cardiomyocytes (hiPSC-CMs), since they do not require genetic transformation of the
sample. One serious concern for any fluorescent voltage indicator, whether chemically synthesized or
genetically encoded, is phototoxicity. We have been exploring self-healing fluorophores that use triplet
state quenchers (TSQs) as a means to reduce the already low phototoxicity of VoltageFluor dyes
developed in our lab. We previously showed that conjugation of the TSQ cyclooctatetraene (COT) to a
fluorescein based VoltageFluor dye substantially reduced phototoxicity. Here, we show that this
approach can be applied to far-red Silicon rhodamine dyes. COT-conjugated Si-rhodamines show
improved photostability and reduced phototoxicity in hiPSC-CMs compared to the unmodified dye. This
enables imaging of hiPSC-CMs for up to 30 minutes with continuous illumination. We show that this
effect is mediated by a combination of reduced singlet oxygen production and lower loading in the
cellular membrane. We discuss future applications and avenues of improvement for TSQ-stabilized
VoltageFluor dyes.

Introduction

Voltage sensitive fluorescent indicators have long been used for the direct visualization of cardiac
electrophysiology. These indicators complement traditional methods of monitoring cardiac
electrophysiology such as whole-cell patch clamp electrophysiology.! 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.? However, the patch clamp
technique is difficult, lacks spatial resolution, is low throughput, and is often terminal.* Voltage sensitive
indicators offer a complementary method for studying electrophysiology and have led to progress in
whole-heart optical mapping and understanding of cardiac arrhythmias.®>* More recently, fluorescent
indicators have been used in the characterization of human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs),>® as well as in screening assays for arrhythmias and drug toxicity,
including screening for COVID- therapeutics.®*2

Fluorescence imaging of cardiac electrophysiology dates to 1976 with the study of frog hearts with
merocyanine 540.%% Since that time, toxicity and phototoxicity of voltage-sensitive dyes has been a
primary concern, along with photobleaching.!**® While phototoxicity and photobleaching can be
reduced by altering experimental parameters such as light intensity and exposure times,*-?! this comes
at a steep cost of decreased sensitivity and signal-to-noise. There is therefore a need for the design of
new, less toxic voltage sensitive indicators.??2
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VoltageFluors (VFs) are a class of voltage sensitive indicators that we hypothesize utilize a
photoinduced electron transfer (PeT) mechanism to sense changes in membrane potential.>*>=2°* VF
dyes possess fast, linear, and turn-on optical response to membrane potential depolarizations.?® The
low phototoxicity of VF2.1.Cl can be further reduced by modifications to the molecular wire.?”-?® We
sought a more generalizable strategy for reducing phototoxicity and photobleaching.

To explore generalizable strategies for reducing phototoxicity of VF dyes, we were inspired by
pioneering work that showed triplet-state quenched, self-healing fluorophores dramatically improve
fluorophore performance in single-molecule fluorescence microscopy.?*=32 In this method a triplet-state
guencher (TSQ) is tethered to a fluorophore, reducing the lifetime of the triplet state fluorophore
through intramolecular triplet energy transfer, decreasing the amount of time that singlet oxygen can be
produced, and regenerating the ground state fluorophore in a process called “self-healing.”

To adapt this methodology to voltage imaging, we fused the TSQ cyclooctatetraene (COT) to a
fluorescein-based VoltageFluor indicator via a piperazine-cysteic acid linker.>* 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.

Here, we show the self-healing strategy of COT can be used with a silicon-rhodamine based VF dye
related to BeRST.® 1-COT is a near-infrared (NIR) BeRST-type VoltageFluor tethered to COT with a
piperazine-cysteic acid linker. 1-COT, like its parent dye, 1, is voltage sensitive and can report on
cardiac action potentials in hiPSC-CMs. In addition, 1-COT has dramatically improved imaging times in
cardiomyocytes compared to 1, shows reduced phototoxicity, singlet oxygen production, and
photobleaching.>43

Results and Discussion
Synthesis.

