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Abstract 
 

Optical Determination of Absolute Membrane Potential in Cellular Physiology  
 

by 
 

Julia R. Lazzari-Dean 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Evan W. Miller, Chair 
 
 
Membrane potential (Vmem) is a voltage across the plasma membrane of all cells, arising from 
differences in ionic concentration. Changes in Vmem over milliseconds transmit electrical impulses 
in neurons, and Vmem dynamics over hours to days can modulate differentiation and body 
patterning. A complete understanding of Vmem requires techniques that can measure its absolute 
value (in millivolts) across a broad range of time and length scales. 

In this dissertation, we develop fluorescence lifetime imaging (FLIM) of small molecule voltage 
sensitive dyes (VoltageFluors, VFs) as a platform for optical recording of absolute Vmem. We 
review strategies for absolute Vmem detection, highlighting a need for optical techniques 
complementary to traditional electrode-based recording. Using the VoltageFluor VF2.1.Cl, we 
demonstrate that its fluorescence lifetime (τfl) can report on absolute Vmem with biologically 
relevant Vmem resolution (5 mV RMSD for Vmem changes, 19 mV RMSD for Vmem in single trials). 
Using FLIM, we studied the slow Vmem response following EGF stimulation of A431 carcinoma 
cells. Because FLIM is robust to motion and photobleaching, we were able to report a 10-15 mV 
hyperpolarizing response over the course of 15 minutes. Through a combination of pharmacology 
and absolute Vmem recordings, we demonstrate that the Ca2+ activated K+ channel KCa3.1 mediates 
the observed hyperpolarization. We then investigated the downstream effects of this Vmem change 
on EGF-induced Ca2+ signaling and protein phosphorylation.  

To broaden the reach of FLIM-based absolute Vmem imaging, we characterized the τfl of 11 
additional VoltageFluors. First, we explored the fluorescence lifetime of a library of 
conformationally restricted VF dyes, revealing that synthetic modifications to the dimethylaniline 
electron donor can modulate the photoinduced electron transfer Vmem sensing trigger of VFs across 
a wide range. By relating photophysical characterization to VF performance in detection of fast 
Vmem events, we establish mechanism-based guidelines for VF design. We then developed a red-
shifted absolute Vmem imaging platform with FLIM of a carborhodamine VF, which displays the 
highest absolute Vmem sensitivity of all VFs tested (~4 ps/mV), as well as excellent photostability 
and low phototoxicity. With red-shifted FLIM, we can make hundreds of sequential Vmem 
recordings on the same field of view and report Vmem during cardiomyocyte action potentials at 
acquisition speeds of 20 Hz. Towards absolute Vmem imaging in thick tissue, we characterize Vmem-
dependent changes in τfl across a spectrum of VFs under two photon illumination. We observe 
Vmem sensitivity in all cases, and we identify two additional VFs (carboVF and RhoVR(Me)) with 
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the capability to report absolute Vmem with high fidelity. Finally, we test and discuss various 
models to describe fluorescence lifetimes of VFs. Together, this work demonstrates that FLIM of 
VF dyes is a broadly useful strategy for absolute Vmem measurement, expanding the possible scope 
of Vmem recordings and enabling new biological inquiry into Vmem signaling. 
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Abstract 

Membrane potential (Vmem) is a fundamental biophysical signal present in all cells. Dynamic Vmem 
signals range in time from milliseconds to days, and differences in Vmem may span length scales 
from microns to centimeters. These Vmem messages contain information for diverse cellular 
processes, ranging from neurotransmitter release to cell cycle control to tissue patterning. 
Characterizing and understanding Vmem in both excitable and non-excitable systems is of great 
interest and potential therapeutic value. However, existing approaches to measuring Vmem cannot 
access the entire span of space and time that is demanded by the underlying biological processes. 
Here, we outline the diverse arenas where Vmem signaling occurs, using this to draft a “wish list” 
for an absolute Vmem sensing platform that could be translatable across biological length- and 
timescales. In this light, we discuss electrode-based and optical strategies for recording Vmem, 
highlighting recent improvements to access these underexplored biological arenas. 

 

Introduction 

Membrane potential, or voltage across a lipid bilayer, is ubiquitous in biology. Excitable cells such 
as neurons and cardiomyocytes show millisecond-time Vmem fluctuations. Many cell types (both 
excitable and non-excitable) exhibit Vmem signals over seconds to days. An estimated 10 to 50%  
of the cellular energy budget goes to maintain resting Vmem, even in non-excitable cells.1 Given 
this large energy expenditure, it stands to reason that the functions of Vmem span far beyond 
excitable electrical activity in the brain or heart;2 recent work has linked Vmem to cell 
proliferation,3,4 differentiation,5,6 and tissue patterning.7 

Membrane potentials result from differences in ion concentration across a semi-permeable 
membrane. Although this phenomenon is best studied with respect to the plasma membrane of 
mammalian cells, any selectively permeable membrane can maintain a voltage. For example 
voltages in bacterial communities 8–10 and across organelle membranes11,12 also have signaling 
roles. Unless otherwise indicated, we use the term membrane potential (Vmem) to indicate the 
plasma membrane potential between the cytosol and the extracellular space. In mammalian cells, 
the primary ions involved in generating Vmem are Na+ and K+. (Figure 1.1), although various other 
species (including Cl-, Ca2+, H+, and organic anions) play a role. Throughout this work, we use the 
term absolute Vmem to indicate the value of the membrane potential in millivolts, rather than a 
relative measure of changes in Vmem. 

Vmem is inherently a system-level property. It is determined by the expression and activity of an 
array of ion channels and pumps, and it regulates many downstream pathways. The best 
documented class of voltage-sensitive proteins is, by far, voltage gated ion channels, which 
transduce Vmem changes into cellular effects. Nevertheless, all membrane proteins experience 
Vmem, and some may even respond to it. Evidence of Vmem sensitivity exists for various membrane 
components,13 including phosphatases,14 G protein coupled receptors,15,16 and the membrane 
organization itself.17 For most systems, we have a very incomplete understanding of both the 
determinants of Vmem and the factors respond to Vmem. 

The gaps in our understanding stem in part from limitations of the existing Vmem recording toolkit; 
improvements must be made to this toolkit to fully characterize Vmem signaling. To understand the 
constraints of current systems, we first examine a range of Vmem signals and discuss challenges 
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associated with recording them. In doing so, we build a “wish list” of characteristics for an 
optimized Vmem reporter. We then turn our focus the primary two approaches for recording 
membrane potential: electrodes and fluorescent biosensors. We review recent progress in Vmem 
sensing platforms and highlight arenas where development of new tools would facilitate 
discoveries in Vmem biology. 

 

Figure 1.1. Membrane potential is a biophysical signal with broad-reaching implications. 
Membrane potential (Vmem) originates from ionic gradients across the plasma membrane, largely 
driven by Na+ (gray spheres) and K+ (pink spheres) movement. Vmem and changes in Vmem occur 
across diverse time and length scales, affecting many aspects of the cell. Some examples of the 
effects of Vmem are highlighted here. 

 

Membrane Potential Signaling Across Space and Time 

Membrane potential signaling is most studied in excitable tissue, where rapid changes in cellular 
Vmem initiate cascades of neurotransmitter release or contraction. However, important changes to 
absolute Vmem  also occur across minutes, hours, and days.2 Similarly, as a spatial signal, Vmem is 
canonically treated as cell autonomous and uniform in spherical model cells. Nevertheless, Vmem 
can be compartmentalized subcellularly18 and delocalized across tissues.19–21 Here, we break down 
Vmem signals into three length scales: cellular, subcellular, and tissue. From there, we enumerate 
the unique challenges each brings to Vmem measurement. 

Cellular Membrane Potentials: Action Potentials and Beyond 

The many ion gradients across the plasma membrane create a cellular level-Vmem, which is 
generally uniform across a cell due to free diffusion of ions within the cytosol. One type of dynamic 
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cellular Vmem signal is the action potential (AP) fired by excitable cells. APs in mammalian neurons 
typically last a few milliseconds in total, involving a rapid depolarization followed by rapid 
hyperpolarization.22 Generally, action potentials are triggered when a smaller Vmem change known 
as an excitatory postsynaptic potential (EPSP) brings the cellular Vmem above the threshold for 
firing. EPSPs are small in magnitude (approximately 10 mV) relative to the 100 mV action 
potentials. The waveform and kinetics of these AP and EPSP signals are determined, in large part, 
by the identity and expression of ion channels in the cell.22  

Documentation of fast Vmem events in the cell requires high temporal resolution and signal to 
noise. These two constraints have been the main focus for development of Vmem recording 
platforms, and modern versions of electrode-based and optical strategies reflect excellent progress 
toward these hard-to-reach aims (see below). To extend recordings from milliseconds to minutes, 
hours, or days, two new requirements emerge: the Vmem recording technique must be absolute 
(stably reporting Vmem in mV, not as a relative measure), and non-invasive, as cellular processes 
must continue normally under chronic observation. 

Longer-lasting Vmem signals have been described in many contexts, and they present a different set 
of challenges. The “resting” membrane potential of neurons (i.e. the Vmem in between action 
potentials) affects, among other things, the propensity to fire action potentials. Neuronal resting 
Vmem changes in association with – and perhaps also regulates – many processes, including cellular 
metabolism,23  and circadian rhythm.24 The progression and role of neuronal Vmem in 
differentiation and development is the source of debate, with some conclusions depending on the 
measurement technique used.25–27 Furthermore, non-excitable cells also show Vmem changes on 
timescales ranging from minutes to hours, often broadly related to growth. For example, Vmem 
changes associated with progression from G1 to S phase of the cell cycle have been documented 
in a variety of cell lines,28–30 and epidermal growth factor receptor activation can be accompanied 
by a Vmem signal.31–33 

Subcellular Membrane Potential Differences: Organelles and Vmem Compartmentalization 

To study subcellular Vmem differences, a technique requires exquisite spatial resolution, in 
addition to the other features already discussed. The strategy must be able to access, resolve, and 
record from the subcellular structure with sufficient signal to noise. 

Because Vmem originates from ion concentration gradients, subcellular Vmem differences can only 
exist in areas of electrical compartmentalization, where ion diffusion is regionally restricted. 
Partial compartmentalization produces transient or metastable local differences in Vmem. For 
example, neurons exhibit transient subcellular differences in Vmem, as voltage waveforms are 
transmitted and processed by dendrites34 and the axon initial segment.35 Visualization of dendritic 
computation and action potential propagation pushes the temporal resolution even further, with 
recording rates often exceeding 10 kHz.36 For stable subcellular differences to exist, the resistance 
to ion flow between compartments must be even higher. Dendritic spines in neurons, which are 
micron-scale structure with high-resistance bottlenecks between the spine and the cell’s dendrite, 
may be electrically distinct from the neuron proper; spine properties are currently of great interest 
for their potential role in learning and memory.18 To our knowledge, electrical 
compartmentalization at the plasma membrane in non-excitable cells has yet to be conclusively 
shown. Nevertheless, the enrichment of ion channels in particular subcellular regions such as 
primary cilia37 and filopodia38 suggests that non-uniform plasma membrane Vmem is plausible. 
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Organellar membranes also offer an opportunity for ionic, and therefore Vmem, 
compartmentalization. The mitochondrial membrane potential (and H+ gradient) is required for 
successful oxidative phosphorylation,12 the lysosome contains excitable channels,11 and the 
endoplasmic reticulum membrane potential has been reported to respond to cellular Vmem.39 Due 
to technical limitations, much of the evidence for organellar Vmem differences is at the level of 
channel expression, rather than functional recordings. Proteomic and transcriptomic studies of 
organellar channels and transporters imply complex physiology;40 our current understanding may 
be just the tip of the iceberg in this system. 

Delocalized Membrane Potentials in Electrically Coupled Tissues 

At the other extreme of length scale, membrane potential can be delocalized across tissues via gap 
junctions, which allow free flow of ions and many small molecules between cells. Such electrical 
coupling enables transmission of Vmem signals across a population of cells; it also precludes 
“independent” Vmem between adjacent and tightly coupled cells. Early studies of electrical coupling 
were performed in the Drosophila salivary gland, where the resistance to current flow between 
cells was only slightly higher than the resistance of the cytosol.19 Since then, gap junctions have 
been found to be ubiquitous, and other roles for this electrical coupling have been discovered, such 
as enabling rapid, synchronous electrical signaling in the heart.20 

Many observations about Vmem signaling are made on isolated cells in culture, obviating any 
delocalized Vmem signaling. For epithelial cells that exist in vivo as a tightly coupled tissue, this is 
an artificial electrical state. It remains unclear how and to what extent observations made on 
isolated cells will translate into tissues. Is it possible, say, for a cell that is part of an electrically 
coupled monolayer to experience Vmem changes related to its individual cell cycle progression or 
as a response to a growth factor stimulus? Theoretical studies suggest that, in some conditions, 
stable and meta-stable electrical patterning is possible, but it is highly dependent on the electrical 
coupling in the tissue.41,42 These data suggest that Vmem signals are perhaps accompanied – or at 
least modulated by – dynamic regulation of cell-cell coupling. Direct experimental interrogation 
of these issues is needed, but it requires throughput or access to multiple recordings 
simultaneously, as well as the ability to measure in situ. Although some progress has been made 
to this end,21 such measurements are largely unexplored.  

Taken together, diverse biological questions necessitate a non-invasive, high throughput, in situ 
Vmem platform with excellent spatiotemporal and voltage resolution measurement.  From the array 
of methods available today, no single approach shows all of these characteristics. Indeed, more 
realistically, a toolkit of Vmem recording strategies will be required to fully interrogate this signal. 
Below, we discuss the performance of existing Vmem strategies, with an eye toward their ability to 
access signals across a broad range of space and time. 

 

Electrode-based Approaches for Recording Absolute Membrane Potential 

Electrode-based techniques are the gold standard for recording membrane potentials, ion channel 
properties, and currents in cells, and they are the foundation of most knowledge about Vmem. We 
discuss electrode-based strategies for measuring absolute Vmem (Figure 1.2), along with recent 
efforts to reduce invasiveness and improve throughput.  
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Figure 1.2. Electrode-based configurations for recording absolute Vmem. 
a) In general, the cell is approached with a microelectrode attached to an amplifier. One the 
approach to the cell has been made, a variety of configurations are possible; we focus here on those 
that can report cellular Vmem. b) Zoom-in of the interface between the electrode and membrane 
from (a). In the whole-cell patch configuration, the membrane is ruptured and a path between the 
electrode tip and the cell is established. c) In perforated patch, introduction of an ionophore allows 
ionic flow across the plasma membrane, but the membrane is not fully ruptured. d) In the cell 
attached configuration, the plasma membrane remains intact. 

Intracellular Recordings of Absolute Vmem 

By far the most common strategy for recording Vmem is intracellular recording, in which Vmem is 
determined from the difference in potential between a recording electrode in the cytosol and a 
reference electrode in the extracellular solution. More detailed treatment of the many capabilities 
of intracellular recording can be found elsewhere;43 we focus only on Vmem measurement. Two 
main types of intracellular recordings exist: sharp electrode and whole cell recordings. Sharp 
microelectrodes possess very fine tips and high tip resistances, which produces a variable tip 
potential and a Vmem artifact on the order of tens of millivolts.43,44 Furthermore, they create a leak 
in the cell of interest, which can depolarize it artificially.44 Although sharp electrode recordings 
are still in use in certain in vivo preparations, they have largely been replaced by intracellular 
recordings in the whole-cell configuration. These “gigaseal” recordings use much larger patch 
electrodes with lower tip potentials; such electrodes can be sealed onto the cell with less damage 
than sharp electrodes.45 Whole cell recordings can also provide higher resolution information about 
the particular ions and types of channels involved in setting the resting membrane potential.  

Intracellular recording is a direct, in situ measure of Vmem with sub-mV precision and excellent 
temporal resolution, but it suffers from a variety of drawbacks. The whole cell patch is highly 
invasive, creating a large path between the electrode and the cell. This causes the electrode internal 
solution to dialyze the cytosol, eventually washing out soluble signaling factors.43,46 The whole 
cell configuration also can misrepresent membrane potentials due to these disruptions in the cell 
and leaks in the seal between the recording electrode and the membrane.25 Furthermore, 
intracellular recordings are challenging to execute. Attempting each whole cell recording takes an 
expert researcher or specialized robot approximately 5 minutes, with a 30% success rate for these 
efforts.47 Therefore, recording across many cells in the same tissue is nearly impossible, as is 
cataloguing Vmem subpopulations over many cells. More subtly, an electrode has poor spatial 
resolution, reporting Vmem at a point of contact. For tissues with contiguous and partially 
electrically coupled cells, the effective recording area is unknown. For subcellular recordings, 
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electrode-based strategies struggle to physically access subcellular compartments, as the size of 
the electrode tip provides a lower bound on the size of structures that can be interrogated.48,49 

Reducing Invasiveness: Cell-Attached and Perforated Patch Configurations 

To mitigate the washout of soluble factors associated with whole cell recording, it would be useful 
to measure Vmem without disrupting the membrane. This is possible in the “cell attached” 
configuration, in which an extracellular patch electrode is sealed onto the cell without rupturing 
the plasma membrane. If the membrane resistance is approximately 100-fold lower than the seal 
resistance, the voltage across the small membrane region under the pipette will reflect the cellular 
Vmem reasonably accurately.50 Alternatively, if the channel composition and electrical properties 
are known in the cells of interest, then the reversal potential of these channels (determined in the 
cell attached configuration) can also be used to infer Vmem.  Such techniques have been 
demonstrated with the K+ reversal potential in hippocampal interneurons,51 as well as the NMDA 
reversal potential in hippocampal CA3 neurons.25 However, this strategy is difficult to extend, as 
it requires detailed knowledge of the behavior of channels in the specific system of interest.  

Perforated patch recordings offer a more general solution to reduce invasiveness of whole cell 
recordings.52,53 With perforated patch, an ionophore placed in the pipette internal solution allows 
ions to cross the membrane in the cell attached configuration, thereby electrically connecting the 
cytosol with the pipette solution. Perforated patch recording can last over an hour without run-
down of relevant cytosolic factors.52,54 By providing an alternative to the standard whole cell 
configuration, it also opened the door for identification of discrepancies in Vmem and other passive 
membrane properties obtained by the two recording approaches.55 

Engineering Electrodes for Improved Performance: Planar Patch Clamp and Nanopipettes 

Efforts to improve electrode-based recordings have also turned to the electrodes themselves. With 
the development of low-noise arrays of patch electrodes,56 commercial planar patch clamp systems 
can now perform simultaneous, automated electrophysiological experiments in 384 or 768 well 
arrayed format. These systems are increasingly used to screen compound libraries against ion 
channel targets, expediting the drug discovery process. However, the system requires a suspension 
of dissociated cells, which precludes recording in situ and over extended time courses. As a result, 
planar patch clamp is more suited for high throughput screening of ion channel pharmacology than 
analysis cellular or tissue level voltage signaling. 

On the other hand, the development of nanopipettes has enabled electrode-based access to broader 
length scales, ranging from sub-micron subcellular structures57 to in vivo recordings during animal 
behavior.58 These nanopipettes are a smaller version of sharp microelectrodes; their reduced size 
brings flexibility and access to small cellular compartments. As with sharp electrodes, the high tip 
resistances of the nanopipettes filter the signal and create a shunt that changes the observed Vmem, 
so the output signal must be processed to obtain accurate results. Demonstrating the power of this 
technology, Jayant et al. used nanopipettes to record electrical activity in dendritic spines, 
providing some of the first direct evidence for functional voltage compartmentalization in these 
structures.57 Overall, nanopipettes represent a promising avenue for increasing the spatial reach of 
electrophysiology. 
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Calibrated Optical Signals for Recording Absolute Membrane Potential 

As an alternative to electrode-based approaches, a variety of optical Vmem measurement strategies 
use fluorescence as a proxy for Vmem. These systems rely on small molecule or protein-based 
probes which have been engineered to display Vmem-sensitive fluorescence. Because this is an 
indirect measure of Vmem, calibration is required to interpret the fluorescence signal in units of 
Vmem. Optical platforms generally enjoy excellent spatial resolution, low invasiveness, and 
medium throughput. However, achieving the requisite temporal resolution, voltage resolution, and 
signal-to-noise has required more engineering. Below, we broadly group optical strategies into 
three categories (single color, ratio-based, and spectroscopic), discussing the performance of each 
with respect to our wish list of features. 

Calibration of Optical Vmem Reporters 

Rigorous calibration is an essential first step for meaningful interpretation of optical Vmem 
recordings. To provide context for the following sections on fluorescent techniques, we first 
outline strategies for setting Vmem to a known value to calibrate the fluorescence signal. As we will 
discuss, a key difference among the various fluorescence-based strategies is the reproducibility of 
this calibration, as well as its dependence on Vmem-independent artifacts.  

The most accurate method for calibrating fluorescence with respect to Vmem is whole cell voltage 
clamp electrophysiology, which uses intracellular recording instrumentation similar to the one 
described above to inject current until the cell reaches the desired Vmem. The response across a 
range of Vmem can be evaluated, determining a calibration with both a slope and y-intercept. 
However, this approach is best when performed in isolated, single cells, and it suffers from the 
limitations of electrophysiology discussed above. 

If the system is inaccessible to electrode-based strategies, either pharmacology or intrinsic Vmem 
signals can approximate aspects of the Vmem calibration. Reference points have been established 
using ionophores for the primary ion establishing Vmem,59–62 high extracellular K+ (120-150 
mM),59,63 and cell death/fixation with paraformaldehyde (PFA).60 PFA and ionophores produce a 
more reliable 0 mV point than high K+ treatments, but they interact with the plasma membrane 
itself, which can change the fluorescence properties of the voltage sensor.64 Furthermore, there is 
no reliable way to access the sensitivity (slope) of the calibration from a single point determined 
by pharmacology. On the other hand, in samples with well-described intrinsic electrical responses, 
these electrical responses can provide an approximate calibration. Demonstrated reference voltage 
signals include sustained hyperpolarization in Purkinje cells,65 depolarization resulting from 
glutamate uncaging,66 and back-propagating action potentials in dendrites.67 Such strategies are 
non-invasive but are limited to the small subset of samples where a useful and consistent Vmem 
signal can be identified. 

In many cases, this limited set of calibration options is inadequate. Recently developed optical 
strategies for Vmem control may eventually provide an alternative to the above approaches, 
although they have yet to demonstrate Vmem tuning to defined voltages. Engineering efforts for 
optical Vmem actuators have focused on channelrhodopsins, proteins which pass current in response 
to light. For setting Vmem optically, step-function opsins may be particularly useful, as they 
continue to pass current for minutes after initial activation.68,69 More recently, light sensitivity was 
engineered into mammalian ion channels via domain insertion, allowing diverse channels to serve 
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as optogenetic actuators.70 These strategies could eventually allow precise setting of Vmem without 
an electrode, moving close to truly all-optical electrophysiology. 

Single-Color, Fluorescence Intensity Recordings 

We now turn to the optical platforms themselves. Single color fluorescence intensity is the simplest 
fluorescent Vmem sensor, wherein the fluorescence of a probe is modulated by the membrane 
potential. A variety of Vmem sensing triggers have been documented, 71–74 and many of these probes 
display sufficiently fast kinetics to follow millisecond-time action potentials. State-of-the-art 
systems can achieve cell-resolved recording of single action potentials in vivo from superficial 
brain regions, often with subcellular detail.75–77 However, single color fluorescence intensity is 
best suited for Vmem event detection, or at most quantification of relative Vmem changes. 
Fluorescence intensity by itself cannot be stably calibrated as a proxy for absolute membrane 
potential, as it is subject to artifacts arising from variable loading/trafficking, morphology, 
photobleaching, quenching, and illumination intensity. As a result, single color fluorescence 
intensity measurements are ill equipped to describe voltage states that change on timescales longer 
than seconds.  

