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ABSTRACT: Voltage imaging is an important complement to traditional methods for probing cellular physiology, like electrode-
based patch clamp techniques. Unlike the related Ca2+ imaging, voltage imaging provides a direct visualization of bioelectricity 
changes. We have been exploring the use of sulfonated silicon rhodamine dyes (Berkeley Red Sensor of Transmembrane potential, 
or BeRST) for voltage imaging. In this study, we explore the effect of converting BeRST to diEt BeRST, by replacing the dimethyl 
aniline of BeRST with a diethyl aniline group. The new VF dye, diEt BeRST, has a voltage sensitivity of 40% ΔF/F per 100 mV, a 33% 
increase compared to the original BeRST dye, which has a sensitivity of 30% ΔF/F per 100 mV. In neurons, the cellular brightness of 
diEt BeRST is about 20% as bright as BeRST, which may be due to the lower solubility of diEt BeRST (300 μM) compared to BeRST  
(800 μM). Despite this lower cellular brightness, diEt BeRST is able to record spontaneous and evoked action potentials from mul-
tiple neurons, simultaneously, and in single trials. Far-red excitation and emission profiles enable diEt BeRST to be used alongside 
existing fluorescent indicators of cellular physiology, like Ca2+-sensitive Oregon Green BAPTA (OGB). In hippocampal neurons, sim-
ultaneous voltage and Ca2+ imaging reveals neuronal spiking patterns and frequencies that cannot be resolved with traditional Ca2+ 
imaging methods. This study represents a first step towards describing the structural features that define voltage sensitivity and 
brightness in silicon rhodamine-based BeRST indicators. 

Introduction 

Voltage imaging is the direct visualization of cellular mem-
brane potential changes using fluorophores. Imaging voltage 
changes using fluorescence microscopy provides a powerful 
complement to traditional, but invasive, electrode-based 
measurements or indirect Ca2+ imaging. Recently, a prolifera-
tion of small molecule fluorophores,1-2 genetically encoded 
voltage indicators (GEVIs),3-6 and hybrid approaches7-11 has 
made voltage imaging accessible to a wider variety of research 
laboratories. In particular, our lab has focused on the use of 
photoinduced electron transfer (PeT) based voltage sensitive 
fluorophores, or VF dyes. Fluorescein and rhodamine-derived 
version of VF dyes enable voltage imaging across the blue to 
far-red / near-infrared window of the spectrum. One VF dye, 
BeRST, which is based on a sulfonated silicon rhodamine, or 
Berkeley Red fluorophore, has found utility in a number of ap-
plications,12 including stem-cell derived neurons13 and cardio-
myocytes,14 cardiomyocytes from human patients,15 monitor-
ing coupling of plasma membrane and mitochondrial potential 
during ultradian cycles,16 screens for improved GEVIs,17 and 
dendritic cells.18 BeRST compares favorably to other dyes and 
GEVIs in terms of speed, sensitivity, and brightness.19 However, 
improved sensitivity and brightness of BeRST-type VF dyes 
would be a boon for voltage imaging in demanding applica-
tions. 

One approach to improve voltage sensitivity is to alter the 
electronics of the donor and acceptor components of VF dyes, 
typically through substitution of the aniline donor. Although 
the relationship between aniline substitution patterns and the 
voltage sensitivity of fluorescein-based VF dyes has been 

Scheme 1. Diethyl BeRST (diEt BeRST) and BeRST 1 

 

investigated,20-21 this relationship remains largely unex-
plored in the context of silicon rhodamine, or Berkeley Red 
based Sensors of Transmembrane potential (BeRST),22 VF dyes.  

In this study, we asked whether the inclusion of two addi-
tional methylene units on the aniline of BeRST would increase 
the voltage sensitivity of the new dye. Previous studies from 
our lab showed that increasing the electron richness of the ani-
line donors improved voltage sensitivity of fluorescein-based 
VF dyes,20 but often at the expense of cellular brightness.21 This 
subtle change to the original BeRST 1 scaffold – addition of 2 
carbon and 4 hydrogen atoms – creates an ethyl-substituted 
aniline, or diethyl BeRST (“diEt BeRST”, Scheme 1).  