The synthesis of isoBeRST-pip-cys-COT (1-COT) is completed in 2 steps from previously reported
compounds. We envisioned a convergent synthesis that first assembled the piperazine-cysteic acid-
COT component (2) and then coupled it to the Si-rhodamine fluorophore. Synthesis of 2 began by
amide coupling of N-Boc-piperazine and protected cystine S1 (Scheme S1). Attempts to perform this
amide coupling with cysteic acid analogs failed, 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
provides cysteic acid S4 in 47% yield over 3 steps. Deprotection of the primary amine followed by an
amide coupling with COT-CO:H yields the cyclooctatetraene amide 2.

Amide coupling of 2 with Si-rhodamine molecular wire SO gave no reaction under multiple conditions
(Scheme S1), so we instead chose to assemble the COT-conjugated Si-rhodamine fluorophore first
and install the molecular wire at a later stage. Deprotection of 2 followed by the coupling with the acid
chloride derived from 3 gives silicon rhodamine S9 in 29% yield (Scheme S2). The removal of all of the
TFA from the deprotection of 2 was essential for this reaction: trace amounts of TFA decompose the
DMF, generating dimethylamine which reacts with the acid chloride of 3 to give a biproduct that was
extremely challenging to separate from S9. Finally, we developed conditions for the Heck coupling of
S9 with the molecular wire 4. In the final step, the use of QPhos as a ligand, along with Pd;(dba); as a
catalyst, allowed the cross coupling reaction to proceed at 50 °C, rather than the higher temperatures
required with Pd(OAc)./tri-(o-tolyl)phosphine, resulting in the isolation of 1-COT in 41% vyield (Scheme
S3).

In Vitro and Cellular Characterization.

1-COT possesses absorbance and emission spectra characteristic of silicon-rhodamines, with a
maximum absorbance at 663 nm and a maximum emission at 683 nm (Figure 2a, Table S1). These

https://doi.org/10.26434/chemrxiv-2023-nmf04 ORCID: https://orcid.org/0000-0002-6556-7679 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-nmf04
https://orcid.org/0000-0002-6556-7679
https://creativecommons.org/licenses/by-nc-nd/4.0/

values are nearly identical to the parent compound 1. 1-COT has a quantum yield (®5) of 0.013
(Table S1) and localizes to the cell membrane in both HEK293T cells and hiPSC-CMs (Figure 2b,c). 1-
COT is voltage sensitive, with a AF/F of 11% + 0.4% per 100 mV (n =5, S.E.M., Figure 2d, Figure S1,
Table S1). The voltage sensitivity of 1-COT is lower than the sensitivity of 1 (24% AF/F).** In cells, 1-
COT is 13% as bright as its parent dye, when loaded under identical conditions (Figure Sl1c). The
decreased brightness of 1-COT is likely due, in part, to the lower fluorescence quantum yield of 1-COT
compared to 1 (Table S1). In cells, 1-COT shows improved photostability compared to 1. After
continuous illumination, the fluorescence intensity of 1-COT in cells remains unchanged at 99.8% of
original levels (red trace, Figure 2e, n = 18 cells, p = 0.67, two-tailed t-test), while the fluorescence
intensity of 1 drops to 90% of its original level (black trace, Figure 2e, n = 18 cells, p < 0.0001).

Long Term Recording in Cardiomyocytes.

Both 1 and 1-COT can visualize cardiac action potentials in hiPSC-CM (Figure 3). The ability to optical
record action potentials from hiPSC-CMs without disturbing the underlying physiology is a critical
requirement for the use of voltage sensitive dyes in sensitive preparations. Compound 1 provides
imaging of hiPSC-CM activity under continuous illumination, but only for around 10 minutes. After this
time, substantial changes to the underlying cardiac physiology occur. Cardiac action potential duration
increases by 38% (Figure 3), the beat rate drops by 32% (Figure S2), and, most importantly, the cells
cease to beat (Figure 3, Video S1, S2). On the other hand, 1-COT enables much longer imaging
times. After 30 minutes of imaging with continuous illumination using 1-COT, hiPSC-CMs continue to
beat (Figure 3) and show only a modest 19% increase in action potential duration (Figure 3, Video S3-
5). Overall, 1-COT provides continuous, real-time imaging of hiPSC-CM physiology for 2.7x longer than
1, pointing to a much lower phototoxicity burden from 1-COT compared to 1.