Some attempts have been made to circumvent this issue by performing calibrations on every cell 
of interest, partially cancelling out the contribution of non-Vmem artifacts to the fluorescence signal. 
Electrophysiological calibration of each individual cell is impractical, so fluorescence intensity 
calibrations are generally performed with less-accurate pharmacological strategies. For example, 
gramicidin-based calibrations and the Vmem indicator Archaerhodopsin (Arch) revealed subcellular 
differences in the action potential waveform.62 Such studies are broadly useful for understanding 
dendritic computation and are perhaps the only viable strategy for provide spatially resolved, 
simultaneous recording of Vmem across the neuronal arbor. 

Nevertheless, while calibration of a single color Vmem sensor has seen some success, single color 
fluorescence intensity recordings generally display poor Vmem resolution and are prone to artifacts. 
When calibrating from a single pharmacological set point rather than a range of Vmem set by an 
electrode, the researcher must assume that the fractional change in fluorescence (%ΔF/F) per mV 
of the indicator is the same for all samples. In reality, the ΔF/F response to a ΔVmem will depend 
on the ratio of productively engaged sensor to background sensor, which may vary in space with 
trafficking or loading of the sensor. Furthermore, many voltage sensors display sensitivity to 
membrane composition,78 which varies not only between cells but also within cells with intricate 
protrusions and processes.79 

Ratio-based Fluorescent Sensors Improve Reproducibility 

Ratio-based voltage sensors, based on comparison between the fluorescence intensity in two 
channels, provide more reproducible voltage measurements than single-color fluorescence 
intensity. If the stoichiometry between the two signals is known, the second channel can be used 
to correct for variability due to cell morphology, dye loading, and/or other confounding factors 
associated with intensity-based imaging. Ideally, the corrected signal would then be a stable proxy 
for absolute Vmem across many cells without recalibration. Three strategies for ratio-based 
fluorescent Vmem sensors have been investigated in the literature: molecular beacons, FRET, and 
electrochromism. 
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One architecture for ratio-based sensors uses a molecular beacon, where the sensor contains one 
fluorophore that is voltage-sensitive and a second fluorophore as a voltage-independent reference. 
To this end, Yamuna Krishnan and co-workers recently developed Voltair,80 a membrane potential 
probe comprised of the VoltageFluor RVF5 81 and the reference probe ATTO 647N. Using this 
strategy, combined with DNA-based delivery, they recorded resting membrane potentials of 
organelle membranes. This work demonstrates the superior spatial resolution and reach of optical 
tools versus electrophysiology, although they did dissolve the plasma membrane with digitonin 
for probe delivery. Because organelles are difficult to interrogate with electrodes, calibration of 
Voltair in organellar membranes only performed pharmacologically. As a result, it is difficult to 
estimate the Vmem resolution of Voltair or document any Vmem-independent artifacts. 
Improvements in calibration strategies will enable better benchmarking of organellar probes. 

Another class of ratio-based voltage sensors employ Förster resonance energy transfer (FRET), 
wherein energy transfer from a donor to an acceptor fluorophore is Vmem-sensitive. Because the 
fluorescence intensities of the donor and acceptor are voltage sensitive in opposite directions, the 
ratio of the two can provide better fractional responses and higher signal to noise than a single 
color alone. Although a variety of FRET-based Vmem sensors exist,82 we are not aware of their use 
to document absolute Vmem, largely due to variable stoichiometry between the donor and acceptor. 
For genetically encoded systems, different rates of photobleaching, folding, and productive 
trafficking to the plasma membrane lead to variability in FRET ratios between cells.83 Screening 
more directly for correct localization, as recently shown with a single-color GEVI,76 could produce 
improved FRET-based GEVIs in the future. With small molecule FRET-oxonol systems, 
differences in loading between the two lipophilic indicators leads to variability in the %ΔF/F.84 As 
a result, FRET-based sensors do not produce ratio-based measurements that are stable between 
samples. In practice, these probes are primarily used to detect action potentials, with the second 
color existing to improve signal to noise or reduce motion artifacts. 

Electrochromic dyes, such as the ANEPPS85 and ANNINE86 classes, show Vmem-dependent 
excitation and/or emission spectra. A ratio-based signal can be obtained by comparing the emission 
in a fixed band produced by excitation at two different wavelengths (or vice versa with a fixed 
excitation and two emission bands). Because electrochromic sensors are based on a charge shift 
mechanism, they have sub-millisecond temporal responses. ANEPPS fluorescence ratios can be 
calibrated with electrophysiology, revealing 5 mV resolution for quantifying Vmem changes on an 
individual cell.87,88 To achieve this accuracy, ANEPPS fluorescence ratios must be calibrated with 
an electrode on each cell of interest, limiting throughput dramatically. The origin of the variability 
of the absolute ratio between cells is unclear; it likely depends on a complex combination of 
temperature, membrane composition, and probe loading. Nevertheless, normalized ANEPPS ratios 
are useful for mapping Vmem across cells. In combination with random access microscopy, di-8-
ANEPPS ratios can report the action potential waveform in absolute Vmem optically with excellent 
spatiotemporal resolution (0.5 ms and 2 µm).88 

Spectroscopic Approaches: Measurement of Intrinsic Properties 

A more recent strategy for absolute voltage imaging is to record an intrinsic property of a probe 
instead of the extrinsic fluorescence intensity. Fluorescence lifetime (τfl), or the amount of time 
that probe molecules remain in the fluorescent excited state, has recently garnered attention as a 
relatively general way to access absolute optical readouts from a single fluorescence channel 89. τfl 
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is independent of fluorophore concentration, cellular morphology, and (mostly) photobleaching, 
although it displays sensitivity to parameters such as temperature and viscosity. The primary 
downside to lifetime imaging is its poor temporal resolution, with most acquisition times on the 
order of seconds. If the lifetime of a Vmem sensor is Vmem-sensitive, it ideally will be a stable proxy 
for Vmem. We focus below on the most complete demonstrations of FLIM as a reporter for Vmem, 
namely those with genetically encoded voltage indicators (GEVIs) 83,90 and small molecule voltage 
sensors based on photoinduced electron transfer (this work).33 Vmem-sensitive FLIM has been 
demonstrated for FRET-oxonol Vmem sensors91 and for accumulation-based sensors of 
mitochondrial potential,92 but no estimation of the absolute Vmem resolution was made in these 
systems. 

Raman imaging has also been investigated as a strategy for absolute Vmem recordings. Recently, 
the Stimulated Raman Scattering (SRS) signal of near-infrared opsins was investigated in E. coli 
membranes. Some bulk depolarization following cell sonication was detectable, but absolute Vmem 
determinations were not made. In addition, SRS has been previously demonstrated to be a useful 
strategy for detection of neuronal action potentials93 (i.e. not absolute Vmem determination). 
Although the voltage resolution of these approaches remains unknown, they are potentially 
interesting avenues for absolute Vmem sensing.  

The excited state properties of certain single color GEVIs can report absolute Vmem, using the 
temporal dynamics of the indicator83 and, in some cases, the fluorescence lifetime.90 Use of  a 
complex pump-probe system to probe temporal dynamics enables 10 mV absolute Vmem resolution 
between cells,83 an unprecedented value. However, access to and interpretation of such data is 
challenging for most laboratories, limiting its utility as a general Vmem sensing platform. Using 
fluorescence lifetime alone, a much more accessible platform, reveals a 20 mV accuracy for 
quantifying voltage changes on a given cell in a one second bandwidth, but without the ability to 
quantify absolute Vmem between cells with biologically useful resolution. The source of variability 
in this lifetime-only measurement is likely the complex dynamics of rhodopsin fluorescence, as 
well as the presence of intracellular fluorescence signal from incorrectly trafficked protein. 

Fluorescence lifetime-based absolute Vmem imaging was developed further in this dissertation, 
using small-molecule VoltageFluors (VFs) instead of GEVIs as the voltage indicator. 
VoltageFluors localize to the outer leaflet of the cell membrane, where they report Vmem through 
changes in the rate of photoinduced electron transfer (PeT) from a membrane-localized electron 
donor (“molecular wire”) to a fluorophore.94 PeT provides a nonradiative decay pathway for the 
fluorophore excited state; increases in PeT lead to decreases in fluorescence.95 Because the PeT 
process is sensitive to the electric field created by Vmem, VFs exhibit rapid, linear fluorescence 
responses to Vmem. The PeT Vmem sensing trigger can be engineered via modifications to the 
molecular wire,96,97 and it is generalizable to fluorophores across the electromagnetic spectrum.98–

100 

Because PeT offers an additional pathway for relaxation to the ground state from the fluorescent 
excited state, it leads to Vmem-dependent changes in both the fluorescence intensity and the 
fluorescence lifetime. In this dissertation, we show that the fluorescence lifetime of the fluorescein-
based VoltageFluor VF2.1.Cl (VF-FLIM) can be calibrated to report absolute Vmem. These 
recordings exhibit a resolution of 5 mV for quantifying voltage changes on individual cells and a 
resolution of 20 mV for determining absolute Vmem. Because VF-FLIM calibrations are consistent 
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for a given cell line, we were able to obtain Vmem distributions across thousands of cells after an 
initial electrode-based calibration on only a few cells. We applied VF-FLIM to study a 15 mV 
hyperpolarizing response to growth factor stimulation in cancer cells, showcasing its potential for 
elucidating diverse signaling roles of Vmem (Chapter 2, Chapter 3).33 We also explore the 
relationship between VF structure and lifetime response to Vmem (Chapter 4), as well as the use 
of VFs for absolute Vmem recording under two-photon illumination (Chapter 6). 

A key limitation of VF-FLIM based on VF2.1.Cl is its temporal resolution, which is limited by the 
15 to 30 second acquisition times. Using a red-shifted, carborhodamine-based VoltageFluor and a 
microscope with improved photon collection efficiency, we improved the temporal resolution 300-
fold, recording spontaneous action potentials in cardiomyocytes in real time (20 Hz frame rates, 
Chapter 5). Improvements to photon counting FLIM hardware, as well as fast frequency-domain 
FLIM strategies,101 may enable even faster VF-FLIM recordings. Overall, FLIM-based absolute 
Vmem imaging method extends the timescale over which Vmem can be recorded and displays some 
of the best Vmem resolution to date for optical systems. 

Outlook 

Vmem signals run the gamut from milliseconds to days and from subcellular to tissue-level (Figure 
1.3). The existing Vmem toolkit can record most cellular Vmem signals and some subcellular ones, 
with time resolutions ranging from milliseconds to minutes. Vmem signals in tissues are still almost 
completely unexplored, especially those occurring over hours to days. 

 

 

 
Figure 1.3. Biological scope of the absolute Vmem recording toolkit. 
Absolute Vmem can be recorded with an electrode (blue), with fluorescence ratio-based 
measurements (green), or with fluorescence lifetime (yellow). Shaded area represents the space 
and time scales over which each technique has been demonstrated (including in this dissertation), 
not necessarily their full potential. Each strategy has its own Vmem resolution, as well as different 
spatial and temporal resolution. Vmem measurements over days or on the scale of tissues remain 
challenging for all strategies. 
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Electrode-based absolute Vmem recordings have defined the field for years and will remain 
essential, as engineering efforts continue to improve throughput and reduce invasiveness. On the 
other hand, progress in optical approaches for absolute membrane potential recording, especially 
the fluorescence-lifetime based strategies discussed herein, have already expanded the range of 
space and time over which Vmem can be recorded. We look forward to application of this absolute 
Vmem toolkit to some of the biological questions outlined above (Figure 1.1). 

A key limitation of optical, absolute Vmem recording is the need for calibration in the cell or tissue 
of interest; we excitedly await improved optical actuators for Vmem.  Further improvements in 
voltage-sensitive dyes and proteins stand to increase the absolute Vmem resolution of existing 
optical approaches, as well as enable additional spectroscopic strategies for Vmem quantification. 
The temporal resolution of optical Vmem recording in vivo can be further improved by combination 
with lattice light-sheet imaging102 and other fast volumetric imaging strategies.103 

With these technological improvements, we are beginning to construct a picture of Vmem across 
biological time and space scales. However, much remains to be done before we have a 
comprehensive catalog of Vmem. In particular, the functional link between Vmem “at rest” and ion 
channel activity remains unclear. In many systems, ion channel expression data hints at potential 
Vmem signaling, but no functional recordings of Vmem have been made. In other arenas, ion channel 
block causes dramatic cellular phenotypes, but no concrete tie to Vmem is established. These 
paradigms are common in the cancer literature, where ion channels are increasingly under 
investigation as targets for antiproliferative drugs.4,104 Direct Vmem recordings in these arenas will 
illuminate whether these ion channels are transmitting information via Vmem or through some other 
pathway.  

More fundamentally, the information carried by Vmem signals in diverse contexts is unknown, and 
the molecular mechanism of Vmem responses are obfuscated. As new Vmem signals are documented, 
they raise additional questions: How does the cell bring about these Vmem changes? Which cellular 
components respond to Vmem? How are these signals transduced to downstream cellular processes? 
A step toward addressing these questions was made with Patch-Seq, which combined 
electrophysiological recordings with single cell RNA sequencing.105 Uncovering the signaling 
networks surrounding Vmem will require more Vmem sensing platforms that interface with other cell 
profiling and “omics” techniques. With such efforts, we move ever closer to a systems-level 
understanding of membrane potential in all its diverse glory. 
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Abstract 

All cells maintain ionic gradients across their plasma membranes, producing transmembrane 
potentials (Vmem). Mounting evidence suggests a relationship between resting Vmem and the 
physiology of non-excitable cells with implications in diverse areas, including cancer, cellular 
differentiation, and body patterning. A lack of non-invasive methods to record absolute Vmem limits 
our understanding of this fundamental signal. To address this need, we developed a fluorescence 
lifetime-based approach (VF-FLIM) to visualize and optically quantify Vmem with single-cell 
resolution in mammalian cell culture. Using VF-FLIM, we report Vmem distributions over 
thousands of cells, a 100-fold improvement relative to electrophysiological approaches. In human 
carcinoma cells, we visualize the voltage response to growth factor stimulation, stably recording a 
10-15 mV hyperpolarization over minutes. Using pharmacological inhibitors, we identify the 
source of the hyperpolarization as the Ca2+-activated K+ channel KCa3.1. The ability to optically 
quantify absolute Vmem with cellular resolution will allow a re-examination of its signaling roles.  

Introduction 

Membrane potential (Vmem) is an essential facet of cellular physiology. In electrically excitable 
cells, such as neurons and cardiomyocytes, voltage-gated ion channels enable rapid changes in 
membrane potential. These fast membrane potential changes, on the order of milliseconds to 
seconds, trigger release of neurotransmitters in neurons or contraction in myocytes. The resting 
membrane potentials of these cells, which change over longer timescales, affect their excitability. 
In non-electrically excitable cells, slower changes in Vmem—on the order of seconds to hours—are 
linked to a variety of fundamental cellular processes 1, including mitosis 2, cell cycle progression 
3, and differentiation 4. Mounting lines of evidence point to the importance of electrochemical 
gradients in development, body patterning, and regeneration 5.  

Despite the importance of membrane potential to diverse processes over a range of time scales, the 
existing methods for recording Vmem are inadequate for characterizing distributions of Vmem states 
in a sample or studying gradual shifts in resting membrane potential (Table 2.1). Patch clamp 
electrophysiology remains the gold standard for recording cellular electrical parameters, but it is 
low throughput, highly invasive, and difficult to implement over extended time periods. Where 
reduced invasiveness or higher throughput analyses of Vmem are required, optical methods for 
detecting events involving Vmem changes (e.g. whether an action potential occurred) are often 
employed 6–8. However, optical approaches generally use fluorescence intensity values as a 
readout, which cannot report either the value of Vmem in millivolts (“absolute Vmem”) or the 
millivolt amount by which Vmem changed 9. Variations in dye environment 10, dye loading, 
illumination intensity, fluorophore bleaching, and/or cellular morphology complicate fluorescence 
intensity measurements, making calibration and determination of absolute membrane potential 
difficult or impossible. This limitation restricts optical analysis to detection of acute Vmem changes, 
which can be analyzed without comparisons of Vmem between cells or over long timescales.  
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Table 2.1. Comparison of available approaches for measuring membrane potential in cells 
aMeasurements vary too much to be converted to absolute voltage or interpreted across populations 
of cells. This variability is attributable to numerous confounding factors, including dye loading, 
photobleaching, and sample movement 9. bWhile in principle less variable than a single-color 
fluorescence intensity measurement, in practice, the signal depends strongly on the loading of two 
independent lipophilic indicators 11,12, which can vary substantially. cANEPPS excitation ratios 
depend on a variety of non-voltage factors, in particular the membrane composition, leading to 
substantial artifacts in optical Vmem determinations 13,14. dWith the GEVI CAESR in our hands, 
apparently poor protein trafficking produces large amounts of non-voltage-sensitive signal, which 
contaminates the FLIM recording and contributes to high cell to cell variability (Fig. 2.5, 
Methods). ePatch-clamp electrophysiology requires physical contact with the cell of interest, 
which causes damage to the cell and, in whole cell configurations, washout of intracellular factors. 
Slight movement of the cell or sample generally result in loss of the patch. fMovement of the cell 
and photobleaching of the dye both cause large changes to the signal over seconds to minutes. 
gRatio-calibrated imaging approaches use a second signal (usually another color of fluorescence) 
to correct for differences in dye concentration or changes in the region of interest that contaminate 
single-color intensity signals. If the rate of photobleaching is the same for both components, 
photobleaching artifacts can also be avoided. hLimited by photon count rates.  iLimited by probe 
movement in the membrane, which depends mostly on lipophilicity 15. jPhoton counting based 
lifetime imaging, like epifluorescence intensity imaging, is limited by photon count rates. Large 
numbers of photons per pixel must be collected to fit TCSPC FLIM data, often using a line 
scanning confocal approach, leading to slower acquisition speeds than epifluorescence-based 
intensity imaging. kToxicity from capacitive load of the sensor 15. lThe spatial resolution of 
electrophysiology is compromised by space clamp error, preventing interpretation of Vmem in 
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regions far from the electrode (e.g. many neuronal processes) 16,17. mAs demonstrated by Cohen 
and co-workers 27; in our hands with CAESR, we also experienced significant improvements in 
voltage resolution by fitting a single curve per FLIM image instead of processing the images pixel-
wise. nIn this work, we calibrated VF-FLIM for Vmem measurements with single cell resolution. In 
principle, subcellular spatial resolution could be achieved with the VF-FLIM technique. 

 

One strategy to address these fluorescence intensity artifacts and quantify cellular parameters 
optically is ratio-based imaging. For Vmem specifically, ratio-based signals can be accessed either 
with a two-component system or with an electrochromic voltage sensitive dye, but neither strategy 
has enabled accurate absolute Vmem recordings. Two-component FRET-oxonol systems, with 
independent chromophores for ratio-based calibration, have seen limited success 18, and they 
confer significant capacitive load on the cell 15. Further, their performance hinges on carefully 
tuned loading procedures of multiple lipophilic indicators 11, which can be challenging to 
reproduce across different samples and days. On the other hand, electrochromic probes report 
voltage as changes in excitation and emission wavelengths of a single chromophore 19. While they 
benefit from simpler loading procedures, signals from electrochromic styryl dyes require 
normalization with an electrode on each cell of interest to determine absolute Vmem accurately 
14,20,21. As a result, ratiometric Vmem sensors cannot be used to optically quantify slow signals in 
the resting Vmem, which may be on the order of tens of millivolts. Indeed, ratiometric Vmem probes 
are most commonly applied to detect - rather than quantify - fast changes in Vmem 

14, much like 
their single wavelength counterparts. 

An alternative approach to improved quantification in optical measurements is fluorescence 
lifetime (τfl) imaging (FLIM), which measures the excited state lifetime of a population of 
fluorophores. Because fluorescence lifetime is an intrinsic property, FLIM can avoid many of the 
artifacts that confound extrinsic fluorescence intensity measurements, such as uneven dye loading, 
fluorophore bleaching, variations in illumination intensity, and detector sensitivity 22,23 If a 
fluorescent probe responds to the analyte of interest via changes in the lifetime of its excited state, 
there is the opportunity to use fluorescence lifetime to provide a more quantitative estimate of 
analyte parameters than can be achieved with fluorescence intensity alone. Although FLIM 
measurements can be affected by environmental factors such as temperature, ionic strength and 
local environment 22, FLIM has been widely employed to record a number of biochemical and 
biophysical parameters, including intracellular Ca2+ concentration 24, viscosity 25, GTPase activity 
26, kinase activity 27, and redox state (NADH/NAD+ ratio)28, among others 23. Attempts to record 
absolute voltage with FLIM, however, have been limited in success 29–31. Previous work focused 
on genetically encoded voltage indicators (GEVIs), which either possess complex relationships 
between τfl and voltage 30 or show low sensitivity to voltage in lifetime 31 and require complex and 
technically challenging measurements of fast photochemical kinetic to estimate voltage 30. 
Because of this poor voltage resolution, the fluorescence lifetimes of GEVIs cannot be used to 
detect most biologically relevant voltage changes, which are on the order of tens of millivolts. 

Fluorescent voltage indicators that use photoinduced electron transfer (PeT) as a voltage-sensing 
mechanism are promising candidates for a FLIM-based approach to optical Vmem quantification. 
Because PeT affects the nonradiative decay rate of the fluorophore excited state, it has been 
successfully translated from intensity to τfl imaging with a number of small molecule probes for 
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Ca2+ 32. We previously established that VoltageFluor (VF)-type dyes transduce changes in cellular 
membrane potential to changes in fluorescence intensity and that the voltage response of VF dyes 
is consistent with a photoinduced electron transfer (PeT)-based response mechanism 33,34. Changes 
in the transmembrane potential alter the rate of PeT 35,36 from an electron-rich aniline donor to a 
fluorescent reporter, thereby modulating the fluorescence intensity of VF dyes 33 (Fig. 2.1A,B). 
VoltageFluors also display low toxicity and rapid, linear responses to voltage.  

Here, we develop fluorescence lifetime imaging of VoltageFluor dyes (VF-FLIM) as a 
quantitative, all-optical approach for recording absolute membrane potential with single cell 
resolution. Using patch-clamp electrophysiology as a standard, we demonstrate that VF-FLIM 
reports absolute membrane potential in single trials with 10 to 23 mV accuracy (root mean square 
deviation, RMSD; 15 second acquisition), depending on the cell line. In all cases tested, VF-FLIM 
tracks membrane potential changes with better than 5 mV accuracy (RMSD). We benchmark VF-
FLIM against previously reported optical absolute Vmem recording approaches and demonstrate 
resolution improvements of 8-fold over ratiometric strategies and 19-fold over other lifetime-based 
strategies. To highlight the increased throughput relative to manual patch-clamp 
electrophysiology, we document resting membrane potentials of thousands of cells. To our 
knowledge, this work represents the first broad view of the distribution of resting membrane 
potentials present in situ. VF-FLIM is limited to acquisition speeds on the order of seconds, but it 
is well-suited for studying gradual Vmem dynamics. Using VF-FLIM, we quantify and track the 
evolution of a 10-15 mV Vmem hyperpolarization over minutes following epidermal growth factor 
(EGF) stimulation of human carcinoma cells. Through pharmacological perturbations, we 
conclude that the voltage changes following EGF stimulation arise from activation of the calcium-
activated potassium channel KCa3.1. Our results show that fluorescence lifetime of VF dyes is a 
generalizable and effective approach for studying resting membrane potential in a range of cell 
lines. 