We find that diEt BeRST has improved voltage sensitivity 
compared to the original BeRST. However, diEt BeRST has 
lower solubility and has lower cellular brightness in living  
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Table 1. Properties of silicon rhodamine / Berkeley Red-based voltage-sensitive fluorophores 

Dye 

𝜆abs 

(nm) 

𝜆em 

(nm) 

εa 

(M-1cm-1) 
Φf

b ε × Φfl 
Sol.c 

(mM) 
BRTd ΔF/Fe SNRe BRTf ΔF/Fg SNRg 

diEt BeRST 658 673 149,000 0.13 19,370 0.3 22% 40% ± 2% 22 40% 13% ± 2% 39 

BeRST 658 681 150,000 0.02 3,000 0.8 100% 30% ± 1% 94 100% 10% ± 2% 54 

aExtinction coefficient measured in TBS buffer with 0.1% SDS, pH7.5. bQuantum yield with SiTMR as a standard (0.32).23  cSolubility in 
DMSO. dBrightness in HEK cells with 1 μM dye. ePer 100 mV, in voltage-clamped HEK cells. Error is S.E.M, n = 7 and n = 6 cells for diEt BeRST 
and BeRST, respectively. fBrightness in neurons with 1 μM dye. gIn stimulated neurons, measuring evoked action potentials. Error is S.E.M, 
n = 16 and n = 15 cell trace averages (15 APs averaged per cell) for diEt BeRST and BeRST. 

 

Figure 1. Characterization of diEt BeRST. a) Plot of relative absorbance (dotted black line) or emission intensity (solid purple line) for diEt 
BeRST. Spectra were acquired in pH = 7.5 buffer (50 mM TBS, 150 mM NaCl, 0.1% w/w SDS). b) Plot of fractional change in fluorescence 
(ΔF/F) over time in HEK cells stained with 1 μM of diEt BeRST under voltage clamp conditions. Cells were held at -60 mV and stepped to 
hyper- or depolarizing potentials (±100 mV) in 20 mV increments. c) Plot of %∆F/F vs final membrane potential for diEt BeRST. Data are the 
mean ΔF/F. Error bars are S.E.M. for n = 7 cells, across 4 different experiments. If error bars are not visible, they are smaller than the 
marker. Dotted line is the linear fit through the data (R2 = 0.995). d) Plot of mean voltage sensitivity per 100 mV in voltage-clamped HEK 
cells for diEt BeRST and BeRST. *** p < 0.0002. Circles are the voltage sensitivity for each measured cell, n = 7 (diEt BeRST), n = 6 (BeRST). 
Error bars are S.E.M.  

cells, despite its higher molecular brightness in vitro. Despite 
its decreased cellular brightness, the large voltage sensitivity 
of diEt BeRST enables high-speed voltage imaging in neurons 
and multi-color imaging of voltage and Ca2+ in the same cells.  

Results and Discussion 

DiEt BeRST can be synthesized in a single step from previ-
ously reported precursor compounds, bromo-Berkeley Red22 
and a phenylenevinylene subunit24 derived from diethyla-
minosalicylaldehyde (Scheme S1). A Pd-catalyzed Heck cou-
pling using Pd2dba3 and QPhos25 provides diEt BeRST under rel-
atively mild reaction conditions compared to the previously re-
ported BeRST synthesis.22 

DiEt BeRST retains the photophysical characteristics of sili-
con-rhodamines, with a maximum absorbance at 658 nm and 
maximum emission at 673 nm, extinction coefficient of 
149,000 M-1cm-1, and fluorescence quantum yield (Φf) of 0.13 
(Figure 1a, Table 1). DiEt BeRST localizes to the plasma mem-
brane of HEK293T cells (Figure 2a,b). DiEt BeRST is voltage-sen-
sitive, with a ∆F/F of 40% ± 2% per 100 mV (n = 7 cells, S.E.M.) 
in voltage-clamped HEK293T cells (Figure 1b,c, Table 1). This is 
significantly higher than the voltage-sensitivity of BeRST, which 
is 30% ± 1% per 100 mV (n = 6 cells, S.E.M; p = 0.0004, two-
tailed t-test, Figure 1d, Table 1). 

In HEK293T cells, diEt BeRST is dimmer than BeRST, when 
loaded and imaged under identical conditions (Figure 2a-c, Ta-
ble 1). The cellular brightness of diEt BeRST, or the fluores-
cence intensity from diEt BeRST when loaded in cells, is about 
4.5× lower than BeRST (Figure 2c, Table 1).  

