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ABSTRACT: Fluorescent voltage indicators are an attractive al-
ternative for studying the electrical activity of excitable cells; 
however, the development of indicators that are both highly 
sensitive and low in toxicity over long-term experiments re-
mains a challenge. Previously, we reported a fluorene-based 
voltage-sensitive fluorophore that exhibits much lower photo-
toxicity than previous voltage indicators in cardiomyocyte 
monolayers, but suffers from low sensitivity to membrane po-
tential changes. Here, we report that the addition of a single 
vinyl spacer in the fluorene molecular wire scaffold improves 
the voltage sensitivity 1.5- to 3.5-fold over fluorene-based volt-
age probes. Furthermore, we demonstrate the improved ability 
of the new vinyl-fluorene VoltageFluors (v-fVFs) to monitor action potential kinetics in both mammalian neurons and 
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). Addition of the vinyl spacer between the ani-
line donor and fluorene monomer results in indicators that are significantly less phototoxic in cardiomyocyte monolayers. 
These results demonstrate how structural modification to the voltage sensing domain have a large effect on improving the 
overall properties of molecular wire-based voltage indicators.   

Cells expend a large proportion of their energy budget to 
maintain tight control over the electrical potential across 
the plasma membrane. In excitable cells, membrane po-
tential (Vmem) can change quickly, and these action poten-
tials govern the unique physiology of neurons and cardio-
myocytes. Patch-clamp electrophysiology is the gold-
standard for measuring electrical impulses in live cells, but 
is highly invasive and low throughput.1 To complement tra-
ditional electrophysiology, we have been developing volt-
age-sensitive fluorophores, or VoltageFluors, that can op-
tically measure rapid changes of Vmem in live cells.2 Using 
fluorescence to monitor Vmem dynamics is attractive be-
cause it circumvents many of the issues associated with 
electrode-based methods. VoltageFluor (VF) indicators in-
crease their fluorescence in response to membrane depo-
larizations due to attenuation of fluorescence quenching 
by photoinduced electron transfer (PeT).3 Within the Volt-
ageFluor scaffold, the identity of the fluorescent reporter, 
the aniline electron donor, and the molecular wire can be 
modified to tune the spectral and voltage sensing proper-
ties of the probe.4-8  

Previously, we showed that 9',9'-dimethylfluorene (fVF, 
Scheme 1) can replace the phenylene-vinylene-based mo-
lecular wire in the VoltageFluor scaffold (VF2.1.Cl, 
Scheme 1).7 These fluorene VoltageFluors (fVFs) are less 

Scheme 1. Hybrid Vinyl-fluorene Wires for Voltage 
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phototoxic than other voltage indicators in cardiomyocyte 
monolayers, making them useful for reporting cardiac  



 

Scheme 2. Synthesis of 2-vinyl fluorene VF dyes 

 

action potential kinetics over prolonged experiments. 
However, fVFs are 2- to 5-fold less sensitive to changes in 
Vmem than their phenylene vinylene-based counterparts.7 
We sought to improve the sensitivity of the fluorene mo-
lecular wire scaffold while harnessing its reduced photo-
toxicity characteristics. 

We hypothesize that the voltage sensitivity of fluorene 
molecular wire fVF dyes is reduced due to the higher at-
tenuation factor (0.09 Å-1),9 or β value, of fluorenes com-
pared to the phenylene-vinylene scaffold of VF2.1.Cl (β = 
0.04 Å-1).10-12 Previous studies showed that oligo-fluorene-
vinylene molecular wires, which combine aspects of fluo-
renes and vinyl spacers, possess a β value of 0.075 Å.13 
Therefore, we hypothesized that incorporation of a vi-
nylene spacer into the fluorene VoltageFluor scaffold 
would boost voltage sensitivity while retaining the low 
phototoxicity of fVF dyes (Scheme 1). These new indica-
tors, vinylene-fluorene VoltageFluors (v-fVFs), represent a 
structural hybrid between the two wire scaffolds reported 
by our laboratory.7, 14 

We designed indicators with vinyl spacers in two differ-
ent, regioisomeric locations: between the fluorene subunit 
and the dichlorofluoresein fluorophore (2v-fVFs, Scheme 
1), and between the aniline donor and the fluorene (7v-
fVFs, Scheme 1). The numbers 2 and 7 indicate the substit-
uent position of the vinyl group on the fluorene ring. Indi-
cators with the 2v-fVF substitution are accessible in two 

steps from previously reported compounds (Scheme 2, 
S1).7 Cross-coupling using Pd(OAc)2 and tri-o-tol-
ylphosphine gives vinyl-fluorene MIDA boronate esters 1 
and 2 in good yield. Suzuki-Miyaura coupling with modi-
fied conditions15 provides 2v-fVF indicators 3 (2v-fVF 1) and 
4 (2v-fVF 2). 