Results 

VoltageFluor Fluorescence Lifetime Varies Linearly with Membrane Potential 

To characterize how the photoinduced electron transfer process affects fluorescence lifetime, we 
compared the τfl of the voltage-sensitive dye VF2.1.Cl with its voltage-insensitive counterpart 
VF2.0.Cl (Fig. 2.1B). We recorded the τfl of bath-applied VF dyes in HEK293T cells using time-
correlated single-photon counting (TCSPC) FLIM (Fig. 2.1C-E). VF2.1.Cl is localized to the 
plasma membrane and exhibits a biexponential τfl decay with decay constants of approximately 
0.9 and 2.6 ns (Fig. 2.2). For all subsequent analysis of VF2.1.Cl lifetime, we refer to the weighted 
average τfl, which is approximately 1.6 ns in HEK293T cell membranes at rest. VF2.1.Cl fit model 
selection is discussed in detail below (Chapters 4 and 7). VF2.0.Cl (Fig. 2.1B), which lacks the 
aniline substitution and is therefore voltage-insensitive 34, shows a τfl of 3.5 ns in cell membranes, 
which is similar to the lifetime of an unsubstituted fluorescein 37 (Table 2.2) We also examined 
VoltageFluor lifetimes at a variety of dye loading concentrations to test for concentration-
dependent changes in dye lifetime, which have been reported for fluorescein derivatives 38. 
Shortened VF lifetimes were observed at high dye concentrations (Fig. 2.3). All subsequent VF-
FLIM studies were conducted using at most 100 nM dye, which is well below this concentration-
dependent change in lifetime.  
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Figure 2.1. VoltageFluor FLIM linearly reports absolute membrane potential.  
(A) Mechanism of VoltageFluor dyes, in which depolarization of the membrane potential 
attenuates the rate of photoinduced electron transfer. (B) Structures of the VF molecules used in 
this study. (C) Schematic of the TCSPC system used to measure fluorescence lifetime. 
Simultaneous electrophysiology was used to establish lifetime-voltage relationships. FD = 
Frequency doubler. (D) Fluorescence intensity and (E) lifetime of HEK293T cells loaded with 100 
nM VF2.1.Cl. (F) Intensity and (G) lifetime images of HEK293T cells voltage clamped at the 
indicated membrane potential. (H) Quantification of the single trial shown in (G), with a linear fit 
to the data. (I) Evaluation of VF2.1.Cl lifetime-voltage relationships in many individual HEK293T 
cells. Gray lines represent linear fits on individual cells. Black line is the average lifetime-voltage 
relationship across all cells (n=17). (J) VF2.0.Cl lifetime does not exhibit voltage-dependent 
changes. Gray lines represent linear fits on individual cells, and the black line is the average 
lifetime-voltage relationship across all cells (n=17). Scale bars represent 20 μm. Error bars 
represent mean ± SEM. 
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Figure 2.2. Overview of data processing to obtain membrane potential recordings from 
fluorescence lifetime. 
Representative time-correlated photon counting data were obtained from HEK293T cells loaded 
with 100 nM VF2.1.Cl (black dots, first panel). Data collected at each pixel were fit to an 
exponential decay model (green) with iterative reconvolution of the instrument response function 
(IRF, blue). The two components of the fluorescence lifetimes were converted to a weighted 
average (middle panel). Cell membranes (white outlines) were identified, and τm was averaged 
within each of these regions of interest (ROIs, right panel). These lifetimes were then converted to 
voltage via a previously determined lifetime-Vmem standard curve with slope m and y-intercept b. 
Additional details of this process are provided in the Methods. Wtd. Res.: weighted residuals of 
the fit, τm: weighted average fluorescence lifetime, PC: photon count. τm + PC represents an 
overlay of the lifetime data (color heat map) onto the photon count image. Pixels that appear black 
in τm + PC images were below the required photon count threshold for fitting lifetime data; PC 
only images show photon counts without any such thresholds applied. Scale bar is 20 µm. 

 

Table 2.2. Properties of lifetime standards and VoltageFluor dyes. 
Fluorescein and erythrosin B standards were measured in drops of solution placed on a coverslip. 
For VF dyes, voltage sensitivities from intensity-based fluorescence imaging in HEK293T cells 
(%ΔF/F, percent change in fluorescence intensity for a voltage step from -60 mV to +40 mV) are 
from previously published work 34. Lifetime data were obtained from voltage-clamp 

 %ΔF/F %Δτ/τ Lifetime (ns) 
Fluorescein N/A N/A 4.008 ± 0.009 
Erythrosin B N/A N/A 0.083 ± 0.001 

VF2.1.Cl 27 22.4 ± 0.4% 1.77 ± 0.02 
VF2.0.Cl 0 0.11 ± 0.05% 3.482 ± 0.004 
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electrophysiology of HEK293T cells loaded with 100 nM VF. Lifetime listed here is the average 
0 mV lifetime from the electrophysiology calibration. % Δτ/τ is the percent change in lifetime 
corresponding to a 100 mV step from -60 mV to +40 mV. Lifetime sample sizes: fluorescein 25, 
erythrosin B 25, VF2.1.Cl 17, VF2.0.Cl 17. For lifetime standards, each measurement was taken 
on a separate day. VF2.1.Cl data in HEK293T is duplicated in Table 2.4. Values are tabulated as 
mean ± SEM. 

 

 
Figure 2.3. Concentration dependence of VoltageFluor lifetimes in HEK293T cells.  
Changes in lifetime arising from addition of a range of concentrations of (A) VF2.1.Cl or (B) 
voltage-insensitive control VF2.0.Cl in HEK293T cells. Biexponential fit models were used for 
all VF2.1.Cl concentrations and 1 μM VF2.0.Cl; a monoexponential model was used for all other 
VF2.0.Cl concentrations. Box plots represent the interquartile range, with whiskers and outliers 
determined with the Tukey method. Sample sizes indicate number of cell groups. Data were 
obtained over 2 to 4 different days from a total of 3 or 4 coverslips at each concentration. Asterisks 
indicate significant differences between the indicated concentration and the VF concentration used 
for electrophysiology experiments (n.s. p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001, two-sided, unpaired, unequal variances t-test). 

 

To assess the voltage dependence of VoltageFluor τfl, we controlled the plasma membrane 
potential of HEK293T cells with whole-cell voltage-clamp electrophysiology while 
simultaneously measuring the τfl of VF2.1.Cl (Fig. 2.1C). Single-cell recordings show a linear τfl 
response to applied voltage steps, and individual measurements deviate minimally from the linear 
fit (Fig. 2.1F-H). VF2.1.Cl τfl is reproducible across different cells at the same resting membrane 
potential, allowing determination of Vmem from τfl images taken without concurrent 
electrophysiology (Fig. 2.1I). Voltage-insensitive VF2.0.Cl shows no τfl change in response to 
voltage (Fig. 2.1J, Fig. 2.4), consistent with a τfl change in VF2.1.Cl arising from a voltage-
dependent PeT process. In HEK293T cells, VF2.1.Cl exhibits a sensitivity of 3.50 ± 0.08 ps/mV 
and a 0 mV lifetime of 1.77 ± 0.02 ns, corresponding to a fractional change in τfl (Δτ/τ) of 22.4 ± 
0.4% per 100 mV. These values are in good agreement with the 27% ΔF/F intensity change per 
100 mV originally observed for VF2.1.Cl 33,34. Because %ΔF/F is a fluorescence intensity-based 
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metric, it cannot be used to measure absolute Vmem; however, agreement between %ΔF/F and 
%Δτ/τ is consistent with a PeT-based Vmem sensing mechanism in VFs. To estimate the voltage 
resolution of VF-FLIM, we analyzed the variability in successive measurements on the same cell 
(intra-cell resolution) and on different cells (inter-cell resolution, see Methods). We estimate that 
the resolution for tracking and quantifying voltage changes in a single HEK293T cell is 3.5 ± 0.4 
mV (intra-cell resolution, average RMSD from each electrophysiological calibration, Scheme 
2.2), whereas the resolution for single-trial determination of a particular HEK293T cell’s absolute 
Vmem is 19 mV (inter-cell resolution, RMSD of each calibration slope to the average calibration, 
Scheme 2.2) within a 15 second bandwidth. 

 

 
Figure 2.4. VF2.0.Cl lifetime does not depend on membrane potential. 
(A) Photon count and (B) lifetime images of a single HEK293T cell loaded with 100 nM VF2.0.Cl, 
with the membrane potential held at the indicated value via whole-cell voltage clamp 
electrophysiology. White arrow indicates patch pipette. Scale bar is 20 μm. (C) Quantification of 
images shown in (B) for this individual cell. Black line is the line of best fit. 

 

We compared the performance of VF-FLIM in HEK293T cells to that of two previously 
documented strategies for optical absolute Vmem determination. We first tested the voltage 
resolution of CAESR, the best previously reported GEVI for recording absolute Vmem with FLIM 
31. Using simultaneous FLIM and voltage-clamp electrophysiology, we determined the 
relationship between τfl and Vmem for CAESR under 1 photon excitation (Figure 2.5). We recorded 
a sensitivity of -1.2 ± 0.1 ps/mV and a 0 mV lifetime of 2.0 ± 0.2 ns, which corresponds to a -6.1 
± 0.8% Δτ/τ per 100 mV (mean ± SEM of 9 measurements), in agreement with the reported 
sensitivity of -0.9 ps/mV and 0 mV lifetime of 2.7 ns with 2 photon excitation 31. Relative to 
VF2.1.Cl, CAESR displays 3-fold lower sensitivity (-1.2 ps/mV vs 3.5 ps/mV in HEK293T cells) 
and 7-fold higher voltage-independent variability in lifetime (0.46 ns vs 0.07 ns, standard deviation 
of the 0 mV lifetime measurement). For CAESR in HEK293T cells, we calculate a voltage 
resolution of 33 ± 7 mV for quantifying voltage changes on an individual cell (intra-cell RMSD, 
compared to 3.5 mV for VF2.1.Cl, see Methods) and resolution of 370 mV for determination of a 
particular cell’s absolute Vmem (inter-cell RMSD, compared to 19 mV for VF2.1.Cl).  
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Figure 2.5. The GEVI CAESR shows variable lifetime-voltage relationships. 
(A) Photon count and (B) lifetime images of a HEK293T cell expressing CAESR and held at the 
indicated Vmem with voltage-clamp electrophysiology. White arrow indicates voltage-clamped 
cell. (C) Lifetime-Vmem relationship from the cell in (B), based on a single fit from combined 
fluorescence decays of all pixels in the cell membrane at each potential (see Methods). Points 
indicate recordings at a given potential; solid line is line of best fit. (D) Evaluation of VF2.1.Cl 
lifetime-voltage relationships in many individual CAESR-expressing HEK293T cells. Gray lines 
represent linear fits on individual cells. Black line is the average fit across all cells (n=9). (E) 
Representative lifetime images of CAESR in HEK293T cells. Scale bars represent 20 μm. 

 

We also measured the absolute voltage resolution of the ratio-based sensor di-8-ANEPPS, which 
reports membrane potential by the wavelength of its excitation and emission spectra 19. Ratio-
based imaging can be achieved by comparing the fluorescence emission at different excitation 
wavelengths 14; here, we used the ratio, R, of the blue-excited emission to the green-excited 
emission (see Methods). Via simultaneous ratio imaging and whole cell voltage clamp 
electrophysiology, we record a sensitivity of 0.0039 ± 0.0004 R per mV, with a y-intercept (0 mV) 
R value of 1.8 ± 0.2 (Figure 2.6; mean ± SEM of n=16 HEK293T cells). R depends on the 
excitation and emission conditions used but should be relatively reproducible on a given 
microscope rig. To compare R from our system with previous work, we normalized all R values 
to the R value at 0 mV for each cell. Using the above data, we obtain a sensitivity of 0.0022 ± 
0.0002 normalized R per mV, with a 0 mV normalized R of 1.02 ± 0.02, in good agreement with 
reported values (0.0015 normalized R per mV) 14. For analysis of voltage resolution, we compare 
VF-FLIM to the non-normalized R, since normalization requires an electrode-based measurement 
for every recording and is thus not a truly optical strategy. From the non-normalized di-8-ANEPPS 
R, we obtain an intra-cell resolution (RMSD) of 18 ± 3 mV (5-fold less accurate than VF-FLIM) 
and an inter-cell resolution (RMSD) of 150 mV (8-fold less accurate than VF-FLIM). The 
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sensitivities and resolutions of VF-FLIM, CAESR, and di-8-ANEPPS in HEK293T are tabulated 
in Table 2.3. Because cellular resting membrane potentials and voltage changes (e.g. action 
potentials) are on the order of tens of millivolts, the resolution improvements achieved by VF-
FLIM enable biologically relevant absolute Vmem recordings: impossible with previous 
approaches. 
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Figure 2.6. Ratiometric Vmem determinations with Di-8-ANEPPS in HEK293T cells.  
Different fluorescence excitation wavelengths (blue and green) were used to generate ratiometric 
images; emission wavelengths were constant throughout the experiment. Details of 
epifluorescence ratiometric imaging and data processing are described in the Methods. 
Simultaneous ratiometric imaging and whole cell patch clamp electrophysiology were used to 
determine the ratio between the blue and green excitation channels (blue/green ratio, R). 
Representative images of (A) blue-excited signal (440 ± 10 nm), (B) green-excited signal (550 ± 
7.5 nm) and (C) R of a HEK293T cell held at the indicated membrane potential with whole cell 
voltage clamp electrophysiology. White arrow indicates voltage clamped cell. Differences in 
background brightness between images are attributable to photobleaching of the probe; images 
were acquired in the order: 0, -80, +40, -40, +80 mV. (D) Time course of the voltage step protocol 
used for each cell (black line, top), along with a representative response in the fluorescence ratio 
(orange), blue excited fluorescence intensity (blue) and green excited fluorescence intensity 
(green). AU, arbitrary units. (E) R at various potentials for an individual HEK293T cell (black 
dots), along with an R-Vmem line of best fit (black line). Values shown are the average of all ratio 
images from a particular cell at a given potential, excluding the first and last ratio image taken for 
each Vmem value. Data shown in (D) and (E) are from the cell depicted in (A)-(C). (F) Aggregated 
lines of best fit (gray) for R-Vmem calibrations on multiple HEK293T cells. Average response is 
shown in black; ratios at each potential are depicted as mean ± SEM (n = 16 cells). (G) Additional 
representative R images of Di-8-ANEPPS in HEK293T cells. The cell indicated with the white 
arrow is held at 0 mV with electrophysiology; other cells are unperturbed. Images represent one 
frame at the given voltage and are not averaged. Regions of interest (ROIs) were drawn around 
the membrane only, avoiding both the internalized dye signal and the artificially high ratios just 
outside the cells (which appear as white edges) as much as possible. Scale bars represent 20 µm. 

 

 

Strategy Sensitivity 0 mV value Intra-cell 
RMSD 

Inter-cell 
RMSD 

VF2.1.Cl fluorescence 
lifetime 

3.50 ± 0.08 
ps/mV 1.77 ± 0.02 ns 3.5 ± 0.4 mV 19 mV 

CAESR fluorescence 
lifetime 

-1.2 ± 0.1 
ps/mV 2.0 ± 0.2 ns 33 ± 7 mV 370 mV 

di-8-ANEPPS 
excitation ratio 

0.0039 ± 
0.0004 R/mV 1.8 ± 0.2  18 ± 3 mV 150 mV 

Table 2.3. Comparison of optical approaches to absolute Vmem determination in HEK293T 
cells. 
Data are compiled from Fig. 2.1 (VF-FLIM, this work), Fig. 2.5 (CAESR 31), and Fig. 2.6 (Di-8-
ANEPPS 14). All data were obtained by simultaneous whole cell voltage clamp electrophysiology 
and optical recording in HEK293T (VF-FLIM n=17 cells, CAESR n=9, di-8-ANEPPS n=16). 
Calculation of intra and inter cell accuracies are performed via root-mean-square deviation 
(RMSD) and discussed in detail in the Methods. Regions of interest were chosen at the plasma 
membrane in all cases. Di-8-ANEPPS data are presented as the ratio of signal obtained with blue 
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excitation to signal obtained with green excitation (R, see Methods) and are not normalized to the 
0 mV R. 

Evaluation of VF-FLIM across Cell Lines and Culture Conditions 

To test the generalizability of VF-FLIM, we determined τfl-Vmem calibrations in four additional 
commonly used cell lines: A431, CHO, MDA-MB-231, and MCF-7 (Fig. 2.7, Fig. 2.8, Fig. 2.9). 
We observe a linear τfl response in all cell lines tested. The slope (voltage sensitivity) and y-
intercept (0 mV lifetime) of the τfl-Vmem response varied slightly across cell lines, with average 
sensitivities of 3.1 to 3.7 ps/mV and average 0 mV lifetimes ranging from 1.74 to 1.87 ns. In all 
cell lines, we observed better voltage resolution for quantification of Vmem changes on a given cell 
versus comparisons of absolute Vmem between cells. Changes in voltage for a given cell could be 
quantified with resolutions at or better than 5 mV (intra-cell resolution, Methods). For absolute 
Vmem determination of a single cell, we observed voltage resolutions ranging from 10 to 23 mV 
(inter-cell resolution, 15 second acquisition time, Table 2.4). Statistically significant differences 
among the cell lines tested were observed for cellular τfl-Vmem calibrations in both the slope (One-
way ANOVA with Welch’s correction: F(4, 23.07) = 18.12, p < 0.0001) and average 0 mV lifetime 
(One-way ANOVA: F(4, 67) = 14.43, p < 0.0001). There were no statistically significant 
differences between A431, CHO, and HEK293T cells (p > 0.05, Games-Howell and Tukey-
Kramer post hoc tests for the slope and 0 mV lifetime respectively). MDA-MB-231 and MCF-7 
cells showed statistically significant variability from other cell lines in slope and/or 0 mV lifetime.  

To verify that VF-FLIM was robust in groups of cells in addition to the isolated, single cells 
generally used for patch clamp electrophysiology, we determined lifetime-voltage relationships 
for small groups of A431 cells (Fig. 2.10A-E). We found that calibrations made in small groups 
of cells are nearly identical to those obtained on individual cells, indicating that VF-FLIM only 
needs to be calibrated once for a given type of cell. For pairs or groups of three cells we recorded 
a sensitivity of 3.3 ± 0.2 ps/mV and a 0 mV lifetime of 1.78 ± 0.02 ns (mean ± SEM of 7 cells (5 
pairs and 2 groups of 3); values are for the entire group, not just the cell in contact with the 
electrode), which is similar to the sensitivity of 3.55 ± 0.08 ps/mV and 0 mV lifetime of 1.74 ± 
0.02 ns we observe in single A431 cells. The slight reduction in sensitivity seen in cell groups is 
likely attributable to space clamp error, which prevents complete voltage clamp of the cell group 
16,17. Indeed, when we analyzed only the most responsive cell in the group (in contact with the 
electrode), we obtained a slope of 3.7 ± 0.1 ps/mV and 0 mV lifetime of 1.79 ± 0.02 ns, in good 
agreement with the single cell data. The space clamp error can be clearly visualized in Fig. 2.10E, 
where one cell in the group of 3 responded much less to the voltage command. 

To test whether VF-FLIM is also extensible to cells maintained with different culture conditions, 
we recorded lifetime-Vmem relationship in serum-starved A431 cells (Fig. 2.10F-K), obtaining an 
average sensitivity of 3.6 ± 0.1 ps/mV and a 0 mV lifetime of 1.76 ± 0.01 ns (n=7; 2 single cells, 
2 pairs, 3 groups of 3 cells; values are average lifetime across the whole cell group), in excellent 
agreement with the values obtained for non-serum starved cells. We also tested for concentration-
dependent changes in VF lifetime in all five cell lines and in serum starvation conditions. Similar 
to VF2.1.Cl lifetime in HEK293T cells (Fig. 2.3), we observed shortening of VF2.1.Cl lifetimes 
beginning between 200 and 500 nM dye in all cases (Fig. 2.11). All subsequent experiments were 
carried out with VF2.1.Cl concentrations of ≤100 nM, well below the regime where VF 
concentration-dependent lifetime changes were observed. 



36 
 

 
Figure 2.7. VF-FLIM is a general and portable method for optically determining membrane 
potential.  
VF2.1.Cl lifetime-voltage relationships were determined with whole cell voltage clamp 
electrophysiology in five cell lines. (A) Slopes of the linear fits for single cell lifetime-voltage 
relationships, shown as mean ± S.E.M. Gray dots indicate results from individual cells. 
Statistically significant differences exist between groups (One-way ANOVA with Welch’s 
correction: F(4, 23.07) = 18.12, p < 0.0001). Data were tested for normality (Shapiro-Wilk test, p 
> 0.05 for all cell lines) and homoscedasticity (Levene’s test on the median,  F(4,67) = 5.07, p = 
0.0013). ** indicates p < 0.01; if significance is not indicated, p > 0.05 (Games-Howell post hoc 
test). (B) 0 mV reference point of linear fits for the lifetime-voltage relationship, shown as mean 
± S.E.M. Gray dots indicate results from individual cells. Significant differences exist between 
groups (One-way ANOVA: F(4, 67) = 14.43, p < 0.0001). Data were tested for normality (Shapiro-
Wilk test, p > 0.05 for all cell lines) and homoscedasticity (Levene’s test on the median,  F(4,67) 
= 1.29, p = 0.28). ** indicates p < 0.01; if significance is not indicated, p > 0.05 (Tukey-Kramer 
post hoc test). (C) Representative lifetime-intensity overlay images for each cell line with the 
indicated cells (white arrow) held at -80 mV (top) or +80 mV (bottom). Lifetime scales are in ns. 
Scale bar is 20 μm. 
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Figure 2.8. VoltageFluor lifetime reports voltage in diverse cell lines. 
(A) Representative photon count and (B) lifetime images of a VF2.1.Cl in A431 cells with Vmem 
held at the indicated value with voltage-clamp electrophysiology. A431 cells were not serum 
starved for these experiments. (C) Quantification of the images in (B), with the line of best fit for 
this single trial. (D) Lines of best fit for the lifetime-Vmem relationships of 12 A431 cells (gray 
lines). Average lifetime at each potential is shown as mean ± SEM, with the average line of best 
fit in black. (E)-(H) Lifetime-Vmem standard curve determination in CHO cells (n=8). (I)-(L) 
Lifetime-Vmem standard curve determination in MCF-7 cells (n=24). (M)-(P) Lifetime-Vmem 
standard curve determination in MDA-MB-231 cells (n=11). VF2.1.Cl concentration was 100 nM 
in all cases. White arrows indicate the voltage-clamped cell. Scale bars are 20 μm. 
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Figure 2.9. Additional parameters of linear lifetime-voltage standard curves.  
(A) Percent change in VF2.1.Cl lifetime per 100 mV change in voltage, relative to the lifetime at 
-60 mV. Significant differences exist between cell lines (one-way ANOVA with Welch’s 
correction, F(4,24.08) = 41.75, p < 0.0001).  Data were tested for normality (Shapiro-Wilk test, p 
> 0.05 for all cell lines) and homoscedasticity (Levene’s test on the median, F(4,67) = 5.74, p = 
0.00049). Asterisks indicate statistically significant differences (* p < 0.05, ** p < 0.01, Games-
Howell post hoc test).  (B) Correlation coefficients (r2) for the lines of best fit of VF2.1.Cl lifetime 
versus membrane potential. No significant differences exist in r2 values between cell lines 
(Kruskal-Wallis test, H = 3.20, 4 degrees of freedom,  p = 0.53). Data were tested for normality 
(Shapiro-Wilk test, p < 0.05 for 4 of 5 cell lines) and homoscedasticity (Levene’s test on the 
median, F(4,67) = 1.55, p = 0.20). In both (A) and (B), data are shown as mean ± S.E.M., with 
gray dots indicating values from individual patches. 

 

 

 

Table 2.4. Lifetime-Vmem standard curves for VF2.1.Cl lifetime in various cell lines.  
Whole-cell voltage-clamp electrophysiology was used to determine the relationship between 
VF2.1.Cl lifetime and membrane potential in five different cell lines. Parameters of this linear 
model are listed above. The %Δτ/τ is the percent change in the lifetime observed for a voltage step 
from -60 mV to +40 mV. The intra-cell RMSD represents the accuracy for quantifying voltage 
changes in a particular cell (see Methods). The inter-cell RMSD represents the expected 
variability in single-trial absolute Vmem determinations. Sample sizes: A431 12, CHO 8, HEK293T 
17, MCF-7 24, MDA-MB-231 11. All values are tabulated as mean ± SEM. 