Since the molecular brightness of diEt BeRST is about 6× 
larger than BeRST in an in vitro context (Table 1), we hypothe-
size the decrease in cellular brightness is because of the lower 
membrane loading efficiency of diEt BeRST, likely related to its 
lower water solubility. The solubility of diEt BeRST is ~300 μM 
while BeRST is approximately 800 μM (Table 1).  

We previously observed a similar juxtaposition of molecular 
and cellular brightness for lipophilic, fluorescein-based VF 
dyes.21 The VF dye iPrVF has an additional 2 carbons on the 
aniline donor compared to VF2.1.Cl and possesses a higher Φf 
(0.28 vs 0.12). However, iPrVF has an overall lower cellular 
brightness (1.0 vs 3.4).  

Additional evidence supporting the low solubility hypothesis 
is that the use of the non-ionic surfactant, Pluronic F-127 im-
proves the cellular brightness of diEt BeRST by approximately 
three-fold (Figure S1a). However, the use of Pluronic F-127 (“F-
127”) with BeRST does not increase cellular brightness. Even 
with the use of F-127, the cellular brightness is less than BeRST. 
Given this observation and  
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Figure 2. Fluorescence imaging of diEt BeRST in HEK 293T cells and rat hippocampal neurons. a) Transmitted light and b) wide field epiflu-
orescence image of HEK293T cells stained with diEt BeRST (1 μM). Scale bar is 20 μm. c) Plot of fluorescence intensity of either diEt BeRST 
or BeRST staining in HEK293T cells. d) Transmitted light and e) wide field epifluorescence image of rat hippocampal neurons stained with 
diEt BeRST (1 μM). Scale bar is 20 μm. f) Plot of fluorescence intensity of either diEt BeRST or BeRST staining in neurons. Bars are the mean 
value. Error bars are standard error of the mean (S.E.M.) for n = 73 (diEt BeRST, HEK293T), 69 (diEt BeRST, neurons), 67 (BeRST, HEK293T), 
or 49 (BeRST, neurons) cells. Each point represents the fluorescence intensity for a single cell. **** indicates a p-value of <0.0001 (two-
tailed t-test).

 

Figure 3. Optical recordings of spontaneous neuronal activity in rat 
hippocampal neurons using diEt BeRST. a) Widefield epifluores-
cence and b) transmitted light image of rat hippocampal neurons 
stained with 1 μM diEt BeRST. c) Plots of ΔF/F vs time for the indi-
cated neurons in panels a/b. Optical recordings are acquired at 
500 Hz. Scale bar is 20 μm.  

the potential adverse effects of F-127 on cellular physiol-
ogy,26 we opted to forego the use of F-127 for subsequent 
characterization of diEt BeRST. Other loading methods, for ex-
ample, pre-complexation with bovine serum albumin (BSA) 
also boost the fluorescence intensity of diEt BeRST, have little 
effect on BeRST, and may be more well-tolerated by cells (Fig-
ure S1b). We find that the pre-complexation of diEt BeRST with 
BSA prior to loading improves the cellular brightness to about 
40% of the level of BeRST (Figure S1b). 

Because of the limited solubility and decreased brightness of 
diEt BeRST, SNR is compromised in both HEK cells and neurons 
(Figure S3c,f, Table 1). The SNR of diEt BeRST in whole cell 
patch clamped HEK cells is about 23% of the SNR of BeRST in 

the same conditions (Table 1, Figure S3c,f). The photostability 
of diEt BeRST is marginally better than BeRST (Figure S2).  

DiEt BeRST stains primary rat hippocampal neurons (Figure 
2d,e). In neurons, the cellular brightness of diEt BeRST is lower 
than BeRST (Figure 2f, Table 1). DiEt BeRST is about 2.5× dim-
mer than BeRST in neurons, which is not as large as the differ-
ence in brightness in HEK293T cells (4.5× lower). One explana-
tion for the different performance in neurons compared to 
HEK293T cells is the larger membrane surface area of neurons 
(>60,000 μm2)27 compared to HEK cells (~2,000 μm2)28 provides 
greater lipophilic surfaces for the poorly-soluble diEt BeRST. 

In neurons, diEt BeRST can detect spontaneously-firing ac-
tion potentials across multiple cells with a time resolution of 2 
ms (Figure 3). DiEt BeRST shows good sensitivity to neuronal 
action potentials, or rapid changes in membrane potential, 
with a ΔF/F of 13% (± 2%, standard error of the mean, S.E.M., 
n = 16 cells) compared to a ΔF/F of 10% for BeRST (± 2%, S.E.M., 
n = 15 cells, Table 1, Figure S3e). These differences were not 
statistically significant (p = 0.10, two-tailed t-test). Unlike 
HEK293T cells, where a dramatic difference exists in the signal-
to-noise-ratio (SNR) for a 100 mV step (Figure S3f, Table 1), in 
neurons, the SNR for an action potential is only slightly lower 
– a direct consequence of the improved cellular brightness of 
diEt BeRST in neurons relative to HEK293T cells.   