Construction of regioisomeric 7v-fVFs begins by con-
verting substituted 4-nitrobenzaldehydes to styrenes 7 and 
8 by Wittig olefination (Scheme 3). Pd-catalyzed cross-
coupling with 2-bromo-7-iodo-9,9-dimethyl-9H-fluorene 
yields nitrostyryl-fluorene wires 9 and 10 as orange solids. 
Starting from the 4-nitrostyrenes (Scheme 3) was essen-
tial: use of the corresponding 4-aminostyrenes in the cross-
coupling reaction yields the desired linear isomer in a 2:1 
ratio with the branched isomer. The isomers could not be 
separated by chromatography. Nitrostyryl-fluorene wires 
are converted to anilines 11 and 12 by reduction with SnCl2, 
followed by reductive amination with formaldehyde to 
yield 13 and 14 as bright yellow solids (Scheme 3). Pd-cat-
alyzed cross-coupling with bis-(pinacolato)diboron pro-
vides boronic esters 15 and 16 for coupling with bromo-2,7-
dichlorosulfofluorescein. The subsequent Pd-catalyzed 
cross-coupling of 15 or 16 with halogenated sulfonofluores-
cein furnishes 7v-fVF indicators 17 (7v-fVF 1) and 18 (7v-fVF 
2). As control compounds, we also constructed indicators 
that lack an aniline donor (Scheme S2, 2v-fVF 0 and 7v-
fVF 0).  

Spectroscopic characterization of the six new indicators 
reveal that the position of the vinyl spacer has no effect on 
the absorption or emission of the xanthene fluorophore 
(Figure S1, Table S1). However, relative to fVF dyes, both 
of the vinyl-fluorene substitution patterns result in batho-
chromic shifts in the molecular wire absorbance. This shift 
is larger for 7v-fVF substitution (Figure S1, Table S1). The 
red shift of the molecular wire absorbance is due to the in-
creased conjugation in the molecular wire system, which is 
electronically decoupled from the xanthene chromophore 
in the ground state. In agreement with a PeT mechanism 
for voltage sensing, indicators lacking an aniline exhibit 
quantum yields two to three times higher than the donor-
containing counterparts (Table S1). 

Scheme 3. Synthesis of 7-vinyl fluorene VF dyes 



 

Figure 1. Characterization of vinyl-fluorene VoltageFluors in 
HEK293T cells. Live cell fluorescence images of a) 2v-fVF 1, c) 
2v-fVF 2, e) 7v-fVF 1, and f) 7v-fVF 2 loaded at 0.5 µM in 
HEK293T cells. Scale bar is 20 µm. Plots of ΔF/F versus mem-
brane potential (millivolts) in voltage-clamped HEK293T cells 
for b) 2v-fVF 1, d) 2v-fVF 2, f) 7v-fVF1, and g) 7v-fVF 2. The red 
line is the line of best fit, error bars are ± SEM for a minimum 
of 3 independent determinations. 

To test the effect of vinyl spacers on voltage sensitivity, 
we recorded the fluorescence intensity of voltage-clamped 
HEK293T cells stained with vinyl-fluorene VoltageFluors. 
Indicators with the 2-vinyl spacer (2v-fVF 1 and 2v-fVF 2) 
exhibit a 7.4 and 15.2% ΔF/F per 100 mV, respectively (Fig-
ure 1, Table 1). When compared to the respective fluorene 
VoltageFluors (fVF dyes),7 this structural modification pro-
duces a modest 60% and 40% improvement to sensitivity 
(fVF 1, 4.5%; fVF 2, 10.5% ΔF/F per 100 mV change, Figure 
S2).7 The 7-vinyl spacer improves voltage sensitivity to a 
greater extent; 7v-fVF 1 has a 16.5% ΔF/F (350% improve-
ment) and 7v-fVF 2 exhibits a 30.6% ΔF/F (290%  