Cell Line Slope 
(ps/mV) 

0 mV 
lifetime (ns) %Δτ/τ 

RMSD, 
intra-cell 

(mV) 

RMSD, 
inter-cell 

(mV) 
A431 3.55 ± 0.08 1.74 ± 0.02 23.3 ± 0.4% 3.8 ± 0.7 15 
CHO 3.68 ± 0.25 1.74 ± 0.01 24 ± 2% 5 ± 1 10 

HEK293T 3.50 ± 0.08 1.77 ± 0.02 22.4 ± 0.4% 3.5 ± 0.4 19 
MCF-7 3.07 ± 0.03 1.87 ± 0.01 18.2 ± 0.2% 3.4 ± 0.3 23 

MDA-MB-231 3.47 ± 0.06 1.86 ± 0.02 21.1 ± 0.4% 3.0 ± 0.4 16 



39 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Relationship between lifetime and membrane potential extends to groups of cells 
and across culture conditions. 
Electrophysiological calibration of lifetime was performed on small groups of A431 cells and on 
serum starved (SS) A431 cells to verify that the Vmem-lifetime standard curves for a given cell line 
are generalizable across many cellular growth conditions. For all graphs, each line represents a 
group of cells. Letters on the graphs indicate the subfigure where images from that recording are 
shown. (A) Lifetime-voltage relationships in cell pairs, in which only one cell was directly 
controlled with voltage-clamp electrophysiology. (B) Lifetime-voltage relationships in groups of 
three cells, in which only one cell was directly controlled with voltage-clamp electrophysiology. 
(C) Lifetime for the most responsive cell from pairs and groups of three in (A) and (B). Line color 
codes are maintained from (A) and (B). (D, E) Representative lifetime images from (A) and (B) 
respectively. White arrow indicates cell directly controlled with electrophysiology.  (F) Lifetime-
voltage relationship in SS single cells, (G) pairs, and (H) groups of three cells. (I)-(K) 
Representative images from (F)-(H). Scale bars are 20 μm.  
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Figure 2.11. Concentration dependence of VoltageFluor lifetime in four cell lines. 
A431 cells were analyzed with VF2.1.Cl both in (A) full serum and (B) serum-starved conditions. 
(C) VF2.0.Cl in serum-starved A431 cells. (D) VF2.1.Cl in CHO cells. (E) VF2.1.Cl in MCF-7 
cells. (F) VF2.1.Cl in MDA-MB-231 cells. All VF2.1.Cl data were fit with a biexponential model, 
and all VF2.0.Cl data were fit with a monoexponential model. Box plots represent the interquartile 
range, with whiskers and outliers determined with the Tukey method. Sample sizes indicate 
number of cell groups. Data were acquired over 2 to 4 different days from a total of 3 or 4 
coverslips at each concentration. Asterisks indicate significant differences between the indicated 
concentration and the VF concentration selected for additional experiments (n.s. p > 0.05, * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, two-sided, unpaired, unequal variances t-test). 
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Optical Determination of Resting Membrane Potential Distributions 

The throughput of VF-FLIM enables cataloging of resting membrane potentials of thousands of 
cells in only a few hours of the experimenter’s time. We optically recorded resting membrane 
potential distributions for A431, CHO, HEK293T, MCF-7, and MDA-MB-231 cells using VF-
FLIM (Fig. 2.12, Fig. 2.13, Fig. 2.14). We report resting membrane potentials by cell group 
(Methods, Fig. 2.2) because adjacent cells in these cultures are electrically coupled to some degree 
via gap junctions 39. Each group of cells represents an independent sample for Vmem. In addition, 
the fluorescent signal originating from membranes of adjacent cells cannot be separated with a 
conventional optical microscope, so assignment of a region of membrane connecting multiple cells 
would be arbitrary. VF-FLIM images (Fig. 2.12, Fig. 2.13, Fig. 2.14).) contain spatially resolved 
voltage information, but caution should be employed in interpreting pixel to pixel differences in 
lifetime. Because VF-FLIM was calibrated here using the average plasma membrane τfl for each 
cell, optical Vmem should be interpreted per cell or cell group.  

Mean resting membrane potentials recorded by VF-FLIM range from -53 to -29 mV, depending 
on the cell line. These average Vmem values fall within the range reported in the literature for all of 
the cell lines we measured (Table 2.5). We also recorded resting membrane potentials in a high 
K+ buffer (120 mM K+, “high K+ HBSS”), where we observed a depolarization of 15 to 41 mV, 
bringing the mean Vmem up to -26 mV to +4 mV, again depending on the cell line. Although 120 
mM extracellular K+ should be strongly depolarizing, it will not necessarily produce a membrane 
potential of 0 mV. Because few literature reports of electrophysiological measurements in 120 mM 
K+ exist as a point of comparison, we obtained a rough estimate of Vmem in 6 mM extracellular K+ 
and 120 mM extracellular K+ using the Goldman-Hodgkin-Katz (GHK) equation 40. Under our 
imaging conditions and with a broad range of possible ion permeabilities and intracellular ion 
concentrations, the GHK equation allows Vmem ranging from -91 to -27 mV in 6 mM extracellular 
K+ and -25 to +2 mV in 120 mM extracellular K+ (see Methods). Recorded VF-FLIM values fall 
well within this allowed range. Notably, although the GHK equation can determine ranges of 
reasonable Vmem values, GHK-based Vmem results are approximate at best because of the difficulty 
in obtaining accurate values of permeabilities and intracellular ion concentrations for specific cell 
lines. Direct measurement of Vmem, rather than theoretical calculation, is required to obtain 
accurate values.  
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Figure 2.12. Rapid optical profiling of Vmem at rest and in high extracellular K+. 
Fluorescence lifetime images of cells incubated with 100 nM VF2.1.Cl were used to determine 
Vmem from previously performed electrophysiological calibration (Fig. 2.7). (A) Histograms of 
Vmem values recorded in A431 cells incubated with 6 mM extracellular K+ (commercial HBSS, 
n=1056) or 120 mM K+ (high K+ HBSS, n=368). (B) Representative lifetime image of A431 cells 
in 6 mM extracellular K+. (C) Representative lifetime image of A431 cells in 120 mM extracellular 
K+. (D) Histograms of Vmem values observed in CHO cells under normal (n=2410) and high K+ 
(n=1310) conditions. Representative lifetime image of CHO cells in (E) 6 mM and (F) 120 mM 
extracellular K+. Histogram bin sizes were determined by the Freedman-Diaconis rule. Intensities 
in the lifetime-intensity overlay images are not scaled to each other. Scale bars, 20 μm.  
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Figure 2.13. Optically recorded Vmem distributions in HEK293T, MCF-7 and MDA-MB-231 
cells. 
Fluorescence lifetime images of cells incubated with 100 nM VF2.1.Cl were used to determine 
Vmem from previously performed electrophysiological calibration (Fig. 2.7). (A) Histograms of 
Vmem values recorded in HEK293T cells incubated with 6 mM extracellular K+ (commercial 
HBSS, n=1613) or 120 mM K+ (high K+ HBSS, n=520). (B) Representative lifetime image of 
HEK293T cells with 6 mM extracellular K+. (C) Representative lifetime image of HEK293T cells 
in 120 mM extracellular K+. (D) Histograms of Vmem values observed in MCF-7 cells under normal 
(n=1259) and high K+ (n=681) conditions. Representative lifetime images of MCF-7 cells in (E) 6 
mM and (F) 120 mM extracellular K+. (G) Histograms of Vmem values observed in MDA-MB-231 
cells under normal (n=1840) and high K+ (n=558) conditions. Representative lifetime images of 
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MDA-MB-231 cells in (H) 6 mM and (I) 120 mM extracellular K+. Histogram bin sizes were 
determined by the Freedman-Diaconis rule. Intensities in the lifetime-intensity overlay images are 
not scaled to each other. Scale bars, 20 μm. 
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Figure 2.14. Representative images of cultured cell resting membrane potential.  
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Representative VF-FLIM images of cells in standard imaging buffer (HBSS, 6 mM extracellular 
K+) and high K+ imaging buffer (high K+ HBSS, 120 mM extracellular K+). Membrane potential 
was calculated per cell group; analyses of pixel by pixel differences in lifetime fall beyond the 
resolution limit of the VF-FLIM calibrations in this work. Images depict A431 cells in (A) HBSS 
and (B) high K+ HBSS; CHO cells in (C) HBSS and (D) high K+ HBSS; HEK293T cells in (E) 
HBSS and (F) high K+ HBSS; MCF-7 cells in (G) HBSS and (H) high K+ HBSS, and MDA-MB-
231 cells in (I) HBSS and (J) high K+ HBSS. 

 

Table 2.5. Vmem measurements made with VF-FLIM agree with previously reported values. 
Comparison of optically-determined resting membrane potential values (in millivolts) and 
previously reported values. This table summarizes data presented in Fig. 2.12 and Fig. 2.13. 
Optically determined membrane potentials were calculated from lifetime-Vmem standard curves 
(Table 2.4). For tabulated literature values, measures of error and central tendency were used from 
the original publication. In some cases, none were given or only ranges were discussed. The mean 
of the reported ephys values is the mean of the values listed here. Sample sizes for resting and 
elevated K+, respectively: A431 1056, 368; CHO 2410, 1310; HEK293T 1613, 520; MCF-7 1259, 
681; MDA-MB-231 1840, 558. 

 

  

 VF-FLIM  Patch-clamp electrophysiology 

Cell Line 
Resting 

Vmem (mean 
± SEM) 

High K+ 

Vmem (mean 
± SEM) 

Compiled reported average or 
median Vmem in cells at rest 

Mean of 
ephys. 
values 

A431 -41 ± 5 -26 ± 5 -64 ± 1 (mean ± SEM)41 -64 

CHO -53 ± 4 -20 ± 4 
-21 ± 2 (mean ± SEM, 4 cells)42 

-31 ± 2.6 (mean ± SEM)43 
-35 (ranging -10 to -65 mV)44 

-30 

HEK293T -47 ± 5 -6 ± 5 
-45 (ranging -40 to -50 mV)45 

-52 ± 1 (mean ± SEM)46 
-35 ± 2 (mean ± SEM)47 

-44 

MCF-7 -29 ± 5 4 ± 5 

-23 ± 1 (median ±  SE of 
median)48 

-36 ± 5 (mean ± SEM)49 
-41 ± 20 (mean ± SD)50 
-42 (no error given)51 

-42 ± 5 (mean ± SEM)52 

-36 

MDA-MB-231 -38 ± 5 -15 ± 5 
-19 ± 3 (mean ± SEM)53 
-26 ± 8 (mean ± SEM)54 
-39 ± 5 (mean ± SEM)49 

-28 
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Membrane Potential Dynamics in Epidermal Growth Factor Signaling  

We thought VF-FLIM was a promising method for elucidating the roles of membrane potential in 
non-excitable cell signaling. Specifically, we wondered whether VF-FLIM might be well-suited 
to dissect conflicting reports surrounding changes in membrane potential during EGF/EGF 
receptor (EGFR)-mediated signaling. Receptor tyrosine kinase (RTK)-mediated signaling is a 
canonical signaling paradigm for eukaryotic cells, transducing extracellular signals into changes 
in cellular state. Although the involvement of second messengers like Ca2+, cyclic nucleotides, and 
lipids are well characterized, membrane potential dynamics and their associated roles in non-
excitable cell signaling remain less well-defined. In particular, the activation of EGFR via EGF 
has variously been reported to be depolarizing 55, hyperpolarizing 56, or electrically silent 41,57.  

We find that treatment of A431 cells with EGF results in a 15 mV hyperpolarization within 60-90 
seconds in approximately 80% of cells (Fig. 2.15A-C, Fig. 2.16, Fig. 2.17), followed by a slow 
return to baseline within 15 minutes (Fig. 2.15D-F, Fig. 2.18, 30 second acquisitions). The 
voltage response to EGF is dose-dependent, with an EC50 of 90 ng/mL (14 nM) (Fig. 2.19). 
Vehicle-treated cells show very little τfl change (Fig. 2.15A-F). Identical experiments with 
voltage-insensitive VF2.0.Cl (Fig. 2.15G-H, Fig. 2.16, Fig. 2.18, Fig. 2.20) reveal little change in 
τfl upon EGF treatment, indicating the drop in τfl arises from membrane hyperpolarization. We 
observe the greatest hyperpolarization 1 to 3 minutes after treatment with EGF, which is abolished 
by inhibition of EGFR and ErbB2 tyrosine kinase activity with the covalent inhibitor canertinib 
(Fig. 2.15I-J, Fig. 2.21). Blockade of the EGFR kinase domain with gefitinib, a non-covalent 
inhibitor of EGFR, also results in a substantial decrease in the EGF-evoked hyperpolarization (Fig. 
2.15I-J, Fig. 2.21). Together, these results indicate that A431 cells exhibit an EGF-induced 
hyperpolarization, which depends on the kinase activity of EGFR and persists on the timescale of 
minutes. 
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Figure 2.15. EGFR-mediated receptor tyrosine kinase activity produces a transient 
hyperpolarization in A431 cells.  
(A) Representative VF-FLIM time series of A431 cells treated with imaging buffer vehicle (top) 
or 500 ng/mL EGF (80 nM, bottom). (B) Quantification of images in (A), with Vehicle (Veh.)/EGF 
added at black arrow. (C) Aggregated responses for various trials of cells treated with vehicle or 
EGF. (D) Lifetime images of longer-term effects of vehicle (top) or EGF (bottom) treatment. (E) 
Quantification of images in (D). (F) Average response of cells over the longer time course. (G) 
Images of VF2.0.Cl (voltage insensitive) lifetime before and after EGF treatment. No τfl change is 
observed 2.5 (top) or 15 minutes (bottom) following EGF treatment. (H) Average VF2.0.Cl 
lifetime changes following EGF treatment. VF2.0.Cl graphs and images are scaled across the same 
lifetime range (350 ps) as VF2.1.Cl plots and images. The small drift observed would correspond 
to 2-4 mV of voltage change in VF2.1.Cl lifetime. (I) Lifetime images of A431 cells before and 
after EGF addition, with 500 nM canertinib (top) or 10 μM gefitinib (bottom). (J) Voltage changes 
2.5 minutes after EGF addition in cells treated with DMSO (vehicle control) or an EGFR inhibitor. 
Scale bars are 20 μm. (C,F,H): Asterisks indicate significant differences between vehicle and EGF 
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at that time point. (J): Asterisks reflect significant differences between EGF-induced voltage 
responses with DMSO vehicle or an EGFR inhibitor (n.s. p>0.05, * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001, two-tailed, unpaired, unequal variances t-test). 
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Figure 2.16. Individual VF-FLIM recordings of A431 EGF response.  
(A) Representative 3 minute VF-FLIM recordings of A431 cells loaded with 50 nM VF2.1.Cl. 500 
ng/mL EGF was added 30 seconds into the time series (black arrow). (B) Quantification of the 
images in (A), with a single trace per image series shown. (C) Average voltage change in A431 
cells following the addition of imaging buffer vehicle (gray) or EGF (purple). (D) Control 
VF2.0.Cl (not voltage sensitive, 50 nM) images of A431 cells treated as in (A). Images are scaled 
across the same amount of lifetime space (350 ps) as the VF2.1.Cl images. (E) Quantification of 
the images in (D). (F) Average VF2.0.Cl lifetime change seen in A431 cells following the addition 
of imaging buffer vehicle (gray) or EGF (purple) in A431 cells. Graph is scaled across the same 
amount of lifetime space as the VF2.1.Cl data in (C). Asterisks indicate significant differences 
between vehicle and EGF treated cells at a given time point (n.s. p > 0.05, * p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001, two-sided, unpaired, unequal variances t-test). Scale bars are 20 
μm. 

 

 

 

 
Figure 2.17. Membrane potential changes in A431 cells 2.5 minutes after EGF treatment. 
Comparison of Vmem changes observed in A431 cells 2.5 minutes after treatment with (A) imaging 
buffer vehicle or (B) 500 ng/mL EGF. Data shown here are compiled from Fig. 2.15C and Fig. 
2.22A to provide a sense of overall distribution of the responses. Each recording contained a single 
group of approximately 5 to 10 cells. Sample sizes (number of recordings): Vehicle 93, EGF 92. 
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Figure 2.18. VF-FLIM reports A431 Vmem changes over 15 minutes.  
(A) Representative longer term VF-FLIM recordings of A431 cells loaded with 50 nM VF2.1.Cl. 
500 ng/mL EGF was added 30 seconds into the time series. (B) Quantification of the images in 
(A), with a single trace per image series shown. (C) Control VF2.0.Cl (not voltage sensitive, 50 
nM) images of A431 cells treated as in (A). Images are scaled across the same total lifetime range 
(350 ps) as the VF2.1.Cl images. (D) Quantification of the recordings in (C). (E) Average VF2.0.Cl 
lifetime change seen in A431 cells following the addition of imaging buffer vehicle (gray) or EGF 
(purple). Asterisks indicate significant differences between vehicle and EGF treated cells at a given 
time point (*** p < 0.001, **** p < 0.0001, two-sided, unpaired, unequal variances t-test). Scale 
bars are 20 μm. 
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Figure 2.19. Dose-response relationship of A431 voltage response to EGF.  
Data were fit to a four-parameter logistic function to obtain an EC50 of 90 ng/mL (95% CI: 47-130 
ng/mL). Response to each EGF concentration is shown as mean ± SEM of 6 or 7 recordings (one 
group of 5-10 cells per recording).  

 

 

 
Figure 2.20. Effect sizes of VF2.1.Cl and VF2.0.Cl response to EGF treatment.  
Average lifetime changes observed in A431 cells following the addition (black arrow) of imaging 
buffer vehicle (gray) or 500 ng/mL EGF (purple). (A) Cells incubated with 50 nM VF2.1.Cl and 
imaged for 3 minutes. (B) Cells incubated with 50 nM VF2.0.Cl (not voltage sensitive) and imaged 
for 3 minutes. (C) Cells incubated with 50 nM VF2.1.Cl and imaged intermittently for 15 minutes. 
(D) Cells incubated with 50 nM VF2.0.Cl (not voltage sensitive) and imaged intermittently for 15 
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minutes. Data are reproduced from Fig. 2.15, Fig. 2.16, and Fig. 2.18, but here data are scaled in 
units of lifetime rather than voltage for facile comparison. Data are shown as mean ± SEM for the 
indicated number of recordings (one group of 5-10 cells per recording). Asterisks indicate 
significant differences between vehicle and EGF treated cells at a given time point (n.s. p > 0.05, 
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, two-sided, unpaired, unequal variances t-
test).  

 

 
Figure 2.21. EGFR inhibitors abolish voltage response to EGF in A431 cells.  
Average Vmem changes following the addition (black arrow) of imaging buffer vehicle (gray) or 
500 ng/mL EGF (purple) to A431 cells pre-treated with the indicated drug or DMSO vehicle. 2.5 
minute time points from this data are shown elsewhere (Fig. 2.15J); entire time series are shown 
here. Data are presented as mean ± SEM for the indicated number of recordings (one group of 5-
10 cells per recording). Asterisks indicate significant differences between vehicle and EGF treated 
cells at a given time point (n.s. p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, 
two-sided, unpaired, unequal variances t-test). 

 

Outward K+ currents could mediate EGF-induced hyperpolarization. Consistent with this 
hypothesis, dissipation of the K+ driving force by raising extracellular [K+] completely abolishes 
the typical hyperpolarizing response to EGF and instead results in a small depolarizing potential 
of approximately 3 mV (Fig. 2.22A, Fig. 2.23B). Blockade of voltage-gated K+ channels (Kv) with 
4-aminopyridine (4-AP) prior to EGF treatment enhances the hyperpolarizing response to EGF 
(Fig. 2.22A-B, Fig. 2.23C). In contrast, blockade of Ca2+-activated K+ channels (KCa) with 
charybdotoxin (CTX) results in a depolarizing potential of approximately 4 mV after exposure to 
EGF, similar to that observed with high extracellular [K+] (Fig. 2.22A-B, Fig. 2.23D). TRAM-34, 
a specific inhibitor of the intermediate-conductance Ca2+ activated potassium channel KCa3.1 58, 
also abolishes EGF-induced hyperpolarization (Fig. 2.22A, Fig. 2.23E). CTX treatment has little 
effect on the resting membrane potential, while TRAM-34 or 4-AP depolarizes cells by 
approximately 5-10 mV (Fig. 2.24).  

To explore the effects of other components of the EGFR pathway on EGF-induced 
hyperpolarization, we perturbed intra- and extracellular Ca2+ concentrations during EGF 
stimulation. Reduction of extracellular Ca2+ concentration did not substantially alter the EGF 
response (Fig. 2.22A, Fig. 2.23F). However, sequestration of intracellular Ca2+ with BAPTA-AM 
disrupts the hyperpolarization response. BAPTA-AM treated cells show a small, 4 mV 
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depolarization in response to EGF treatment, similar to CTX-treated cells (Fig. 2.22A, Fig. 
2.23G). Perturbation of Ca2+ levels had little effect on the resting membrane potential (Fig. 2.24). 
Introduction of wortmannin (1 μM) to block downstream kinase activity has no effect on the 
membrane potential response to EGF, while orthovanadate addition (Na3VO4, 100 μM) to block 
phosphatase activity results in a small increase in the hyperpolarizing response (Fig. 2.22A, Fig. 
2.23H-I). These results support a model for EGF-EGFR mediated hyperpolarization in which RTK 
activity of EGFR causes release of internal Ca2+ stores to in turn open KCa channels and 
hyperpolarize the cell (Fig. 2.22C). 

 

 
Figure 2.22. EGF-induced hyperpolarization is mediated by a Ca2+ activated K+ channel.   
(A) Comparison of the Vmem change 2.5 minutes after EGF addition in cells incubated in 
unmodified imaging buffer (HBSS) or in modified solutions. (B) Lifetime images of A431 cells 
treated with 4-AP or CTX. (C) Model for membrane hyperpolarization following EGFR activation. 
Scale bar is 20 μm. Bars are mean ± SEM. Sample sizes listed are (Veh, EGF); where only one 
number is given, sample size was the same for both. Asterisks reflect significant differences in 
EGF-stimulated Vmem change between the unmodified control (HBSS or DMSO) and modified 
solutions (n.s. p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, two-tailed, unpaired, 
unequal variances t-test). DMSO: 0.1% DMSO, high K+: 120 mM K+, 4-AP: 5 mM 4-
aminopyridine, CTX: 100 nM charybdotoxin, TRAM-34: 200 nM TRAM-34, Ca2+ free: 0 mM 
Ca2+ and Mg2+, BAPTA-AM: 10 μM bisaminophenoxyethanetetraacetic acid acetoxymethyl ester, 
Na3VO4: 100 μM sodium orthovanadate, wortmannin: 1 μM wortmannin.   
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Figure 2.23. A431 voltage response to EGF with pharmacological intervention.  
Average Vmem changes following the addition (black arrow) of imaging buffer vehicle (gray) or 
500 ng/mL EGF (purple) to A431 cells pre-treated with the indicated drug or ionic composition 
change. 2.5 minute time points from this data are shown elsewhere (Fig. 2.22); entire time series 
are shown here to illustrate the time courses of the large hyperpolarizing current and small 
depolarizing current. Data are shown as mean ± SEM for the indicated number of recordings (one 
group of 5-10 cells per recording). Asterisks indicate significant differences between vehicle and 
EGF treated cells at a given time point (n.s. p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001, two-sided, unpaired, unequal variances t-test). 
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Figure 2.24. Effects of pharmacological and ionic perturbations on A431 resting membrane 
potential. 
Data are the initial Vmem reference images for recordings used in EGF addition time series. Data 
are shown as mean ± SEM for the indicated number of images (one group of 5-10 cells per image), 
and gray dots represent individual images. Asterisks indicate significant differences between the 
appropriate vehicle (HBSS or 0.1% DMSO) and pharmacology treated cells (n.s. p > 0.05, * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, two-sided, unpaired, unequal variances t-test). 
CTX = charybdotoxin, 4-AP = 4-aminopyridine, BAPTA-AM = 
bisaminophenoxyethanetetraacetic acid acetoxymethyl ester.  