The reduced phototoxicity from 1-COT may be due to reduced singlet oxygen (*O.) 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.*? 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. To distinguish between these two
possibilities, we compared levels 'O, production and cellular dye accumulation for both 1 and 1-COT.

Reduced Singlet Oxygen Production.

We measured production of singlet oxygen resulting from irradiation of 1 and 1-COT in solution. To do
this, we used singlet oxygen sensor green (SOSG), which is highly fluorescent (®s = 0.43) after
reaction with singlet oxygen but is weekly fluorescent (®s = 0.009)* in the absence of singlet oxygen
due to intramolecular PeT quenching fluorescence.*% We monitored the change in fluorescence of
SOSG (AF/F) in samples containing SOSG and 1, 1-COT, or buffer (Figure 4a).

1-COT produces lower amounts of 1O, than 1. Irradiation of 1-COT at 631 nm for 10 min in the
presence of SOSG results in a 7% increase in SOSG fluorescence over background (Figure 4a, red,
14.3%, S.E.M., n = 4), which is not a significant difference (p = 0.51, Tukey’s post-hoc comparison,
Figure 4a). On the other hand, 1 produces nearly 5x more 'O, than 1-COT. Irradiation of 1 in the
presence of SOSG results in a 33% increase in SOSG fluorescence (Figure 4a, black, +3.3%, S.E.M.,
n = 4), which is a statistically significant difference (p < 0.001, Tukey’s post-hoc comparison, Figure
4a). Together, these results show that 1-COT produces lower amounts of 'O, compared to 1,
consistent with the proposed mechanism of self-healing fluorophores.?®3*? The decreased rate of 'O,
production by 1-COT likely contributes to the improved photostability in HEK cells (Figure 2e) and
reduced phototoxicity in hiPSC-CMs (Figure 3a).

Reduced loading of 1-COT.

1-COT boasts the ability to image cardiac electrophysiology for about three times longer than 1. The
reduced toxicity of 1-COT is due, in part, to the decreased production of 'O,, as established above.
However, reduced phototoxicity could also be a result of decreased accumulation of 1-COT in the
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plasma membrane of cells, even when applied at the same concentration as 1. The cellular brightness
of 1-COT is about 7x less than the parent dye (Figure S1). The lower brightness of 1-COT in cells is
partly due to its lower intrinsic brightness of 1.2 (®s x €, Table S1), which is about 7x lower than the
brightness of 1 (®5 x € = 8.6, Table S1).

To confirm this, we performed fluorescence lifetime imaging microscopy (FLIM) on HEK cells loaded
with either 1 or 1-COT, to determine an estimate of the “in situ” fluorescence quantum yield in a plasma
membrane (since fluorescence lifetime, or T4, is inversely proportional to the fluorescence quantum
yield). In HEK cells, 1 (200 nM) has a fluorescence lifetime of approximately 0.83 ns (+ 0.02 ns, S.E.M.,
n = 9), while 1-COT has a 14 of approximately 1.46 ns (+0.03, S.E.M., n = 8). The longer lifetime of 1-
COT in the plasma membrane is not consistent with the in vitro fluorescence quantum vyields. This
discrepancy suggests two things: first, that 1-COT is a brighter fluorophore than 1 in cell membranes,
and second, that in vitro conditions for determining fluorescence quantum yields are not a good mimic
for the plasma bilayer.

If 1-COT has a higher fluorescence quantum yield than 1 in the plasma membrane, what accounts for
the decreased overall brightness? It could be that less 1-COT is loading in the membrane than 1. To
test this, we looked at the concentration dependence of the fluorescence lifetime in HEK cells. We
previously showed that, at high dye loading concentrations, plasma membrane dyes show a decrease
in fluorescence lifetime.#"~*°A greater concentration dependence on the T4 indicates a higher degree of
membrane loading. The 14 of 1 shows greater dependence on dye concentration than 1-COT (Figure
4b/c). For 1-COT, T values at different concentrations range from 1.43 ns to 1.53 ns, and there is no
significant difference between the lifetimes at any concentration ranging from 200 nM to 1 uM (Figure
4b, p > 0.05, ANOVA). Whereas for 1, fluorescence lifetime at concentrations of 500 nM and above are
significantly lower than the 14 at 200 nM (Figure 4c, p < 0.005, ANOVA + Tukey’s post-hoc analysis of
multiple comparisons). These data suggest that 1 loads more effectively into membranes than 1-COT.
So, while 1, with its lower 14 in cell membranes, is intrinsically dimmer than 1-COT, there is more of 1 in
the membrane, making the fluorescence intensity greater.