The photostability of diEt BeRST neurons appears similar to 
that of BeRST when making repeated measurements of evoked 
APs (Figure S4). The shape of APs recorded by diEt BeRST, as 
measured by the full width at half-maximal (FWHM) for each 
AP remains beneath 150% of its original value after 10 re-
peated trials (Figure S4d). On the other hand, the FWHM of 
APs recorded with BeRST are ~550% of their original value (Fig-
ure S4d). The average ΔF/F of APs recorded with BeRST drops 
to 50% of its original value after 10 trials, with diEt BeRST is 
unchanged (Figure S4b). The photostability of both dyes in 
neurons is similar (Figure S4c). 

The far-red to NIR spectra of diEt BeRST allows cells to be co-
stained with other fluorescent indicators for multi-color func-
tional imaging (Figure 4a-d). Neurons stained  
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Figure 4. Multi-color imaging in rat hippocampal neurons with diEt 
BeRST. Neurons were stained with diEt BeRST, Oregon Green 
BAPTA (OGB), and Hoechst 33342 (1 μM for all dyes). Widefield 
epifluorescence a) diEt BeRST, b) diEt BeRST (grey) and OGB 
(green), c) diEt BeRST (grey) and Hoechst (cyan), and d) transmit-
ted light image of rat hippocampal neurons. Scale bar is 20 μm. 
Plots of ΔF/F vs time for e) diEt BeRST or f) OGB. Colors indicate 
the same neuron, observed first under voltage imaging and then 
under Ca2+ imaging.  

simultaneously with diEt BeRST (Figure 4a), Oregon Green 
BAPTA (OGB, Figure 4b), and Hoechst 33342 (Figure 4c) ena-
bled interrogation of membrane potential and cytosolic Ca2+ 
fluctuations with nuclear localization. 

We evoked action potentials in neurons using a stimulating 
electrode, as before, and recorded the membrane potential 
changes using diEt BeRST. We then repeated the stimulation 
and recorded the Ca2+ transients using OGB. APs were induced 
at frequencies of 5, 10, and 20 Hz. When imaged consecutively, 
both diEt BeRST and OGB report increases in intensity when 
the field stimulation was applied, revealing changes in both 
membrane potential and intracellular calcium, respectively 
(Figure 4e,f).  

OGB resolves individual action potentials at 5 Hz, but when 
action potentials were delivered at 10 and 20 Hz, it becomes 
hard to distinguish the individual APs (Figure 4f). On the other 
hand, diEt BeRST is able to resolve individual APs from field 
stimulation at 5, 10, and 20 Hz (Figure 4e), highlighting caution 
in the over interpretation of Ca2+ indicator data for determin-
ing the number or frequency of underlying action potentials, 
since linear combinations in the number or frequency of APs 
could give similar changes in Ca2+ imaging fluorescence out-
puts. Our data reveal that this is a problem even for synthetic 

indicators, like OGB, which possess fast binding/unbinding ki-
netics compared to genetically encoded Ca2+ indicators.29 

Conclusion 

A small structural change to the far-red voltage-sensitive 
fluorophore BeRST yields diEt BeRST, which shows improved 
voltage sensitivity over the parent indicator. However, the de-
creased solubility and lower cellular brightness decreases the 
overall performance of diEt BeRST in living cells. Despite the 
reduced SNR in HEK293T cells and neurons compared to the 
parent BeRST dye, the improved sensitivity of diEt BeRST ena-
bles single-trial recordings of action potentials in neurons (Fig-
ure 3) and resolution of fast spiking that cannot be resolved by 
Ca2+ imaging (Figure 4).  

We find that even a small change – addition of two meth-
ylene units – can profoundly alter the sensitivity and cellular 
accumulation of BeRST-based dyes. This study represents a 
first step towards describing the structural features that define 
voltage sensitivity and brightness in silicon rhodamine-based 
BeRST indicators. Future work will be directed towards improv-
ing the solubility and membrane accumulation of BeRST deriv-
atives in addition to improving voltage sensitivity. 
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