 

 

Discussion 

We report the design and implementation of a new method for optically quantifying absolute 
membrane potential in living cells. VF-FLIM enjoys 100-fold improved throughput over patch 
clamp electrophysiology, as well as improved spatial resolution. The performance of VF-FLIM 
hinges on a balance between resolution in three dimensions: membrane potential, space, and time. 
We discuss the advantages and disadvantages of VF-FLIM in this light, as well as the new 
application space that is made accessible by VF-FLIM. 

Resolution of VF-FLIM: Voltage, Space, and Time 

The key advantage of VF-FLIM over previously reported optical approaches is its superior Vmem 
resolution. Resolution can be interpreted as stability of the τfl-Vmem calibration over time and 
between cells. Any factors other than Vmem that change τfl decrease resolution. VF-FLIM exhibits 
a 19-fold improvement in inter-cell Vmem resolution over FLIM with the GEVI CAESR 31 and a 8-
fold improvement over di-8-ANEPPS excitation ratios 14. Although all optical strategies, including 
VF-FLIM, have worse Vmem resolution than modern electrophysiology, the greater throughput, 
improved spatial resolution, and reduced invasiveness of optical strategies make them a powerful 
complement to electrode-based recordings. 
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The sources of variability that reduce resolution of optical Vmem measurements are manifold, but 
two major contributors are membrane specificity of the stain and the complexity of the lipid 
environment. Nonspecific staining is fluorescence signal from anywhere other than the plasma 
membrane, such as contaminating intracellular staining from poorly trafficked (CAESR) or 
internalized (ANEPPS) sensor. In contrast, exogenously loaded VF2.1.Cl exhibits little 
fluorescence contribution from regions other than the plasma membrane. Secondly, membrane 
composition and dipole potential can vary between cells and cell lines, changing the local 
environment of the fluorescent indicator 59,60. Styryl dyes like di-8-ANEPPS can respond to 
changes in dipole potential13,14, and VF dyes may be similarly sensitive to dipole potential. 
Additionally, fluorescence lifetime depends on certain environmental factors (e.g. temperature, 
viscosity, ionic strength) 22, which may introduce variability. These parameters are usually 
determined by the biological system under study, and re-calibration is important if they change 
dramatically in an experiment.  

VF-FLIM, like all optical approaches, improves upon the spatial resolution of patch clamp 
electrophysiology. While VF-FLIM records the Vmem of an optically defined region of interest (in 
this study a cell or cell group), electrophysiology records Vmem at an individual cell or part of a 
cell where the electrode makes contact, which may or may not reflect the Vmem of the entire cell 
or group. In this study, we interpret VF-FLIM at the whole cell level only, since that is the smallest 
unit in which the Vmem can be reliably calibrated by whole cell patch clamp electrophysiology. 
Intriguingly, there are differences in lifetime within some cells in VF-FLIM images at the pixel to 
pixel level. In small, mostly spherical cells under voltage clamp, one would expect uniform 
membrane potential 17, so these subcellular differences are most likely noise in the measurement. 
We speculate that most of this pixel-to-pixel noise comes from variability in fitting the 
biexponential lifetime model. Lifetime estimates at each pixel are calculated from 20 to 100-fold 
fewer photons than the lifetime value for the entire ROI. These lower photon counts at the single 
pixel level produce Vmem estimates that are less precise than the Vmem estimate for the entire ROI. 
Collection of more photons at each pixel could likely reduce this noise but would require longer 
acquisition times. We also cannot fully rule out an alternative explanation that the observed 
subcellular variability is the result of local differences in membrane composition 13.  

Vmem recordings in systems too large or too small for electrophysiological study could be an 
important application of VF-FLIM. Despite the improbability of Vmem compartmentalization in 
individual HEK293T cells, other cells with complex morphology and processes may display real, 
subcellular Vmem differences. In addition, delocalized Vmem patterns across tissues could in theory 
be stable 61 and have been proposed to contribute to tissue development 5. One remaining challenge 
in expanding VF-FLIM to these areas is the requirement for an initial calibration with voltage 
clamp electrophysiology. Alternative ways to control Vmem, such as ionophores or optogenetic 
actuators 62, may prove useful in these systems. When applying VF-FLIM to tissues, the cellular 
specificity of the VF stain becomes a consideration, as the VF2.1.Cl indicator used in this study 
labels all cell membranes efficiently. Looking ahead, recordings in tissue are an exciting area for 
future development of VF-FLIM, particularly in conjunction with cellular and sub-cellular 
strategies for targeting VF dyes 63,64.  

To obtain absolute Vmem measurements with fluorescence lifetime, VF-FLIM sacrifices some of 
the temporal resolution of electrophysiology or intensity-based voltage imaging. VF-FLIM 
acquisition times are limited by the large numbers of photons needed per pixel in time-correlated 
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single photon counting (see Methods). As a result, VF-FLIM in its current implementation can 
track Vmem events lasting longer than a few seconds. For “resting” membrane potential or Vmem 
dynamics associated with cell growth or differentiation, this temporal resolution is likely 
sufficient. Nevertheless, in the future, we envision allying VF-FLIM with recently developed, 
faster lifetime imaging technology to enable optical quantification of more rapid Vmem responses 
65,66.  

Resting Membrane Potential Distributions in Cultured Cells 

Using the improved Vmem resolution and throughput of VF-FLIM, we optically documented resting 
membrane potential distributions in cultured cells to characterize the membrane potential state(s) 
present. The presence and significance of distinct Vmem states in cell populations is mostly 
uncharacterized due to the throughput limitations of patch-clamp electrophysiology, but some 
reports suggest that distinct Vmem states arise during the various phases of the cell cycle 48,50. Vmem 
histograms presented in this work appear more or less unimodal, showing no clear sign of cell 
cycle-related Vmem states (Fig. 2.12, Fig. 2.13). We considered the possibility that VF-FLIM does 
not detect cell-cycle-related Vmem states because we report average Vmem across cell groups in cases 
where cells are in contact (Fig. 2.2). This explanation is unlikely for two reasons. First, Vmem 
distributions for CHO cells appear unimodal, even though CHO cultures were mostly comprised 
of isolated cells under the conditions tested (Fig. 2.12D-F). Second, theoretical work suggests that 
dramatically different Vmem states in adjacent cells are unlikely, as electrical coupling often leads 
to equilibration of Vmem across the cell group 61,67. Although we cannot rule out the possibility of 
poorly separated Vmem populations (i.e. with a mean difference in voltage below our resolution 
limit), VF-FLIM both prompts and enables a re-examination of the notion that bi- or multimodal 
Vmem distributions exist in cultured cells. Furthermore, VF-FLIM represents an exciting 
opportunity to experimentally visualize theorized Vmem patterns in culture and in more complex 
tissues. Studies towards this end are ongoing in our laboratory. 

 

Epidermal Growth Factor Induces Vmem Signaling in A431 Cells 

In the present study, we use VF-FLIM to provide the first cell-resolved, direct visualization of 
voltage changes induced by growth factor signaling. For long term Vmem recordings during growth-
related processes, an optical approach is more attractive than an electrode-based one. 
Electrophysiology becomes increasingly challenging as time scale lengthens, especially if cells 
migrate, and washout of the cytosol with pipette solution can change the very signals under study 
68,69. Previous attempts to electrophysiologically record Vmem in EGF-stimulated A431 cells were 
unsuccessful due to these technical challenges 56. Because whole cell voltage-clamp 
electrophysiology was intractable, the Vmem response in EGF-stimulated A431 cells was addressed 
indirectly through model cell lines expressing EGFR exogenously 56, bulk measurements on 
trypsinized cells in suspension 70, or cell-attached single channel recordings 71–73. By stably 
recording Vmem during EGF stimulation, VF-FLIM enables direct study of Vmem signaling in 
otherwise inaccessible pathways.  

In conjunction with physiological manipulations and pharmacological perturbations, we explore 
the molecular mechanisms underlying EGF-induced hyperpolarization. We find that signaling 
along the EGF-EGFR axis results in a robust hyperpolarizing current carried by K+ ions, passed 
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by the Ca2+-activated K+ channel KCa3.1, and mediated by intracellular Ca2+ (Fig. 2.22C). We 
achieve a complete loss of the hyperpolarizing response to EGF by altering the K+ driving force 
(“High K+” Fig. 2.22A, Fig. 2.23B), blocking calcium-activated K+ currents directly (“CTX” and 
“TRAM-34”, Fig. 2.22A, Fig. 2.23D,E), or intercepting cytosolic Ca2+ (“BAPTA-AM”, Fig. 
2.22A, Fig. 2.23G). These results, combined with transcriptomic evidence that KCa3.1 is the major 
KCa channel in A431 cells 74, indicate that KCa3.1 mediates the observed hyperpolarization. 
Interestingly, under some conditions where K+-mediated hyperpolarization is blocked (“CTX,” 
“high K+”, “BAPTA-AM”), VF-FLIM reveals a small, secondary depolarizing current not visible 
during normal EGF stimulation. This current likely arises from initial Ca2+ entry into the cell, as 
previously observed during EGF signaling 75,76. Although we have obtained direct and conclusive 
evidence of EGF-induced hyperpolarization in A431 cells, the interactions between this voltage 
change and downstream targets of EGFR remain incompletely characterized. Enhancing EGF 
signaling by blockade of cellular tyrosine phosphatases with orthovanadate 77 correspondingly 
increases EGF-mediated hyperpolarization (“Na3VO4” Fig. 2.22A, Fig. 2.23H), but inhibition of 
downstream kinase activity appears to have little effect on hyperpolarization (“wortmannin” Fig. 
2.22A, Fig. 2.23I). 

In the context of RTK signaling, Vmem may serve to modulate the driving force for external Ca2+ 
entry 3,78 and thereby act as a regulator of this canonical signaling ion. Alternatively, Vmem may 
play a more subtle biophysical role, such as potentiating lipid reorganization in the plasma 
membrane 79. Small changes in Vmem likely affect signaling pathways in ways that are currently 
completely unknown, but high throughput discovery of Vmem targets remains challenging. 
Combination of electrophysiology with single cell transcriptomics has begun to uncover 
relationships between Vmem and other cellular pathways in excitable cells 80; such approaches could 
be coupled to higher throughput VF-FLIM methods to explore pathways that interact with Vmem 
in non-excitable contexts. 

VF-FLIM represents a novel and general approach for interrogating the roles of membrane 
potential in fundamental cellular physiology. Future improvements to the voltage resolution could 
be made by use of more sensitive indicators, which may exhibit larger changes in fluorescence 
lifetime 34. VF-FLIM can be further expanded to include the entire color palette of PeT-based 
voltage indicators 81,82, allied with targeting methods to probe absolute membrane potential in 
heterogeneous cellular populations 63,64, and coupled to high-speed imaging techniques for optical 
quantification of fast voltage events 65,66.  
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Materials 

VoltageFluor (VF) dyes VF2.1.Cl and VF2.0.Cl were synthesized in house according to previously 
described syntheses 34. VFs were stored either as solids at room temperature or as 1000x DMSO 
stocks at -20°C. VF stock concentrations were normalized to the absorption of the 
dichlorofluorescein dye head via UV-Vis spectroscopy in Dulbecco’s phosphate buffered saline 
(dPBS, Thermo Fisher Scientific, Waltham, MA) pH 9 with 0.1% sodium dodecyl sulfate (w/v, 
SDS). Di-8-ANEPPS was purchased from Thermo Fisher Scientific. Di-8-ANEPPS was prepared 
as a 2 mM (2000x) stock solution in DMSO and stored at -20°C. Di-8-ANEPPS concentrations 
were determined via UV-Vis spectroscopy in methanol (ε at 498 nm: 41,000 cm-1 M-1 according 
to the manufacturer’s certificate of analysis). 

All salts and buffers were purchased from either Sigma-Aldrich (St. Louis, MO) or Fisher 
Scientific. TRAM-34, 4-aminopyridine, and charybdotoxin were purchased from Sigma-Aldrich. 
Gefitinib, wortmannin, sodium orthovanadate, and BAPTA-AM were purchased from Fisher 
Scientific. Canertinib was a gift from the Kuriyan laboratory at UC Berkeley. Gefitinib, 
wortmannin, canertinib, and TRAM-34 were made up as 1000x-10000x stock solutions in DMSO 
and stored at -20°C. Charybdotoxin was made up as a 1000x solution in water and stored at -80°C. 
4-aminopyridine was made up as a 20x stock in imaging buffer (HBSS) and stored at 4°C. 
Recombinantly expressed epidermal growth factor was purchased from PeproTech (Rocky Hill, 
NJ) and aliquoted as a 1 mg/mL solution in water at -80°C. 

Solid sodium orthovanadate was dissolved in water and activated before use 83. Briefly, 
orthovanadate solutions were repeatedly boiled and adjusted to pH 10 until the solution was clear 
and colorless. 200 mM activated orthovanadate stocks were aliquoted and stored at -20°C.  

Unless otherwise noted, all imaging experiments were performed in Hank’s Balanced Salt Solution 
(HBSS; Gibco/Thermo Fisher Scientific). HBSS composition in mM: 137.9 NaCl, 5.3 KCl, 5.6 D-
glucose, 4.2 NaHCO3, 1.3 CaCl2, 0.49 MgCl2, 0.44 KH2PO4, 0.41 MgSO4, 0.34 Na2HPO4. High 
K+ HBSS was made in-house to 285 mOsmol and pH 7.3, containing (in mM): 120 KCl, 23.3 
NaCl, 5.6 D-glucose, 4.2 NaHCO3, 1.3 CaCl2, 0.49 MgCl2, 0.44 KH2PO4, 0.41 MgSO4, 0.34 
Na2HPO4. Nominally Ca2+/Mg2+ free HBSS (Gibco) contained, in mM: 137.9 NaCl, 5.3 KCl, 5.6 
D-glucose, 4.2 NaHCO3, 0.44 KH2PO4, 0.34 Na2HPO4. 

Methods 

Cell Culture 

All cell lines were obtained from the UC Berkeley Cell Culture Facility and discarded after twenty-
five passages. A431, HEK293T, MCF-7, and MDA-MB-231 cells were authenticated by short 
tandem repeat (STR) profiling. All cells were routinely tested for mycoplasma contamination. 
Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L D-glucose 
supplemented with 10% FBS (Seradigm (VWR); Radnor, PA) and 2 mM GlutaMAX (Gibco) in a 
5% CO2 incubator at 37°C. Media for MCF-7 cells was supplemented with 1 mM sodium pyruvate 
(Life Technologies/Thermo Fisher Scientific) and 1x non-essential amino acids (Thermo Fisher 
Scientific). Media for CHO.K1 (referred to as CHO throughout the text) cells was supplemented 
with 1x non-essential amino acids. HEK293T and MDA-MB-231 were dissociated with 0.05% 
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Trypsin-EDTA with phenol red (Thermo Fisher Scientific) at 37°C, whereas A431, CHO, and 
MCF-7 cells were dissociated with 0.25% Trypsin-EDTA with phenol red at 37°C. To avoid 
potential toxicity of residual trypsin, all cells except for HEK293T were spun down at 250xg or 
500xg for 5 minutes and re-suspended in fresh complete media during passaging.  

For use in imaging experiments, cells were plated onto 25 mm diameter poly-D-lysine coated #1.5 
glass coverslips (Electron Microscopy Sciences) in 6 well tissue culture plates (Corning; Corning, 
NY). To maximize cell attachment, coverslips were treated before use with 1-2 M HCl for 2-5 
hours and washed overnight three times with 100% ethanol and three times with deionized water. 
Coverslips were sterilized by heating to 150°C for 2-3 hours. Before use, coverslips were incubated 
with poly-D-lysine (Sigma-Aldrich, made as a 0.1 mg/mL solution in phosphate-buffered saline 
with 10 mM Na3BO4) for 1-10 hours at 37°C and then washed twice with water and twice with 
Dulbecco’s phosphate buffered saline (dPBS, Gibco). 

A431, CHO, HEK293T, and MCF-7 were seeded onto glass coverslips 16-24 hours before 
microscopy experiments. MDA-MB-231 cells were seeded 48 hours before use because it 
facilitated formation of gigaseals during whole-cell voltage clamp electrophysiology. Cell 
densities used for optical resting membrane potential recordings (in 103 cells per cm2) were: A431 
42; CHO 42; HEK293T 42; MCF-7 63; MDA-MB-231 42. To ensure the presence of single cells 
for whole-cell voltage clamp electrophysiology, fast-growing cells were plated more sparsely 
(approximately 20% confluence) for electrophysiology experiments. Cell densities used for 
electrophysiology (in 103 cells per cm2) were: A431 36-52; CHO 21; HEK293T 21; MCF-7 63; 
MDA-MB-231 42. To reduce their rapid growth rate, HEK293T cells were seeded onto glass 
coverslips in reduced glucose (1 g/L) DMEM with 10% FBS, 2 mM GlutaMAX, and 1 mM sodium 
pyruvate for electrophysiology experiments. 

Cellular Loading of VoltageFluor Dyes 

Cells were loaded with 1x VoltageFluor in HBSS for 20 minutes in a 37°C incubator with 5% 
CO2. For most experiments, 100 nM VoltageFluor was used. Serum-starved A431 cells were 
loaded with 50 nM VoltageFluor. After VF loading, cells were washed once with HBSS and then 
placed in fresh HBSS for imaging. All imaging experiments were conducted at room temperature 
under ambient atmosphere. Cells were used immediately after loading the VF dye, and no cells 
were kept for longer than an hour at room temperature. 

Whole Cell Patch-Clamp Electrophysiology 

Pipettes were pulled from borosilicate glass with filament (Sutter Instruments, Novato, CA) with 
resistances ranging from 4 to 7 MΩ with a P97 pipette puller (Sutter Instruments). Internal solution 
composition, in mM (pH 7.25, 285 mOsmol/L): 125 potassium gluconate, 10 KCl, 5 NaCl, 1 
EGTA, 10 HEPES, 2 ATP sodium salt, 0.3 GTP sodium salt. EGTA (tetraacid form) was prepared 
as a stock solution in either 1 M KOH or 10 M NaOH before addition to the internal solution. 
Pipettes were positioned with an MP-225 micromanipulator (Sutter Instruments). A liquid junction 
potential of -14 mV was determined by the Liquid Junction Potential Calculator in the pClamp 
software package 84 (Molecular Devices, San Jose, CA), and all voltage step protocols were 
corrected for this offset. 

For VF-FLIM and CAESR, electrophysiology recordings for VF-FLIM and CAESR were made 
with an Axopatch 200B amplifier and digitized with a Digidata 1440A (Molecular Devices). The 
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software package used was pClamp 10.3. Signals were filtered with a 5 kHz low-pass Bessel filter. 
Correction for pipette capacitance was performed in the cell attached configuration. Voltage-
lifetime calibrations were performed in V-clamp mode, with the cell held at the potential of interest 
for 15 or 30 seconds while lifetime was recorded. Potentials were applied in random order, and 
membrane test was conducted between each step to verify the quality of the patch. For single cell 
patching, recordings were only included if they maintained a 30:1 ratio of membrane resistance 
(Rm) to access resistance (Ra) and an Ra value below 30 MΩ throughout the recording. Due to the 
reduced health of HEK293T cells transfected with CAESR, recordings were used as long as they 
maintained a 10:1 Rm:Ra ratio, although most recordings were better than 30:1 Rm:Ra. Only 
recordings stable for at least 4 voltage steps (roughly 2 minutes) were included in the dataset. 

For di-8-ANEPPS, electrophysiology recordings were made in the same manner as the above, with 
the following minor differences. Signals were digitized with a Digidata 1550B; the pClamp 10.6 
software package was used (Molecular Devices). Potentials were applied in the order 0 mV, -80 
mV, +40 mV, -40 mV, +80 mV for ten seconds at each step. Patch parameters were tested at the 
beginning and end of the patch program, rather than between each step. Only patches that retained 
a 30:1 ratio of Rm to Ra and access resistance below 30 MΩ throughout the recording were 
included in the dataset. 

For electrophysiology involving small groups of cells (Fig. 2.10), complete voltage clamp across 
the entire cell group was not possible. Recordings were used as long as Ra remained below 30 MΩ 
for at least three voltage steps. Most recordings also retained Rm:Ra ratios greater than 20:1.  

Epidermal Growth Factor Treatment 

A431 cells were serum starved prior to epidermal growth factor studies. Two days before the 
experiment, cells were trypsizined and suspended in complete media with 10% FBS. Cells were 
then spun down for 5 minutes at 500xg and re-suspended in reduced serum DMEM (2% FBS, 2 
mM GlutaMAX, 4.5 g/L glucose). Cells were seeded onto 25 mm coverslips in 6 well plates at a 
density of 84 x 103 cells per cm2. 4-5.5 hours before the experiment, the media was exchanged for 
serum-free DMEM (0% FBS, 2 mM GlutaMAX, 4.5 g/L glucose).  

After 4-5.5 hours in serum-free media, cells were loaded with 50 nM VF dye as described above. 
In pharmacology experiments, the drug or vehicle was also added to the VF dye loading solution. 
All subsequent wash and imaging solutions also contained the drug or vehicle. For changes to 
buffer ionic composition, VoltageFluor dyes were loaded in unmodified HBSS to avoid toxicity 
from prolonged incubation with high K+ or without Ca2+. Immediately prior to use, cells were 
washed in the modified HBSS (120 mM K+ or 0 mM Ca2+) and recordings were made in the 
modified HBSS.  

For analysis of short-term responses to EGF (3 minute time series), VF lifetime was recorded in 6 
sequential 30 second exposures. Immediately after the conclusion of the first frame (30-35 seconds 
into the recording), EGF or vehicle (imaging buffer only) was added to the indicated final 
concentration from a 2x solution in HBSS imaging buffer. For analysis of long-term responses to 
EGF (15 minute time series), EGF addition occurred in the same way, but a gap of 150 seconds 
(without laser illumination) was allotted between each 30 second lifetime recording. Times given 
throughout the text correspond to the start of an exposure. Voltage changes at 2.5 minutes were 
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calculated from the difference between an initial image (taken before imaging buffer vehicle or 
EGF addition) and a final image (a 30 second exposure starting 2.5 minutes into the time series). 

Transfection and Imaging of CAESR in HEK293T 

The CAESR plasmid was obtained as an agar stab (FCK-Quasar2-Citrine, Addgene #59172), 
cultured overnight in LB with 100 μg/mL ampicillin, and isolated via a spin miniprep kit (Qiagen). 
HEK293T cells were plated at a density of 42,000 cells per cm2 directly onto a 6 well tissue culture 
plate and incubated at 37°C in a humidified incubator for 24 hours prior to transfection. 
Transfections were performed with Lipofectamine 3000 according to the manufacturer’s protocol 
(Thermo Fisher Scientific). Cells were allowed to grow an additional 24 hours after transfection 
before they were plated onto glass coverslips for microscopy experiments (as described above for 
electrophysiology of untransfected HEK293T cells). 

Determination of EC50 for EGF in A431 Cells 

Average voltage changes 2.5 minutes after addition of EGF to serum deprived A431 cells were 
determined at different EGF concentrations, and these means were fit to a four parameter logistic 
function in MATLAB (MathWorks, Natick, MA). 