Conclusion

In this study, we show that 1-COT is a voltage sensitive fluorophore with improved photostability and
reduced toxicity in cardiomyocytes. Compared to the unmodified dye, 1-COT is less bright in cells and
shows decreased voltage sensitivity. The reduced toxicity of 1-COT, which enables a nearly 3x
increase in imaging time in cardiomyocytes, is due in part to decreased production of *O,, which is
consistent with the mechanism of triplet state quenching in self-healing fluorophores.*® The reduced
toxicity of 1-COT may also come from a lower effective concentration in the plasma membrane, since
FLIM experiments reveal very little concentration-dependence of the 1 for 1-COT.

Despite the dramatic increase in imaging time in cardiomyocytes, real challenges remain that limit the
current utility of 1-COT and guide future directions for research. First, unlike fluorescein-based COT-
stabilized dyes, in which the COT-functionalized dye has the same voltage sensitivity as the unmodified
dye, the voltage sensitivity of 1-COT is lower than that of 1. Additionally, the lower cellular brightness of
1-COT compared to 1 substantially limits application of 1-COT. The low cellular brightness of 1-COT
may come from its poor solubility. The use of COT as a TSQ via an amide linkage removes a positive
charge from 1, which may contribute to the overall lower solubility and poor membrane loading. The
addition of the COT group may also change the orientation of 1-COT in the membrane, which would
decrease its voltage sensitivity.>! Future directions for improving the performance of TSQ-stabilized Si-
rhodamine dyes include improving solubility and the exploration of less hydrophobic triplet state
guenchers.
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Figures and Schemes

Figure 1. Structure of 1-COT and 1.

for

N

Structures of Voltage Fluor (VF) dyes based on Si-rhodamine BeRST.

Scheme 1. Synthesis of 1-COT.

N NH
B°°© SO3H N 0
2 K/N\n/'\NH
© (0]
> 1-COT
12% yield
N over two steps

Conditions: a) i) TFA, CH2Clz, rt, ii) 3, (COCI)2, CH2Clz, rt, iii) EtsN, DMF, rt; b) 4, cat. Pd2dbas, QPhos, EtsN, DMF,
50 °C.
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Figure 2 Characterization of 1-COT.
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a) Absorbance (black) and emission (red) profile of 1-COT. Fluorescence images of 1-COT loaded at 0.5 yM in b)
HEK?293T cells (confocal) and c¢) hiPSC-CMs (epifluorescence). Scale bars are 20 um. d) Plot of relative change
in fluorescence of 1-COT (AF/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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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 att =0 min, ¢) 1 att = 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) 1-COT
(red/grey). Average traces are representative of the overall action potential traces shown in figure 3b-e.
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Figure 4. 1-COT produces less 102 than 1 and shows poor plasma membrane accumulation.
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a) Relative changes in SOSG emission in solution after continuous illumination of samples for 10 minutes.
Concentrations for all dyes are 1 uM. Solutions represented are: 1 with SOSG present (grey); 1-COT with SOSG
present (red); and SOSG in solution (blue). ANOVA test with Tukey’s post-hoc analysis for multiple comparisons
(*: p<0.01; ***: p < 0.001; ns: p=0.51). Plot of fluorescence lifetime vs. dye concentration for b) 1-COT and c) 1.
Each point represents a group of cells; the total number of groups analyzed is listed for each condition. For 1-
COT, there were no significant differences between groups (ANOVA, p > 0.05). For 1-COT, there were significant
differences between the groups (ANOVA); Tukey’'s post-hoc analysis comparisons between group revealed
significant differences (**: p < 0.005; ****: p < 0.0005).
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