Table 1. Voltage Sensitivity of v-fVF dyes 

Entry 
Bright-
nessa 

%ΔF/Fb SNR 

2v-fVF 1 (3) 1.6 7.4 ± 0.3 41 ± 10.5 

7v-fVF 1 (17) 1.0 16.5 ±0.2 67 ± 8.5 

2v-fVF 2 (4) 1.5 15.2 ± 0.2 49 ± 3.4 

7v-fVF 2 (18) 0.4 30.6 ± 0.7 37 ± 5.6 

2v-fVF 0 (20) 5.8 -0.3 ± 0.01 1.7 ± 0.2 

7v-fVF 0 (23) 4.4 -0.3 ± 0.01 0.8 ± 0.2 

a Measured in HEK 293T cells. b per 100 mV, recorded at 0.5 
kHz optical sampling rate. 

improvement) per 100 mV change in Vmem. Indicators lack-
ing an aniline donor (2v-fVF 0 and 7v-fVF 0) were not sen-
sitive to changes in Vmem, consistent with a PeT-based 
mechanism of voltage sensing (Figure S2g-i, p-r, Table 1)  

In rat hippocampal neurons, all of the new v-fVF indica-
tors have higher ΔF/F and signal-to-noise (SNR) per action 
potential than fVF 2, the best of the fluorene-only fVF se-
ries.7 Of the new indicators, 7v-fVF 1 (17) has the highest 
SNR per action potential, at 18:1, while 7v-fVF 2 (18) has the 
highest ΔF/F, at 9% per action potential (Table S2, Figure 
S3). However, under identical conditions, phenylene-
vinylene-based VF2.1.Cl retains the best SNR per action po-
tential, at 35:1.  

In spontaneously contracting human induced pluripo-
tent stem cell-derived cardiomyocyte (hiPSC-CM) mono-
layers, all of the new v-fVF indicators report cardiac action 
potential kinetics with high SNR. Vinyl-fVF indicators have 
larger SNR per action potential than either fVF 2 or 
VF2.1.Cl, albeit with a lower ΔF/F (Table S2, Figure 2, Fig-
ure S4). Previously, we found that substituting the phe-
nylene-vinylene molecular wire (VF2.1.Cl) with a fluorene 
monomer (fVF) in the VF scaffold substantially reduces 
phototoxicity in cardiomyocytes, allowing up to ten 
minutes of continuous illumination without disrupting the 
waveform of action potentials.7 Thus, we were curious 
whether the new vinyl-fluorene hybrids, with their en-
hanced voltage sensitivity compared to fluorene-only indi-
cators, would behave more like fVF 2 or VF2.1.Cl in terms 
of phototoxicity. We continuously illuminated hiPSC-CM 
monolayers stained with indicators, making ten second re-
cordings every minute to monitor action potential mor-
phology. Indicators with 2v-fVF substitution appear ex-
tremely phototoxic—action potential morphology changes 
after just one (2v-fVF 1, Figure 3a) to three (2v-fVF 2, Fig-
ure 3b) minutes of illumination. Shortly after, the hiPSC-
CMs stopped beating (Figure 3a,b). This degree of toxicity 
was similar to VF2.1.Cl (Figure S5).  

However, placing the vinyl spacer at the 7-position re-
sults in indicators that are much less phototoxic than ei-
ther 2v-fVF or VF2.1.Cl (Figure 3c-f). With either 7v-fVF 1 
(Figure 3c) or 7v-fVF 2 (Figure 3d), recordings can be  



 

 

Figure 2. Performance of vinyl-fluorene VoltageFluors in 
hiPSC-CM monolayers. Representative fluorescence micro-
graph of hiPSC-CMs loaded with 0.5 μM of either a) 2v-fVF 1 
(3), b) 2v-fVF 2 (4), c) 7v-fVF 1 (17), or d) 7v-fVF 2 (18).Scale 
bar is 50 μm. e) Plot of SNR per action potential for each indi-
cator. Data are mean ± S.E.M. f) Plot of ΔF/F per action poten-
tial in hiPSC-CMs for each indicator. Data are mean ± S.E.M. 
from n = 15 recordings. g-j) left Plots of fluorescence intensity 
vs. time for either g) 2v-fVF 1 (3), h) 2v-fVF 2 (4), i) 7v-fVF 1 
(17), or j) 7v-fVF 2 (18). right Concatenated action potentials. 

made for up to 10 minutes without any change to action 
potential shape (Figure 3, Figure S5). Unlike fluorene-
only fVF 2, the SNR remains high for both 7v-fVF 1 and 7v-
fVF 2 throughout the duration of the experiments—above 
100:1 after illuminating 7v-fVF 2 for 9 minutes—permitting 
long-term recordings of electrical activity in cardiomyo-
cyte monolayers (Figure S5). 