Goldman-Hodgkin-Katz Estimation of Vmem Ranges in Different Imaging Buffers 

If intracellular and extracellular concentrations, as well as relative permeabilities, of all ionic 
species are known, the Goldman-Hodgkin-Katz (GHK) equation (eqn. 1) can be used to calculate 
the resting membrane potential of a cell 40. In practice, the intracellular ion concentrations [X]in 
and relative permeabilities Px are difficult to determine, so the GHK equation is not a substitute 
for direct measurement of Vmem. To obtain a range of reasonable Vmem values in systems where 
these concentrations and relative permeabilities are not known, we calculated possible Vmem using 
the “standard” parameters derived from the work of Hodgkin and Katz 40, as well as a value above 
and a value below each “standard” point. The values evaluated were the following: PK 1; PNa 0.01, 
0.05, 0.2; PCl 0.2, 0.45, 0.9; [K+]in 90, 150, 200 mM; [Na+]in 5, 15, 50 mM; [Cl-]in 2, 10, 35 mM. 
Extracellular ion concentrations [X]out were known (see Materials). In eqn. 2-1, R is the universal 
gas constant, T is the temperature (293 K for this experiment), and F is Faraday’s constant.  
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Fluorescence Lifetime Data Acquisition 

Fluorescence lifetime imaging was conducted on a LSM 510 inverted scanning confocal 
microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with an SPC-150 or SPC-150N 
single photon counting card (Becker & Hickl GmbH, Berlin, Germany) (Scheme 2.1). 80 MHz 
pulsed excitation was supplied by a Ti:Sapphire laser (MaiTai HP; SpectraPhysics, Santa Clara, 
CA) tuned to 958 nm and frequency-doubled to 479 nm. The laser was cooled by a recirculating 
water chiller (Neslab KMC100). Excitation light was directed into the microscope with a series of 
silver mirrors (Thorlabs, Newton, NJ or Newport Corporation, Irvine, CA).  

[2-1] 
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Excitation light power at the sample was controlled with a neutral density (ND) wheel and a 
polarizer (P) followed by a polarizing beamsplitter (BS). Light was titrated such that VoltageFluor 
lifetime did not drift during the experiment, no phototoxicity was visible, and photon pile-up was 
not visible on the detector. For recordings at high VoltageFluor concentrations (Fig. 2.3, Fig. 2.11), 
reduced power was used to keep count rates below the pile-up limit. For optical voltage 
determinations using 50 or 100 nM VoltageFluor, typical average power at the sample was 5 μW. 

Fluorescence emission was collected through a 40x oil immersion objective (Zeiss) coated with 
immersion oil (Immersol 518F, Zeiss). Emitted photons were detected with a hybrid detector, 
HPM-100-40 (Becker & Hickl), based on a Hamamatsu R10467 GaAsP hybrid photomultiplier 
tube. Detector dark counts were kept below 1000 per second during acquisition. Emission light 
was collected through a 550/49 bandpass filter (Semrock, Rochester, NY) after passing through a 
488 LP dichroic mirror (Zeiss). The reference photons for determination of photon arrival times 
were detected with a PHD-400-N high speed photodiode (Becker & Hickl). Data were acquired 
with 256 time bins in the analog-to-digital-converter and either 64x64 or 256x256 pixels of spatial 
resolution (see discussion of pixel size below).  

Routine evaluation of the proper functioning of the lifetime recording setup was performed by 
measurement of three standards (Table 2.2): 2 μM fluorescein in 0.1 N NaOH, 1 mg/mL erythrosin 
B in water (pH 7), and the instrument response function (IRF). The IRF was determined from a 
solution of 500 μM fluorescein and 12.2 M sodium iodide in 0.1 N NaOH. Because of the high 
concentration of iodide quencher, the IRF solution has a lifetime shorter than the detector response 
time, allowing approximation of the instrument response function under identical excitation and 
emission conditions as data acquisition 85. 

 
Scheme 2.1. Optical diagram for time correlated single photon counting microscope. 
Excitation light was supplied by a Ti:Sapphire laser tuned to 958 nm. A small amount of light was 
redirected by a beam sampler (S) to a reference photodiode. The remaining light was passed 
through a frequency doubler to obtain 479 nm excitation light, which entered the LSM510 confocal 
microscope. A polarizer (P) followed by a polarizing beamsplitter (BS), as well as a neutral density 
(ND) wheel, allowed control of the amount of light passed to the sample. 
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IRF Deconvolution 

Signal from photons detected in a TCSPC apparatus are convolved with the instrument response 
(IRF). IRFs can be approximated by the SPCImage fitting software, but consistency of lifetime 
fits on VF-FLIM datasets was improved by using a measured IRF. Measured IRFs were 
incorporated by the iterative reconvolution method using SPCImage analysis software 86. 

VoltageFluor Lifetime Fitting Model 

All VoltageFluor lifetime data were fit using SPCImage (Becker & Hickl), which solves the 
nonlinear least squares problem using the Levenberg-Marquadt algorithm. VF2.1.Cl lifetime data 
were fit to a sum of two exponential decay components (eqn. 2-2). Attempts to fit the VF2.1.Cl 
data with a single exponential decay (eqn. 2-3) were unsatisfactory.  
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The fluorescence lifetime of VF2.0.Cl was adequately described by a single exponential decay for 
almost all data (eqn. 2-3). A second exponential component was necessary to fit data at VF2.0.Cl 
concentrations above 500 nM, likely attributable to the concentration-dependent decrease in 
lifetime that was observed high VF concentrations. 

 

𝐹𝐹(𝑡𝑡) = 𝑎𝑎𝑒𝑒−𝑡𝑡 𝜏𝜏�  

 

For all data fit with the two component model, the weighted average of the two lifetimes, τm (eqn. 
2-4), was used in subsequent analysis.  
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All lifetime images are represented as an overlay of photon count (pixel intensity) and weighted 
average lifetime (pixel color) throughout the text (τm + PC, Figure 2.2). Pixels with insufficient 
signal to fit a fluorescence decay are shown in black. The photon counts, as well as the lifetimes, 
in image sequences on the same set of cells are scaled across the same range. 

Additional Fit Parameters for VoltageFluor Lifetimes 

Pixels with photon counts below 300 (VF2.1.Cl) or 150 (VF2.0.Cl) photons at the peak of the 
decay (time bin with the most signal) were omitted from analysis to ensure reproducible fits. 
Because the lifetime of VFs does not fully decay to baseline in a single 12.5 ns laser cycle, the 
incomplete multiexponentials fitting option was used, allowing the model to attribute some signal 
early in the decay to the previous laser cycle. Out of 256 time bins from the analog-to-digital 
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converter (ADC), only data from time bins 23 to 240 were used in the final fit. The offset parameter 
(detector dark counts per ADC time bin per pixel) was set to zero. The number of iterations for the 
fit in SPCImage was increased to 20 to obtain converged fits. Shift between the IRF and the decay 
trace was fixed to 0.5 (in units of ADC time bins), which consistently gave lifetimes of standards 
erythrosin B (1 mg/mL in H2O) 87 and fluorescein (2 μM in 0.1 N NaOH, H2O) 37 closest to reported 
values (Table 2.2).  

Acquisition Time and Effective Pixel Size in Lifetime Data 

To obtain sufficient photons but keep excitation light power minimal, binning between 
neighboring pixels was employed during fitting. This procedure effectively takes the lifetime as a 
spatial moving average across the image by including adjacent pixels in the decay for a given pixel. 
To obtain larger photon counts, the confocal pinhole was set between 2.5 and 3.5 airy units, which 
corresponds to optical section thickness of approximately 2.5 µm. 

Data Type Acquired Pixel 
Width (μm) 

Binned Pixel 
Width (μm) 

Acquisition 
Time (s) 

Img Size 
(pixels) 

Concentration Curve  
(Fig. 2.3, Fig. 2.11) 0.44 3.08 75-90 256 x 256 

Vmem Distributions (Fig. 2.12) 1.24 8.68 90-120 256 x 256 
Electrophysiology Recording 1.00 3.01 15-30 64 x 64 

EGF Time Series 0.88 2.64 30 64 x 64 
Table 2.6. Acquisition Times and Effective Pixel Sizes. 
All tabulated values are for an individual frame, although multiple sequential frames were recorded 
in both the electrophysiology and EGF experiments. For each recording type, the width of each 
pixel at acquisition is reported, as well as the width of the area included in the binned lifetime 
signal during fitting. All pixels are square. The acquisition time reflects the total time to collect 
the image, not the total time exposing each pixel. All FLIM images have 256 time bins in the ns 
regime, so a 256x256 spatial image size represents a 256x256x256 total dataset. Img = image. 

Determination of Regions of Interest 

Images were divided into cell groups, with each cell group as a single region of interest (ROI). 
ROIs were determined from photon count images, either manually from the cell morphology in 
FIJI 88 or automatically by sharpening and then thresholding the signal intensity with custom 
MATLAB code. Regions of images that were partially out of the optical section or contained 
punctate debris were omitted. Sample ROIs are shown in Fig. 2.2.  

For cells that adjoin other cells, attribution of a membrane region to one cell versus the other is not 
possible. As such, we chose to interpret each cell group as an independent sample (‘n’) instead of 
extracting Vmem values for individual cells. Adjacent cells in a group are electrically coupled to 
varying degrees, and their resting membrane potentials are therefore not independent 39. While this 
approach did not fully utilize the spatial resolution of VF-FLIM, it prevented overestimation of 
biological sample size for the effect in question. 

Conversion of Lifetime to Transmembrane Potential 

The mean τm across all pixels in an ROI was used as the lifetime for that ROI. Lifetime values 
were mapped to transmembrane potential via the lifetime-Vmem standard curves determined with 
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whole-cell voltage-clamp electrophysiology. For electrophysiology measurements, the 
relationship between the weighted average lifetime (eqn. 4) and membrane potential for each 
patched cell was determined by linear regression, yielding a sensitivity (m, ps/mV) and a 0 mV 
lifetime (b, ps) for each cell (eqn. 2-5). The average sensitivity and 0 mV point across all cells of 
a given type were used to convert subsequent lifetime measurements (τ) to Vmem (Table 2.4, eqn. 
2-6). For quantifying changes in voltage (ΔVmem) from changes in lifetime (Δτ), only the average 
sensitivity is necessary (eqn. 2-7). 

 

𝜏𝜏 = 𝑚𝑚 ∗ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑏𝑏 

 

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 =  
(𝜏𝜏 −  𝑏𝑏)
𝑚𝑚  

 

𝛥𝛥𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 =  
(𝛥𝛥𝛥𝛥)
𝑚𝑚

 

 

Where standard error of the mean of a voltage determination (δVmem) is given, error was 
propagated to include the standard errors of the slope (δm) and y-intercept (δb) of the voltage 
calibration, as well as the standard error of the lifetime measurements (δτ) in the condition of 
interest (eqn. 2-8). For error in a voltage change (δΔVmem), only error in the calibration slope was 
included in the propagated error (eqn. 2-9). Where standard deviation of VF-FLIM derived Vmem 
values is shown, a similar error propagation procedure was applied, using the standard deviation 
of the average sensitivity and 0 mV lifetime for that cell line. 
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Resolution of VF-FLIM Voltage Determination 

The intrinsic nature of fluorescence lifetime introduces a point of reference into the voltage 
measurement, from which a single lifetime image can be interpreted as resting membrane potential. 
Differences in this reference point (reported here as the 0 mV lifetime) over time and across cells 
provides an estimate of the voltage-independent noise in VF-FLIM. We report resolution as the 
root-mean-square deviation (RMSD) between the optically calculated voltage (VFLIM) and the 
voltage set by whole-cell voltage clamp (Vephys), which is analogous to the resolution calculations 
described previously by Cohen and co-workers 30. The RMSD of n measurements (eqn. 2-10) can 

[2-8] 

[2-9] 

[2-6] 

[2-7] 

[2-5] 
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be determined from the variance σ2 (eqn. 2-11) and the bias (eqn. 2-12) of the estimator (in this 
case, VF-FLIM) relative to the “true” value (in this case, electrophysiology). These calculations 
are described graphically in Scheme 2.2 below. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �𝜎𝜎2 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2 

𝜎𝜎2 =
1
𝑛𝑛
�(𝑉𝑉𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹,𝑖𝑖 −  𝑉𝑉𝑒𝑒𝑒𝑒ℎ𝑦𝑦𝑦𝑦,𝑖𝑖)2
𝑛𝑛

𝑖𝑖=1
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𝑛𝑛

𝑖𝑖=1

 

 

 
Scheme 2.2. Intra and inter-cell Vmem resolution calculations. 
Data are taken directly from Figure 2.1H,I as an example. (A) Intra cell values are the RMSD 
between the voltage equivalent of the measured lifetime (VFLIM) and voltage set by 
electrophysiology (Vephys). VFLIM values are calculated using that particular cell’s line of best fit, 
so one value is obtained per cell. Here, we present intra cell error as the mean ± SEM of all cells 
from a given cell line. (B) Inter cell errors are the RMSD between the voltage-equivalent of the 0 
mV lifetime for all cells tested from a cell line (VFLIM, determined with the average slope and y-
intercept for that cell line) and the ground truth value of 0 mV. Inter-cell accuracy is calculated 
from all of the calibration data for a cell line, so there is one value per cell line. Black points are 
experimental y-intercepts and blue points are the VFLIM optical voltage determinations from those 
lifetimes. Gray lines are lines of best fit for individual cells. Green line in (B) represents the 
average τfl-Vmem relationship for a cell line. 
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The voltage-independent variations in lifetime are much larger between cells than within a cell. 
Therefore, the error in measuring absolute voltage changes on a given cell (“intra-cell” 
comparisons) is lower than the error in determining the absolute Vmem of that cell (“inter-cell” 
comparisons, since the calibration used is from another cell). We can therefore determine an “intra-
cell” RMSD and an “inter-cell” RMSD to reflect the voltage resolution of these two types of 
measurements. To calculate “intra-cell” error, we look at the RMSD between Vephys and VFLIM 
using the τfl-Vmem relationship for that specific cell. Phrased another way, we are looking at the 
amount of error that would be expected in estimating Vmem of a cell if its exact τfl-Vmem relationship 
were known. This “intra cell” RMSD estimates the error expected in quantifying changes in Vmem 
on a given cell. We calculate an intra cell error for each cellular recording, so intra cell errors are 
reported throughout the text as a mean ± SEM of the intra cell errors for all individual cells of a 
given type. The average intra cell error was at or below 5 mV for all cell lines tested (Table 2.4). 

The error in the absolute membrane potential determination (“inter-cell”) is calculated here as the 
RMSD between the y-intercept (0 mV lifetime) of all of the individual cells’ lifetime-voltage 
relationships and the 0 mV value for the averaged calibration for all cells of a given type. This 
metric quantifies how well the lifetime-Vmem relationship for a given cell line is likely to represent 
an individual cell’s lifetime-Vmem relationship. This “inter cell” RMSD ranged from 10 to 23 mV 
for the tested cell lines (Table 2.4). Much smaller errors for a population value of Vmem can be 
obtained by averaging Vmem recordings from multiple cells. 

This method of calculating error assumes that the electrophysiology measurement is perfectly 
accurate and precise. Realistically, it is likely that some of the variation seen is due to the quality 
of the voltage clamp. As a result, these RMSD values provide a conservative upper bound for the 
voltage errors in VF-FLIM. 

Analysis of CAESR Lifetimes  

For sample images of CAESR in HEK293T (Fig. 2.5), fluorescence decays were fit using 
SPCImage to a biexponential decay model as described for VF2.1.Cl above, using a peak photon 
threshold of 150 and a bin of 2 (binned pixel width of 5 μm). To better match the studies by Cohen 
and co-workers 31, which isolated the membrane fluorescence from cytosolic fluorescence by 
directing the laser path, the lifetime-voltage relationships were not determined with these square-
binned images. Instead, membranes were manually identified, and the fluorescence decays from 
all membrane pixels were summed together before fitting once per cell. (This is in contrast to the 
processing of VoltageFluor data, where the superior signal to noise and localization enables fitting 
and analysis of the lifetime on a pixel by pixel basis). This “one fit per membrane” analysis of 
CAESR was performed in custom MATLAB code implementing a Nelder-Mead algorithm 
(adapted from Enderlein and Erdmann 89). CAESR data were fit to a biexponential model with the 
offset fixed to 0 and the color shift as a free parameter. 

Di-8-ANEPPS Ratio-based Imaging 

In preparation for imaging, HEK293T cells were plated as described above for electrophysiology. 
1 µM di-8-ANEPPS was loaded for ten minutes in HBSS at room temperature and atmospheric 
CO2. Coverslips were washed twice in HBSS and transferred to fresh HBSS for imaging. No 
surfactants were used in the loading (e.g. Pluronic F-127) because their presence worsened cell 
robustness for whole-cell patch-clamp electrophysiology. All recordings were made with HBSS 
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as an extracellular solution; no cells were kept for more than 30 minutes after dye loading due to 
the increasing presence of internalized dye. 

Epifluorescence imaging was performed with an inverted Observer.Z1 (Carl Zeiss Microscopy) 
controlled with µManager 1.4 (Open Imaging) 90. Images were acquired with an Orca Flash 4 
Digital CMOS camera (Hamamatsu Corporation; San Jose, CA). Excitation light was provided 
with a Spectra X light engine (Lumencor, Inc.; Beaverton, OR). Excitation wavelengths were 
selected with built-in filters in the Spectra X (440/20 bandpass filter for blue and 550/15 bandpass 
filter for green). Blue-excited images were obtained with an excitation power of 71 mW/mm2 and 
an exposure time of 50 ms. Green-excited images were obtained with an excitation power of 136 
mW/mm2 and an exposure time of 500 ms. Emission light was collected with a 40x magnification 
oil immersion objective lens using Immersol 518F immersion oil (Zeiss). Fluorescence emission 
was selected with a 562 nm long pass dichroic mirror and further filtered by a 593/40 bandpass 
filter (Semrock). Excitation and emission wavelengths were selected to match previous work with 
this probe as closely as possible 14 (current excitation[blue]: 440 ± 10 nm; reported 
excitation[blue]: 440 ± 15 nm; current excitation [green]: 550 ± 7.5 nm; reported excitation: 530 
± 15 nm; current dichroic: 562 nm long-pass; reported dichroic: 565 nm; current emission: 593 ± 
20 nm; reported emission: 570 nm long pass) 

Di-8-ANEPPS Data Analysis 

Single color (e.g. blue excited or green excited) fluorescence images were background subtracted 
at each pixel before ratios were calculated. The background value was determined from a region 
of interest near the center of the image that contained no cells and minimal fluorescent debris. 
Excitation ratios (“R”, blue signal divided by green signal, B/G) were then calculated pixelwise 
from the background subtracted fluorescence images. Pixels with less than 100 arbitrary units of 
signal in either the blue or the green channel were excluded from analysis and are depicted in 
black. Regions of interest (ROIs) were manually selected in ImageJ to include only area 
corresponding to the cell membrane. The ratio was averaged across all pixels in a given ROI 
(similar to the treatment for VF-FLIM, as described in Figure 2.2). The ratio values per value of 
Vmem (set by whole cell patch clamp electrophysiology) in Fig. 2.6 are the average of these cell-
averaged ratios obtained in 6 or 7 sequential images acquired while the Vmem was held at the 
indicated value. 

Where normalized R values are discussed, these values were calculated by dividing the ratio at a 
given potential (averaged for an ROI as discussed above) by the ratio at 0 mV, as reported 
previously 14. This normalization procedure requires electrode-based calibration for every 
individual recording and cannot be stably extended to all cells from a particular cell line. Therefore, 
it is not analogous to VF-FLIM and is not the point of comparison for voltage resolution. 

Statistical Analysis 

Mean ± standard error of the mean (S.E.M.) of data is reported throughout the text. Hypothesis 
testing was performed as indicated with either analysis of variance (ANOVA) followed by 
appropriate post hoc tests or two-sided, unpaired, unequal variances t-tests. Statistical tests were 
performed in Python 2 or 3 with the SciPy, pandas and Pingouin 91 packages. Unless otherwise 
noted, all data shown reflect at least three biological replicates (independent cultures measured on 
different days). Each of these biological replicates contained between 1 and 5 technical replicates 
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(different samples of cells that were measured on the same day and had been prepared from the 
same cell stock). For tandem electrophysiology-FLIM measurements, each τfl-Vmem calibration 
includes three biological replicates to capture the variability expected during applications of VF-
FLIM. No power analyses were performed before data were collected. Sample sizes throughout 
the text refer to the total number of cells or cell groups of a given type analyzed across all biological 
and technical replicates. Cell group identification is discussed in Methods. For experiments where 
resting membrane potential or resting membrane potential changes are compared to a baseline, 
both control measurements and their physiologically or pharmacologically altered counterparts 
were recorded on each experimental day. Masking was not used during data collection or analysis.  
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Generality and Possible Biological Effects of EGF-Induced Hyperpolarization 
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Abstract 

Transmembrane potential, Vmem, has been discussed as possible regulator of cellular growth and 
division. In particular, we observed that activation of epidermal growth factor receptor (EGFR) by 
its ligand epidermal growth factor (EGF) produced a transient hyperpolarization in the human 
carcinoma cell line A431. We followed up on this key observation by investigating two additional 
dimensions: [1] the generality of EGF-induced Vmem signals and [2] the biological effects of EGF-
induced hyperpolarization. To establish whether the Vmem response seen in A431 cells was 
generalizable to other systems, we investigated the Vmem effects of EGF stimulation in a 
heterologous expression system (HEK293T cells). Results of these studies were largely 
inconclusive. We observed different Vmem dynamics in HEK293T cells expressing EGFR than we 
did in A431 cells, and we did not observe dramatic changes in either Ca2+ handling or tyrosine 
phosphorylation following EGF stimulation in A431. Overall, these data suggest that, if they have 
a physiological effect, Vmem changes associated with the A431 response to EGF act through a 
pathway other than those investigated here, perhaps involving an additional factor that was not 
present in the heterologous expression system.  

 

Introduction 

Epidermal growth factor receptor is implicated in a variety of cellular processes, and its regulation 
is complex. A variety of positive and negative feedback loops from other cellular signaling motifs 
and second messengers can amplify or reduce the strength of a particular ligand’s signal.1 The 
existence of a hyperpolarizing Vmem signal following EGF stimulation of A431 carcinoma cells is 
intriguing, and it prompts further questions as to how that Vmem signal interacts with the broader 
picture of EGFR signaling. 

One possible area of interaction between Vmem and more canonical EGFR signaling pathways is 
the EGF-induced Ca2+ signal. Two main types of EGF-induced Ca2+ signals exist. Most directly, 
EGFR induces large, often oscillatory Ca2+ signals via activation of phospholipase C, generation 
of IP3, and release of Ca2+ from internal stores.1 Subsequently, the depletion of Ca2+ in internal 
stores triggers store-operated calcium entry (SOCE).2,3 In this context, Vmem could modulate the 
driving force for SOCE, as well as regulate the resting Ca2+ level in the cytosol. Similar Vmem-Ca2+ 
interactions have been hypothesized in migration and cell cycle progression.4 

An alternative hypothesis is that Vmem affects membrane organization or protein conformation 
direction. Such Vmem-dependent effects on the plasma membrane have been previously reported in 
the context of K-Ras, where Vmem potentiated reorganization of certain anionic phospholipids.5 , 
This membrane reorganization changed MAPK phosphorylation in both cultured cell lines and the 
Drosophila embryo. In the context of EGFR, many of the signaling factors, including EGFR itself, 
are localized to the plasma membrane and therefore could perhaps respond to Vmem directly or to 
membrane organization. 

The EGFR signaling network has been extensively studied, and many of the downstream 
interaction partners are known. In particular, a series of cytosolic tyrosine residues on the C-
terminal tail of EGFR interfaces with downstream binding partners. Autophosphorylation at these 
sites can occur when EGFR is activated by a ligand, recruiting the downstream interaction partner. 
Of particular interest for potential interaction with Vmem is Tyr 992, which is necessary and 
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sufficient to trigger downstream Ca2+ activation through phospholipase C binding.6 In addition, 
Tyr 1068 forms part of the binding site for Grb2,7 and Tyr 1173 forms part of the binding site for 
Shc.8 Both of these components cause, among other things, downstream activation of mitogen 
activated protein kinase (MAPK). Another interesting site on the receptor is Tyr 845, which is not 
on the C terminal tail but is partially responsible for stabilizing the active form of EGFR.9  

To understand the cell biology of the Vmem signal described in Chapter 2 more completely, we 
further investigated EGF-induced Vmem signals in three ways. First, we sought to reconstruct the 
EGFR signaling pathway through heterologous expression in HEK293T. In this system, we did 
not observe the same hyperpolarization as in A431 cells; instead, we observed a weak 
depolarization. Second, we monitored the effect of blocking the Vmem signal on EGF-induced Ca2+ 
dynamics. Third, we monitor changes in tyrosine phosphorylation when the Vmem signal is blocked, 
both at specific phosphorylation sites and globally within the cell. Taken together, these results do 
not connect EGF-induced Vmem to either Ca2+ dynamics or to tyrosine phosphorylation, but they 
also do not rule out a connection. Overall, these data indicate that the mechanism may be complex 
or involve heretofore uncharacterized signaling partners for Vmem. 

 

Results and Discussion 

HEK293T-EGFR show a slight, transient depolarization in response to EGF stimulation 

We performed VF-FLIM in HEK293T cells transiently transfected with a plasmid containing 
EGFR fused to the fluorescent protein mCherry. We observed plasma membrane localized 
mCherry fluorescence, with some punctate internal signal (Figure 3.1A). As expected with 
transient transfection, the strength of the mCherry signal varied widely between cells; we selected 
cells with intermediate mCherry fluorescence for VF-FLIM imaging. 

 

 

 

 

 

 

 

 

Figure 3.1. Slight depolarization follows EGF treatment in EGFR-mCherry HEK293T cells.  
HEK293T expressing EGFR fused to mCherry were treated with EGF and Vmem was recorded with 
VF-FLIM. a) Confocal image of mCherry signal in an EGFR expressing cell pair. b) VF-FLIM 
images from the same cell pair, which was treated with EGF (added 30 s into recording). c) Change 
in lifetime in cells treated with imaging buffer vehicle (HBSS, n=10) or HBSS containing 500 
ng/mL EGF (EGF, n=8). Drug or vehicle was added at the black arrow. Data are shown as mean 
± SEM. Scale bars represent 20 µm. 
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In cells expressing mCherry-EGFR, we observed an upward drift in the fluorescence lifetime 
during a 5 minute time series with vehicle only (HBSS, Figure 3.1C). This drift is likely the result 
of either phototoxicity of the dye (causing an increase in Vmem) or photodamage to the molecular 
wire (reducing the amount of photoinduced electron transfer in the molecule). When mCherry-
EGFR cells were treated with EGF, the increase in lifetime was greater and faster, suggesting that 
there may be a depolarizing response to EGF. However, interpretation of this depolarization is 
hampered by the instabilities in the vehicle response.  

No hyperpolarization was observed following EGF stimulation in HEK293T-mCherry, whereas 
robust hyperpolarization was observed in A431 cells. One possible explanation for difference is 
that the heterologous expression system in HEK293T did not have all necessary factors to activate 
the hyperpolarizing current. Although HEK293T transfected with EGFR have been used as a 
model system to study other aspects of the EGFR signaling cascade (e.g. multimerization10), they 
may lack sufficient expression of KCa3.1 to change the Vmem. Alternatively, there may be an 
uncharacterized additional level of regulation required for hyperpolarization in A431. We 
observed either depolarization or electrical silence in A431 without prior serum starvation (data 
not shown), suggesting that the factors necessary for hyperpolarization may only be expressed 
under certain conditions. Preliminary studies of the Vmem response of HeLa and A549 cells also 
showed either depolarization or electrical silence (data not shown), although serum starvation 
conditions were not optimized for these cell lines. Although HeLa and A549 are reported to 
transcribe both KCa3.1 and EGFR mRNA,11 the protein expression profiles under our culture 
conditions could vary from the published values. Comparison of the transcriptomic or proteomic 
profiles across these systems and culture conditions could shed light on possible sources of the 
differences in Vmem signal. 

 

EGF-Induced Ca2+ Dynamics in the Presence of KCa3.1 Blockers 

To understand the relationship between EGF-induced hyperpolarization and Ca2+ signaling, we 
performed Ca2+ imaging experiments in A431 cells. Using the Ca2+ indicator Oregon Green 
BAPTA (OGB), we compared the Ca2+ signal in the presence and absence of the KCa3.1 blocker 
charybdotoxin (CTX). We previously showed that CTX suppresses hyperpolarization in EGF-
treated A431 cells;12 for spectral overlap reasons, we were unable to do simultaneous VF-FLIM 
and Ca2+ imaging with OGB. 

We observed cytosolic staining with OGB in large groups of serum starved A431 cells (Figure 
3.2A). Individual cells showed heterogeneous Ca2+ responses (Figure 3.2B). Regular oscillation, 
a transient spike, and a sustained elevation in the Ca2+ levels were all commonly observed. The 
average of these single cell responses peaked at 40% ΔF/F around 30 seconds after EGF addition. 
The Ca2+ signal decayed substantially but did not fully return to baseline within five minutes (total 
period of observation). The presence of charybdotoxin did not change the observed dynamics 
substantially (Figure 3.2C). 

If Vmem hyperpolarization modulates the Ca2+ response, we would expect to see a change in the 
magnitude of the Ca2+ signal when hyperpolarization was blocked with CTX. The similarity 
between the control and CTX treated Ca2+ response suggests that Vmem is likely not playing a major 
role in the acute Ca2+ response to EGF. Indeed, it stands to reason that the large release of Ca2+ 
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from internal stores would dominate the short-term Ca2+ signal; this release of Ca2+ from internal 
stores is not known to be Vmem sensitive. This work does not fully rule out a role for Vmem in 
regulating SOCE or Ca2+ at “rest” following EGF stimulation. In future work, it may be 
informative to investigate the slower Ca2+ dynamics more directly by imaging at longer time points 
following EGF stimulation.  

 

 

 

 

 

 

 

 

Figure 3.2. The Ca2+ response to EGF in A431 is largely unchanged by KCa3.1 blockade. 
a) Epifluorescence image of serum starved A431 cells stained with the Ca2+ sensor OGB-AM. 
Scale bar is 50 µm. b) Five representative Ca2+ responses of A431 cells following EGF stimulation. 
Cells were isolated by morphology (hand-traced ROIs). c) Mean Ca2+ response of A431 cells 
treated with EGF and vehicle (blue) or 100 nM charybdotoxin (CTX, orange). Shading represents 
the 95% confidence interval. Number of cells (from 6 recordings per condition): vehicle 687, CTX 
682. 

 

Instead of looking only at the average Ca2+ response, we sought to directly relate Vmem changes 
with the Ca2+ signal on a single cell level. To this end, we turned to the red-shifted Ca2+ indicator 
Cal-590 (Figure 3.3). We were unable to image cells with VF-FLIM and Cal-590 simultaneously 
and continuously, so we took an initial and final VF-FLIM image and imaged Cal-590 
continuously in the interim. We observed very weak staining with Cal-590; long loading times and 
the efflux pump inhibitor probenecid were required to obtain adequate signal. Even so, the signal 
from Cal-590 at 543 nm excitation was dimmer than cross excitation from VF2.1.Cl, so spectral 
bleedthrough is visible in the Cal-590 channel. We were able to spatially segregate the two signals, 
but a further red-shifted Ca2+ indicator may be advantageous in future studies. 

We correlated the Ca2+ and Vmem signals from each cell to better understand any relationship 
between these two signaling elements. As with OGB, we observe large, heterogenous Ca2+ 
responses to EGF with Cal-590 (Figure 3.3C). Because plasma membranes from adjacent cells 
are indistinguishable under standard confocal microscopy, we were unable to separate Vmem signals 
completely. For this ‘single cell’ Vmem analysis, we selected all membrane signal around a 
cytosolic Ca2+ region of interest (Figure 3.3D). We observed no correlation between the peak 
height of the Ca2+ response (or the area under the curve, not shown) and the Vmem response as 
recorded with VF-FLIM. These data, along with the single color OGB data in Figure 3.2, suggest 
that Vmem does not strongly modulate the acute Ca2+ response to EGF in A431 cells. 
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Furthermore, the differences in spatial patterning between the Vmem and Ca2+ signals suggest that 
they may not be closely related in this system. The acute Ca2+ signal is highly heterogeneous 
between cells, but little difference in the Vmem signal was observed across groups of A431 (Figure 
3.2, 3.3). Although they are sometimes used as a model system with low gap junction expression,13 
A431 cells exhibit at least some degree of Vmem delocalization between cells, as seen previously 
with simultaneous VF-FLIM and electrophysiology.12  A driving force that is shared between 
adjacent cells would probably serve to homogenize cellular responses, rather than generate the 
stark differences seen in the Ca2+ signal.  

 

 
Figure 3.3. Simultaneous Vmem and Ca2+ Imaging of the A431 response to EGF. 
A431 cells were treated with 500 ng/mL EGF and monitored with simultaneous VF-FLIM and 
intensity-based Ca2+ imaging with Cal-590. a) Cal-590 staining in A431. Cross-talk from the 
VF2.1.Cl channel is visible at the cell membranes; regions of interest were selected to only include 
cytosolic Ca2+ signal. b) VF-FLIM image of the same field of view as in (a). c) Quantification of 
the fractional change in the Ca2+ signal following EGF addition (black arrow). Each trace 
represents an individual cell from the images in (a) and (b). d) Correlation between the peak %ΔF/F 
of the Ca2+ signal and the change in Vmem seen for individual cells (see Methods regarding 
separation of Vmem signal from adjacent cells). Each point represents an individual cell from a total 
of two fields of view. The line of best fit is overlaid (r2 = 0.086). 

 

Depolarization Effects on the EGF-Induced Phospho-tyrosine Signal 

To evaluate whether Vmem hyperpolarization modulates the signal in other components of the 
EGFR pathway, we exposed A431 cells to depolarizing conditions during EGF treatment. This 
perturbation has two effects: [1] It abolishes the expected hyperpolarization mediated by KCa3.1 
and [2] it increases the resting membrane potential of A431 cells to near 0 mV. We then compared 
the phosphorylation pattern via Western Blot in normally responding (i.e. hyperpolarizing) and 
artificially depolarized A431 cells. We chose to monitor tyrosine phosphorylation because it is a 
critical form of EGFR-related signal transduction; these selected targets are by no means 
exhaustive.  

Using a pan-specific antibody for phosphorylated tyrosine, we observed significant increase in the 
tyrosine phosphorylation (pY) in EGF treated cells versus their EGF untreated counterparts 
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(Figure 3.4). Within EGF treated cells, we looked for differences in the pY signature between 
vehicle treated and depolarized samples. A slight increase in the pY signal at certain bands was 
visible in cells treated with gramicidin for 30 minutes or with 120 mM K+ for 10 minutes. 
However, the effects were weak and inconsistent across biological replicates, even those acquired 
on the same day.  

 
Figure 3.4. Changes to pY resulting from EGF stimulation under perturbed Vmem conditions. 
Western blots visualizing phospho-tyrosine (pY) in A431 cells after stimulation with 500 ng/mL 
EGF (a) or without EGF treatment (b). Each lane with the same letter corresponds to a different 
sample of cells lysed on the same day. Actin signal was obtained by stripping and re-probing of 
the membranes. Blots are representative of at least 2 independent experiments. Numbers indicate 
molecular weight based on a ladder (lane 5). 

 

In the pan-pY experiment, there are many phosphorylated targets, and attribution of bands to 
specific protein targets is challenging. We reasoned that, even if there were changes in moderately 
phosphorylated targets, they would likely be invisible amid the large amounts of pY signal. To 
mitigate this, we chose a few specific phosphorylation patterns based on literature evidence (see 
above) and monitored changes at these sites as it related to Vmem. We selected the following targets: 
EGFR pY845 (activation loop, phosphorylated by c-Src),9 EGFR pY992 (autophosphorylation site 
responsible for activating Ca2+ release),6 EGFR pY1068 (autophosphorylation site partially 
responsible for Grb2 binding),8 EGFR pY1173 (autophosphorylation site partially responsible for 
Sh2 binding),8 and MAPK phosphorylation. Furthermore, we were concerned that bulk 
depolarization could have unwanted side effects, so we used charybdotoxin (CTX) to block KCa3.1 
activation instead of bulk depolarization of the samples. In each case, we compared the EGF 
induced phosphorylation level with KCa3.1 activated (control) or blocked (CTX) (Figure 3.5). 
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Figure 3.5. Effect of KCa3.1 blockade on EGF-induced protein phosphorylation in A431 cells.  
The phosphorylation response to EGF stimulation in A431 cells with normal Vmem signaling (CTX 
-) and KCa3.1 blockade (CTX +) was monitored via Western blotting. Antibodies against five 
particular targets were used: a) EGFR pY992, b) EGFR pY845, c) EGFR pY1067, d) EGFR 
pY1173, e) phospho-Erk1/2 (p44/42). Actin signal was obtained from stripping and re-probing the 
blots after probing for the phosphorylation signal. 

 

Using these more specific antibodies, we observed distinct bands at the expected molecular weight 
for all phosphorylated targets (Figure 3.5). Consistent with the unchanged Ca2+ signal (Figure 
3.2, 3.3), we did not see differences in the EGFR pY992 signal in normal and depolarized A431 
cells (Figure 3.5). Despite evidence that, in the context of K-Ras signaling, Vmem can modulate 
MAPK phosphorylation levels,5 we did not see differences in phosphorylation at EGFR pY1068, 
EGFR pY1173, or on MAPK directly. We observed a slight increase in pY signal at EGFR Y845 
when the Vmem hyperpolarization was blocked, but the response was small relative to the limit of 
detection in Western blotting. 

Taken together, these results are inconclusive regarding the physiological effect(s) of EGF-
induced Vmem hyperpolarization. Given the lack of correlation between Ca2+ peak height and Vmem 
change, as well as the largely unchanged Ca2+ response with KCa3.1 blockade, it seems unlikely 
that Vmem affects the acute Ca2+ response to EGF. We cannot rule out regulation of resting Ca2+ or 
Ca2+ concentrations at later time points by the Vmem signal. The effect on phosphorylation is much 
less clear, as we only directly analyzed a small subset of potential targets. Furthermore, effects 
were generally at or near the limit of detection for Western blotting; analysis of phosphorylation 
levels by flow cytometry would likely yield clearer results. A top-down search for potential targets 
using an approach such as phosphoproteomics may also shed light on this pathway.  
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Materials and Methods 

Materials 

EGF was purchased from PeproTech and was stored as a 2000x (1 mg/mL) stock in deionized 
water at -80°C. The EGFR-mCherry plasmid (prepared by a Qiagen maxiprep kit) was a gift from 
the Kuriyan lab; it has been previously described.10 All salts were purchased from either Sigma-
Aldrich or Thermo Fisher Scientific. Media and supplements were purchased from Gibco (Life 
Technologies/Thermo Fisher Scientific). Osmolarity of all homemade solutions was checked with 
an osmometer (µOsmette, Precision Systems). 

VF2.1.Cl was made in-house according to the published synthesis.14 Oregon Green 488 BAPTA-
AM 1 (OGB) was purchased from Molecular Probes/Life Technologies (#O-6807). Cal-590 was 
purchased from AAT Bioquest. Probes were stored as 1000-2000x DMSO stocks at -20°C. 
Pluronic F-127 was purchased from Life Technologies and stored as a 20% stock in DMSO at 
room temperature. 

Cell Culture and Transfection 

HEK293T cells were obtained from the UC Berkeley Cell Culture Facility and were maintained 
as described in Chapter 2. On day 0, HEK293T were plated at a density of 78,000-104,000 
cells/cm2 directly onto tissue culture treated 6 well plates (Corning). Cells were allowed to recover 
for 16-24 hours before transient transfection with Lipofectamine 3000. On day 1, transfection was 
performed according to the manufacturer’s protocol with the following modifications to the 
reagent concentrations (per well): 0.5-1 µg of plasmid DNA in total were used, along with 1 µL 
of P3000 reagent and 3 uL lipofectamine in 200 uL Opti-MEM (Gibco). Cells were media changed 
into fresh complete DMEM 2-3 hours after transfection. On day 2, cells were seeded at a density 
of 21,000 cells/cm2 in complete DMEM onto PDL-treated 25 mm glass coverslips in preparation 
for imaging. 5 hours after seeding, media was exchanged for DMEM without FBS (beginning of 
“serum starvation;” DMEM was supplemented with 4.5 g/L glucose and 2 mM GlutaMAX). Data 
shown here were from cells were incubated in DMEM without FBS for 16 hours; the Vmem 
response was similar at both shorter (2 hr) and longer (24 hr) serum starvation times. 

A431 Cell Culture 

A431 cells were obtained from the UC Berkeley Cell Culture facility. Cells were verified by STR 
profiling and were routinely tested for mycoplasma contamination. A431 cells were maintained at 
37°C and 5% CO2 in a humidified incubator in DMEM supplemented with 4.5 g/L glucose, 10% 
FBS, and 2 mM GlutaMAX. Cells were passaged every 2-5 days via dissociation with 0.25% 
Trypsin-EDTA (Life Technologies). Residual trypsin was removed by centrifugation at 300xg for 
five minutes followed by re-suspension in fresh complete media. Cells were discarded after 
twenty-five passages. 

For serum starvation experiments, A431 cells were seeded at 83,000 cells/cm2 onto a 6 well plate 
(tissue culture treated, Corning) in serum-deprivation DMEM (4.5 g/L glucose, 2% FBS, 2 mM 
GlutaMAX). For Western blotting, cells were seeded directly onto plastic; for imaging 
experiments, cells were seeded onto PDL-treated 25 mm #1.5 glass coverslips (see above). Two 
days after seeding, media was exchanged for serum-free DMEM (4.5 g/L glucose, 2 mM 
GlutaMAX); cells were serum starved for 4-6 hours prior to the start of EGF treatment.  
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Loading of Small Molecule Fluorescent Dyes 

For OGB and VF2.1.Cl, cells were incubated for 20-25 minutes at 37°C and 5% CO2 in Hank’s 
Balanced Salt Solution (HBSS, Life Technologies #14025-134) containing 1x probe. Samples 
were washed once in HBSS without dye and transferred to fresh HBSS for imaging. 0.01% 
Pluronic F-127 was added to facilitate the loading of OGB. Cal-590 was loaded in HBSS for 80 
minutes with 0.02% Pluronic F-127 and 1 mM probenecid to reduce probe efflux and obtain 
adequate signal. Working concentrations for probes were the following: 100 nM VF2.1.Cl, 1 µM 
OGB, 4 µM Cal-590. 

EGF Stimulation (All Imaging Experiments) 

Cells plated on 25 mm coverglass were placed into an Attofluor cell imaging chamber (Thermo 
Fisher Scientific) in 0.5 mL of HBSS. For HBSS control trials, 0.5 mL of HBSS was gently added 
approximately 30 seconds into the recording. For EGF stimulation, 0.5 mL of HBSS containing 1 
µg/mL EGF (2x) was added instead. In general, two recordings were taken per sample – an initial 
recording of the HBSS (vehicle) response and a subsequent recording of the EGF response. In this 
case, 0.5 mL of solution was removed from the chamber in between the two recordings to retain 
the correct volume. 

VF-FLIM Monitoring of Vmem During EGF Signaling 

VF-FLIM images were acquired and fit to exponential decay models as described above (Chapter 
2), with the following differences. A 540/50 nm bandpass emission filter (Semrock) was used to 
avoid bleedthrough of the mCherry signal into the fluorescence lifetime signal. Lifetime data were 
fit with 5 iterations in SPCImage software.  

mCherry and Cal-590 were imaged with a 543 nm HeNe laser (Zeiss), using a 543 nm long pass 
dichroic, a 565 nm long pass secondary dichroic, and a 560 nm long pass emission filter (Zeiss). 
For HEK293T-mCherry recordings, data were acquired continuously and formed into FLIM 
images at 15 second intervals. For Cal-590 and VF-FLIM experiments on the same cells, an initial 
VF-FLIM image was taken, followed by 2.5 minutes of Ca2+ imaging , during which HBSS or 
EGF was added. A final VF-FLIM image was taken 3 minutes into the time series (2.5 minutes 
after HBSS/EGF addition). 

Fluorescence Intensity Imaging of Ca2+ Response to EGF Stimulation with OGB 

Serum-starved A431 cells were loaded with OGB as described above; where charybdotoxin (CTX) 
was used, it was included in both the dye loading solution and imaging solution at 100 nM. 
Coverslips were transferred to an Attofluor (Thermo Fisher Scientific) imaging chamber and 
visualized on an inverted epifluorescence microscope (Zeiss AxioObserver Z-1) controlled with 
µManager 1.4.15 Excitation light was supplied from an LED source at 1 mW/cm2 (2% intensity, 
Lumencor SpectraX Light Engine). Fluorescence emission was collected with a 40x oil/1.3 NA 
EC Plan Neofluar immersion objective (Zeiss) and passed through a 510 nm long pass dichroic 
and a 540/50 nm bandpass emission filter (Semrock). Images were formed onto a Hamamatsu Orca 
Flash4.0 sCMOS camera with an exposure of 400 ms and an interval of 5 seconds between the 
start of successive exposures. Time series were recorded for a total of 5 minutes. Images were 
binned 4x4 upon acquisition (total image size 133 x 133 µm2).  
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Fluorescence Intensity Data Analysis 

Regions of interest (ROIs) corresponding to individual cells were identified by hand from the 
cytosolic OGB or Cal-590 signal in FIJI.16 The mean fluorescence intensity of a background region 
near the ROI was subtracted from the mean fluorescence in the ROI to give the fluorescence (F). 
To generate the percent change in fluorescence (%ΔF/F), the fluorescence values were normalized 
to the first frame (Cal-590) or to the average of the seventh and eighth frames (OGB) in the time 
series, which corresponds to the baseline immediately before EGF was added. 

Preparation of Cell Lysates for Western Blotting 

A431 cells were serum starved as indicated above for 4-6 hours. Following serum starvation, cells 
were incubated at room temperature and ambient atmosphere for 30 minutes in HBSS and various 
drugs to change Vmem or alter KCa3.1 currents (charybdotoxin, CTX) (Table 3.1). EGF 
concentration was 500 ng/mL in all cases; gramicidin was used at 400 ng/mL. The composition of 
high K+ HBSS was as follows (in mM): 120 KCl, 23 NaCl, 5.6 D-glucose, 4.2 NaHCO3, 1.26 
CaCl2, 0.49 MgCl2, 0.44 KH2PO4, 0.41 MgSO4, 0.34 NaH2PO4 (pH 7.25, 285 mOsm/L).  

Figure, Condition Initial 20’ Final 10’ 
Fig. 3.4, Gramicidin 30’ HBSS + 400 ng/mL 

gramicidin (HBSS/gram) 
HBSS/gram or HBSS/gram + 
EGF 

Fig. 3.4, HBSS only HBSS HBSS or HBSS + EGF 
Fig. 3.4, 120 mM K+ 10’ HBSS High K+ HBSS or High K+ HBSS 

with EGF 
Fig. 3.4, Gramicidin 10’ HBSS HBSS/gram or HBSS/gram + 

EGF 
Fig. 3.5, CTX - HBSS HBSS + EGF 
Fig. 3.5, CTX + HBSS + 100 nM CTX HBSS + 100 nM CTX + EGF 

Table 3.1. Treatment protocol for A431 cells prior to lysis and analysis by Western blot. 
 