The precise molecular mechanisms governing the sub-
stantially reduced phototoxicity of the 7v-fVF scaffold 
compared to 2v-fVF and VF2.1.Cl remain elusive. One  

 

Figure 3. Extended imaging with vinyl-fluorene VoltageFluors 
in hiPSC-iCM monolayers under constant illumination. Mon-
olayers were stained with v-fVF indicators and illuminated 
constantly. Every minute, 10 second optical recordings of volt-
age dynamics were acquired. Representative traces are shown 
for a) 2v-fVF 1 (3), b) 2v-fVF 2 (4), c) 7v-fVF 1 (17), and d) 7v-
fVF 2 (18). e) Plot of the ratio of cAPD90/cAPD30, which is the 
action potential duration at 90 and 30 percent of the repolari-
zation, corrected for beat rate by Fridericia’s formula. Initial 
recordings start with a ratio between 1.2 and 1.4, regardless of 
the indicator used. Increases in the ratio indicate a change in 
action potential morphology. f) Plot of SNR per action poten-
tial vs. total minutes of illumination. 

hypothesis is that the dyes accumulate differently in cellu-
lar membranes, leading to higher effective concentrations 
for one dye compared to another. This might result in an 
increased rate of reactive oxygen species (ROS) produc-
tion, leading to cell death. Indeed, phototoxicity of many 
voltage indicators can be decreased by lowering the con-
centration used to stain cells.7, 16-18 Although v-fVF dyes 
show some small differences in cellular brightness (Figure 
S6, Table 1), fluorescence intensity alone cannot be used 
as a quantitative measure of dye concentration. Rates of 
photobleaching do not correlate with phototoxicity. Alt-
hough the less toxic 7v-fVF indicators have slower rates of 
photobleaching compared to 2v-fVF dyes (in HEK293T 
cells, Figure S7), this correlation does not always hold: the 
less phototoxic fVF 2 bleaches more rapidly than VF2.1.Cl 
(Figure S7). Another hypothesis is that the more photo-
toxic 2v-fVF dyes position the vinyl group at the li-
pid/aqueous interface on the surface of the cell,14 leading 
to greater exposure to oxygen and increasing the likelihood 



 

of either sensitizing molecular oxygen or reacting with sin-
glet oxygen, a primary decomposition pathway for phe-
nylenevinylene structures.19 In contrast, the less phototoxic 
7v-fVF dyes bury the vinyl spacer in the lipid bilayer of the 
cellular membrane, shielding it from oxygen that might 
contribute both to phototoxicity and photobleaching. 
Studies are under way to probe these mechanisms and hy-
potheses in greater detail. 

In summary, we developed four new voltage indicators. 
All four new vinylene-fluorene VoltageFluor (v-fVFs) indi-
cators show higher voltage sensitivity (ΔF/F) than their 
cognate fluorene VoltageFluor dyes (fVFs). We detail the 
synthesis and characterization of these indicators in 
HEK293T cells, mammalian neurons, and human iPSC-de-
rived cardiomyocytes to demonstrate the effect of this 
small structural change to the molecular wire on the per-
formance of the voltage indicator. We found that adding a 
vinyl spacer between the electron donating aniline and the 
fluorene in the molecular wire (7v-fVFs) increased sensi-
tivity by about 3-fold compared to fVF dyes. For 7v-fVF 2 
(18), voltage sensitivity was higher (30% ΔF/F) than the 
sensitivity of VF2.1.Cl (25% ΔF/F). More importantly, even 
with improved sensitivity, 7v-fVF indicators remain less 
phototoxic in cardiomyocytes relative to VF2.1.Cl, while 
maintaining higher SNR throughout extended recordings. 
Vinyl-fluorene VoltageFluors represent an improvement 
over the fluorene VoltageFluor scaffold and are an attrac-
tive alternative to the traditional VoltageFluor scaffold for 
prolonged recordings of electrical activity in cells. 
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