Following treatment, cells were placed on ice and washed once with ice cold dPBS without Ca2+ 
or Mg2+ (Gibco). Samples were incubated for 30 minutes on ice in lysis buffer (100 uL per sample). 
Lysis buffer was made fresh immediately before use from stocks of each component (stored at 
4°C, -20°C, or -80°C, as indicated by the manufacturer) and contained 100 mM NaCl, 50 mM 
Tris-HCl, 0.5% Na deoxycholate, 1% Triton X-100, 0.1% SDS, 2 mM sodium orthovanadate, 10 
mM NaF, 1 mM β-glycerophosphate disodium salt, 2.5 mM sodium pyrophosphate, 1x Roche 
cOmplete mini protease inhibitor. Tris-HCl stock solutions were set to pH 7.5 before storage. 
Sodium orthovanadate solutions were activated before storage at -20°C as described previously.17  

Following lysis, samples were manually scraped from the plastic surface and centrifuged for 25 
minutes at 4°C and 13,000xg with a benchtop centrifuge (Centrifuge 5424 R, Eppendorf). The 
lysate supernatant was isolated and used for all further experiments; insoluble pellets were 
discarded. Lysates were used immediately or were frozen at -20°C overnight for use the following 
day. Rapid degradation of the signal following days of storage at -20°C. 

Total protein content of the lysate was estimated with a BCA assay according to the manufacturer’s 
instructions (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific). Bovine serum albumin 
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(BSA) standards were made in the lysis buffer described above. Following 30 minutes of 
incubation at 37°C, sample absorption was read at 562 nm with a Shimadzu 2501 
Spectrophotometer in 1 cm path length plastic cuvettes (Brand-Tech BRAND, Fisher Scientific 
13-878-123). Each sample was zeroed at 825 nm. Sample concentration was estimated based on a 
linear fit to the standard curve in the range 0-1 mg/mL. Lysates were diluted before BCA 
measurement to keep samples within this concentration range. 

SDS-PAGE and Western Blotting 

In preparation for analysis by SDS-PAGE, 5-20 ug of total protein from A431 lysates was mixed 
with MilliQ water and 4x Laemmli sample buffer (BioRad). β-mercaptoethanol was added to the 
Laemmli sample buffer immediately before use. Sham samples were prepared to fill any empty 
lanes. All samples were incubated at 95°C for 5 minutes and cooled on ice. 

Samples were loaded into 4-20% Tris-glycine Mini-PROTEAN TGX or Mini-PROTEAN stain 
free precast gels (BioRad). BioRad Precision Plus Western C Standards were used to determine 
molecular weight. Gel electrophoresis was performed in a BioRad Tetra System attached to a 
PowerPac Basic power supply (BioRad). Gels were run at 200 V for 40 min or until loading dye 
front reached the bottom of the gel. Running buffer consisted of 25 mM Tris, 192 mM glycine, 
and 0.1% SDS in MilliQ water. Transfer stacks were set up with the TransBlot Turbo RTA 
Transfer Kit (PVDF membranes, BioRad) according to manufacturer’s instructions. Protein 
transfer was performed with a BioRad TransBlot Turbo Transfer System using the manufacturer’s 
Mixed MW or High MW protocol. 

After transfer, membranes were placed in TBST wash buffer (20 mM Tris, 137 mM NaCl, 0.1% 
w/v Tween-20, pH 7.6). Membranes were blocked for 1 hour at room temperature in 5% BSA in 
TBST, pH 7. Membranes were incubated overnight at 4°C with gentle shaking in primary antibody 
at the dilution indicated below in 5% BSA in TBST. Membranes were washed five times for at 
least five minutes each at room temperature in TBST and then incubated for one hour at room 
temperature in secondary antibody at the concentration indicated below (in 5% BSA in TBST). 
Membranes were washed for five times for at least five minutes each at room temperature in TBST 
and then stored in fresh TBST before visualization. 

Chemiluminescence was visualized with Perkin Elmer Western Lighting Plus reagent according 
to the manufacturer’s protocol. Blots were imaged in a BioRad ChemiDoc Gel Imaging System 
after 3-8 minutes of treatment with the visualization reagent (exposures of 3-120 seconds, 
depending on the signal level). 

The primary antibodies used were the following: mouse anti-phosphotyrosine (1:2000, CST 
#9411), rabbit anti-β-actin 13E5 (1:2000, CST #4970), rabbit anti-phosphoEGFR Y845 (1:1000 
CST #2231), rabbit anti-phosphoEGFR Y992 (1:1000, Thermo Fisher Scientific #44-786G), rabbit 
anti-phosphoEGFR Y1068 (1:1000, CST #2234), mouse anti-phosphoEGFR Y1173 (1:500, SCBT 
#57545), rabbit anti-p44/42 Erk1/2 (1:1000, CST #4370). Secondary antibodies used were either 
anti-rabbit IgG HRP-linked antibody (1:2000, CST #7074) or anti-mouse IgG HRP-linked 
antibody (1:2000, CST #7076). Ladder was visualized with 1:10,000 streptactin HRP conjugate 
(BioRad) added during the primary antibody incubation step. CST = Cell Signaling Technologies. 
SCBT = Santa Cruz Biotechnology. 
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For stripping and re-probing of membranes to visualize β-actin for normalization, blots were 
incubated in stripping buffer (50 mM Tris-HCl, 2% SDS, 100 mM β-mercaptoethanol) at 55°C for 
15-35 minutes. All blots were tested for residual signal after stripping; different stripping times 
were used based on what resulted in a completely blank blot for that particular antibody. After 
stripping, blots were washed five times for five minutes each in TBST at room temperature. The 
protocol was then resumed from the blocking step as above. 5% dry milk was used instead of 5% 
BSA for blocking and making up β-actin antibody solutions because it better suppressed 
nonspecific bands. 
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Chapter 4 
Tuning VoltageFluor Sensitivity and Brightness with Conformationally Restricted Anilines 
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Abstract 

Effective reporting of fast biological changes in transmembrane potential (Vmem) demands 
measurement with high temporal resolution and signal-to-noise. To meet these demands, Vmem 
sensitivity and cell brightness must be optimized. To this end, we report the design and synthesis 
of four PeT-based voltage sensitive dyes with conformationally modified anilines as electron 
donors. With these indicators, as well as existing PeT-based voltage indicators, we construct a 
library of sensors with a range of conformations in the electron donating moiety. We find that 
measurements of fluorescence sensitivity and lifetime across this library span an order of 
magnitude and seek to understand how aniline conformation modulates PeT. By comparing in-
depth photophysical characterization with performance at action potential detection, we establish 
a detailed link between the probe conformation and ability to report Vmem events with high fidelity. 

 

Introduction 

Cell membrane potential (Vmem) arises from an unequal distribution of ions across a semi-
permeable lipid bilayer. In excitable cells such as neurons and cardiomyocytes, Vmem changes on 
the order of milliseconds create action potentials (APs). These APs facilitate electrochemical 
communication across synapses and coordinate the contraction of millions of cells across the 
chambers of the heart. Measuring this electrical activity is critical to understanding cell physiology 
in health and disease. 

To study these rapid changes in Vmem, a technique must have exquisite temporal resolution and 
signal-to-noise. The gold standard for measuring Vmem is patch-clamp electrophysiology, a series 
of techniques that use an electrode in direct contact with the cell of interest, allowing very precise 
measurement of Vmem. However, the low-throughput, high invasiveness, and low spatial 
resolution1,2 of patch-clamp electrophysiology render it an incomplete Vmem measurement 
technique. 

To record electrical activity in a less invasive and more highly multiplexed manner, our lab and 
others have undertaken the development of fluorescent voltage indicators, either as genetically 
encoded voltage indicators (GEVIs) or small molecule voltage sensitive dyes. Development of 
voltage sensors with sufficiently fast kinetics, bright signal, and high sensitivity poses a significant 
challenge in sensor engineering. State-of-the-art Vmem sensors are capable of recording 
electrophysiological signatures from individual cells with high fidelity.3,4 Additional optimization 
of sensor limit-of-detection could improve the reporting of subthreshold Vmem events, as well as 
enable simultaneous recording across larger neuronal ensembles. 

To meet the precise needs of Vmem imaging, the rational tunability of small molecules versus 
fluorescent proteins is a major advantage. Rational tuning of small molecules has produced major 
advances in biological sensing: chemical probes for Ca2+ have been rationally tuned across a range 
of dissociation constants,5,6 small molecule fluorophores can be tuned to precise wavelengths via 
fluorination,7 and reversible, intramolecular spirocyclization produces fluorophore blinking for 
super-resolution imaging.8 Optimization of the brightness, sensitivity, color, and localization of 
small molecule voltage dyes has been fruitful,4,9–11 but further investigation is required to obtain 
probes with sufficient signal-to-noise ratios for single-cell recordings in thick tissue. 
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Our lab has developed a class of small molecule voltage sensitive dyes (VoltageFluors, VFs) based 
on a photoinduced electron transfer (PeT)-based Vmem sensing trigger. Because PeT occurs from a 
membrane-localized electron donor, it is sensitive to the transmembrane electric field. We have 
previously demonstrated that the absorption and emission wavelength of VFs can be tuned through 
the incorporation of different chromophores,9,12–14 and the sensitivity can be modulated via the 
electron density and attenuation of the molecular wire.10,15  

To better understand the relationship between sensitivity and brightness, we investigated the 
coupling between the aniline donor and the molecular wire as a strategy for tuning VFs. Using 
VF2.1.Cl16. and VF2.0.Cl10 as reference structures, we designed and synthesized four indicators 
with a range of dihedral angles between the aniline donor and the molecular wire. With this library 
of six aniline-tuned VFs, we investigated the response of fluorescence intensity and fluorescence 
lifetime (τfl) to Vmem. We find that modifying the aniline conformation can generate VFs that are 
both more and less PeT quenched than VF2.1.Cl, tuning both sensitivity and τfl across an order of 
magnitude. We identify a tradeoff between sensitivity and τfl, in which dyes with intermediate 
sensitivity and τfl have superior performance as voltage indicators. We compared the performance 
of the three best Vmem sensors in the series in the detection of both cardiac and neuronal action 
potentials. In doing so, we find that all three report APs with good signal to noise, and τfl is the 
best predictor of probe performance in detection of physiologically relevant Vmem signals. 
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Results and Discussion 

 
Scheme 4.1 Structures of VoltageFluors investigated in this study. 
 

In Vitro Characterization Reveals Changes in Molecular Wire Moeity 

We synthesized four voltage dyes with conformationally restricted anilines (Scheme 4.1). Further 
synthetic details are available in Steven Boggess’s Ph.D. dissertation. Together with VF2.1.Cl and 
VF2.0.Cl as reference structures, we investigated this library of 6 VF derivatives. 

We first evaluated this VF library with UV-Vis spectroscopy in ethanol with 0.1 M KOH (ethanol-
KOH). Modification of aniline conformation altered the absorbance of the molecular wire region 
of these indicators, but not the absorbance of the xanthene chromophore region (Figure 4.1a, 
Figure 4.2). The wire region of JuloVF displayed an absorbance maximum at 406 nm, a red-shift 
of 17 nm relative to the wire region of VF2.1.Cl (Table 4.1). In contrast, the wire region of 
NN26VF displayed an absorbance maximum at 368 nm, a blue-shift of 21 nm relative to the wire 
region of VF2.1.Cl (Table 4.1). For comparison, the wire region of VF2.0.Cl, which completely 
lacks an aniline, displayed an absorbance maximum at 360 nm (Table 4.1). The wire regions of 
IndoVF and iPrVF displayed absorbance maxima very close to VF2.1.Cl (Table 4.1). Taken 
together, these data suggest that JuloVF contains an aniline with more sp2 character than VF2.1.Cl, 
NN26VF contains an aniline with less sp2 character than VF2.1.Cl, and IndoVF and iPrVF contain 
anilines with very similar sp2 character to VF2.1.Cl. Furthermore, protonation of the aniline results 
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in a hypsochromatic shift in the wire absorbance maxima all to 360-365 nm (Figure 4.3). We 
reason that these shifts in the wire absorbance maxima result from differences in the electronic 
coupling of the aniline with the rest of the molecular wire. 

 

 
Figure 4.1. UV-VIS and fluorescence spectroscopy suggests conformational restriction in 
aniline modified VoltageFluors. 
a) Absorbance spectra of VoltageFluors at 500 nM in Ethanol with 0.1 M KOH (Ethanol-KOH) 
normalized to their absorbance maxima. b) Emission spectra of VoltageFluors at 500 nM in 
Ethanol-KOH adjusted to their respective absorbance values at 485 nm and normalized to the 
VF2.0.Cl trace. c) Time-resolved fluorescence decays of VFs at 500 nM in POPC vesicles. Decays 
were normalized to the time channel with maximum photon counts. Black line indicates the 
instrument response function (IRF). 

 

VF Wire 
λabs 
(nm) 

ΦF
a τfl

a τfl
b Rel. brightness 

(HEK293T) 
%ΔF/F, 100 
mV 

Δτfl per mV 
(ps) 

τfl at 0 mV 
(ns) 

JuloVF 406 0.10 0.63 ± 
0.08 

0.81 ± 
0.05 

0.021 ± 0.003c 
0.037 ± 0.004d 

34 ± 6d 0.73 ± 0.03d 0.31 ± 0.01d 

IndoVF 390 0.14 0.52 ± 
0.03 

0.98 ± 
0.02 

0.28 ± 0.02 37 ± 2.4 1.49 ± 0.04 0.48 ± 0.02 

iPrVF 392 0.28 1.04 ± 
0.04 

1.67 ± 
0.03 

0.29 ± 0.03 34 ± 1.6 2.97 ± 0.04 1.28 ± 0.01 

VF2.1.Cl 389 0.12 0.53 ± 
0.02 

1.58 ± 
0.05 

0.361 ± 0.01e  
1.0 ± 0.1c 

23 ± 3e 
26 ± 3c 

3.11 ± 0.04e 
3.05 ± 0.08c 

1.68 ± 0.04e 
 1.57 ± 0.03c 

NN26VF 368 0.44 1.66 ± 
0.03 

2.55 ± 
0.06 

0.44 ± 0.05 2.2 ± 0.05 0.50 ± 0.02 3.32 ± 0.01 

VF2.0.Cl 360 0.83 3.18 ± 
0.02 

3.13 ± 
0.10 

0.62 ± 0.06e  
1.8 ± 0.2c 

-0.3 ± 0.002e  
-0.2 ± 0.001c 

0.02 ± 0.03e 
0.00 ± 0.03c 

3.44 ± 0.01e 
3.36 ± 0.03c 

Table 4.1. Summarized properties of conformationally restricted VFs. 
Solution phase τfl measurements were taken at 500 nM dye. Cellular measurements were 
conducted at 300 nM dye loading unless otherwise noted. aIn ethanol-KOH. bIn POPC. cAcquired 
at 300 nM dye concentration. dAcquired at 500 nM dye concentration. eAcquired at 100 nM dye 
concentration.  
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Figure 4.2. Absorbance, Emission, and Excitation Spectra of Aniline VFs. 
Absorbance spectra (blue), emission spectra (red), and excitation spectra (purple) for JuloVF (a), 
IndoVF (b),.iPrVF (c), VF2.1.Cl (d), NN26VF(e), and VF2.0.Cl (f) in ethanol with 0.1 M KOH. 
The VoltageFluors were diluted from DMSO stocks (500 µM-1 mM) to either 1 μM (JuloVF, 
IndoVF, iPrVF, VF2.1.Cl, NN26VF) or 500 nM (VF2.0.Cl) in ethanol with 0.1 M KOH. VF2.0.Cl 
was measured at 500 nM as the emission of 1 mM VF2.0.Cl was higher than the range of the 
detector for wavelengths near the emission maximum. Spectra were taken using the equipment 
described above in section 2. Absorbance measurements were recorded at 1 nm intervals from 300 
nm to 600 nm. Emission measurements were recorded at 1 nm intervals from 495 nm to 675 nm 
while exciting the VoltageFluors with 485 nm light. Excitation measurements were recorded by 
measuring the emission of each VoltageFluor at 570 nm while the excitation light was varied from 
300 nm to 550 nm. 2 nm slit widths were used for each measurement. Each absorbance, emission, 
and excitation trace was normalized to the maximum value of absorbance, emission, or excitation 
respectively.  
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Figure 4.3. Full spectra for pH titrations. 
Absorbance spectra for JuloVF (light blue), IndoVF (orange), iPrVF (pink), VF2.1.Cl (green), and 
NN26VF (dark blue) in buffered solutions with defined pH. All buffer solutions contain 0.1% w/v 
SDS to help solubilize the VoltageFluors. The VoltageFluors were diluted from DMSO stocks 
(500 µM-1 mM) to 500 nM in the following solutions. a) Absorbance spectra in 10 mM phosphate 
buffer which was adjusted to pH 2.5 with HCl/NaOH and adjusted to 56 mOsm with NaCl. b) 
Absorbance spectra in 10 mM acetate buffer which was adjusted to pH 5.0 with HCl/NaOH and 
adjusted to 56 mOsm with NaCl. c) Absorbance spectra in 10 mM phosphate buffer which was 
adjusted to pH 7.5 with HCl/NaOH and adjusted to 56 mOsm with NaCl. d) Absorbance spectra 
in 10 mM carbonate buffer which was adjusted to pH 10.0 with HCl/NaOH and adjusted to 56 
mOsm with NaCl. e) Absorbance spectra in 10 mM KCl/NaOH buffer which was adjusted to pH 
12.5 with HCl/NaOH and adjusted to 56 mOsm with NaCl. f) Plot of the wavelength of maximum 
absorbance for the wire peak of each VoltageFluor versus the pH of the solution. Absorbance 
measurements were recorded at 0.5 nm intervals from 300 nm to 600 nm. 2 nm slit widths were 
used for each measurement. The absorbance traces were first normalized to their respective 
absorbance values at 519 nm (pH 7.5, 10.0, and 12.5), 500 nm (pH 5.0), or 470 nm (pH 2.5). The 
absorbance of chloro-fluorescein varies as a function of pH and these wavelengths are the 
absorbance maxima for the chloro-fluorescein peaks at the respective pH values. Finally, the 
absorbance traces were multiplied by the ratio of the average raw absorbance values at the chloro-
fluorescein peak for a given pH to the average raw absorbance values at 519 nm for the pH 10 
traces. The pH 10 traces had the highest raw absorbance values at 519 nm. 
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Next, we measured the emission, quantum yield (Φfl), and fluorescence lifetime (τfl) of our 
VoltageFluor series. We hypothesized that VoltageFluors containing aniline groups with more sp2 
character would experience more PeT and display reduced Φfl and τfl, whereas VoltageFluors 
containing aniline groups with less sp2 character would experience less PeT and display higher Φfl 
and τfl. We observed consistent shapes of the emission spectra from the shared dichlorofluorescein 
chromophore, but there were clear differences in the Φfl and τfl (Figure 4.1b, Figure 4.4). VF2.0.Cl 
had the highest measured quantum yield in Ethanol-KOH, followed by NN26VF, iPrVF, IndoVF, 
JuloVF, and VF2.1.Cl respectively (Table 4.1). With the exception of VF2.1.Cl, this decreasing 
trend in quantum yield matched our hypothesis regarding the sp2 character of the aniline group. 
We speculated that some of the differences between observed and hypothesized VF properties may 
be the result of solvent effects. To better mimic the lipid environment of the plasma membrane, we 
investigated τfl in vesicles of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 16:0-18:1 PC 
(POPC) (Table 4.1, Figure 4.1c). The τfl trend in POPC matched more closely with our 
expectations, with VF2.1.Cl displaying an intermediate τfl similar to that of iPrVF. The lifetime of 
all aniline-containing VFs was longer in POPC, likely attributable to the effects of solvent 
dielectric constant on electron transfer rate.17 Curiously, only VF2.1.Cl deviated from the τfl trend 
observed in Ethanol-KOH, suggesting that the dimethyl aniline has some additional mode of 
solvent dependence that is inaccessible to the other molecules. Minimal, if any, concentration 
dependence was seen for τfl in both Ethanol-KOH and POPC, suggesting that concentration 
quenching is not responsible for these trends (Figure 4.4). 
Changes to the degree of electronic coupling between the wire and the aniline lone pair should be 
visible via 13C NMR, with more electron dense molecular wires appearing upfield. Previous work 
found that the carbon para to the nitrogen displayed the strongest and clearest trends.18 We 
analyzed the 13C NMR chemical shifts of the benzaldehyde precursors to simplify identification 
of individual carbons in the spectrum (Figure 4.5). We observed a trend generally consistent with 
the expected aniline conformation; some deviations may be the result of inductive effects of methyl 
substitution on the benzene ring. 
 

 
Figure 4.4. Concentration dependence of VoltageFluor fluorescence lifetimes in vesicles and 
in basic ethanol. 
Fluorescence lifetime data for VoltageFluors in POPC vesicles and in ethanol with 0.1 N KOH 
(EtOH-KOH). In all cases, 500 nM was selected as the optimal working concentration. The 
fluorescence lifetime of VF2.0.Cl was modeled as a sum of two exponential components; all other 
probes were modeled with three exponential components. a) Concentration dependence of VF 
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fluorescence lifetime in POPC vesicles. Data were tested for homoscedasticity (Levene’s test on 
the median, p>0.05 for 5/6 probes, p>0.01 for iPrVF). Differences between concentrations for each 
probe were evaluated with Fisher’s one-way ANOVA. No significant differences were found 
between groups for 5 of the 6 probes (p>0.05). For IndoVF, significant differences were observed 
between groups (F(2,24)=9.00, p<0.01). Tukey-Kramer post hoc tests revealed significant 
differences between 500 nM IndoVF and 1µM IndoVF (p<0.05), as well as between 250 nM 
IndoVF and 1 µM IndoVF (p<0.001). b) Concentration dependence of the fluorescence lifetime of 
VF2.0.Cl and VF2.1.Cl in EtOH-KOH. The data for each probe were tested for homoscedasticity 
(Levene’s test on the median, p>0.05 in both cases). Differences between concentrations were 
assessed via Fisher’s one-way ANOVA. No significant differences were observed between 
VF2.1.Cl concentrations (F(4,32)=0.254, p=0.91). Significant differences were observed between 
VF2.0.Cl concentrations (F(4,20)=3.61, p=0.023). Tukey-Kramer post hoc tests revealed 
significant differences between 100 nM and 1 µM VF2.0.Cl and between 100 nM and 2 µM 
VF2.0.Cl (p<0.05); all other comparisons did not yield significant differences (p>0.05). c) 
Representative time-resolved fluorescence intensity of the library of VFs at 500 nM VF in EtOH-
KOH. Color coding for VF identity is consistent throughout all plots. IRF= instrument response 
function. Data in (a) and (b) represent are displayed as the mean ± SEM of data taken on 3 or 4 
independent samples, each with 1-3 technical replicates. 

 

 

 
Figure 4.5. 13C NMR shifts of the para-carbon in aniline series precursors. 
13C NMR shifts (in ppm) for the carbons labeled above in red. All spectra were taken in CDCl3 
(chloroform peak referenced to 77.16 ppm). Full spectra for each compound are located in 13. 
NMR Spectra. In order from left to right: Compound 1, 1-methylindoline-5-carbaldehyde, 
Compound 7, 4-(dimethylamino)benzaldehyde, Compound 13, and benzaldehyde. 
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Aniline Effects on Sensitivity in HEK293T 

Having performed initial characterization of the VoltageFluor series of aniline donors in vitro, we 
next examined performance as a voltage sensor in cells (Figure 4.6). To measure voltage 
sensitivity of these indicators, we turned to whole-cell voltage clamp in HEK293T cells incubated 
in dye solution. By recording the changes in fluorescence intensity with epifluorescence 
microscopy when voltage steps from 100 to -100 mV are applied (in 20 mV increments), we 
observed a dramatic difference in voltage sensitivity based on the identity of the aniline donor. As 
previously reported, VF2.1.Cl has modest sensitivity to Vmem changes (23-26% per 100 mV, 
Figure 4.6p, Table 4.1) and VF2.0.Cl, lacking an aniline donor, possesses little to no sensitivity 
(-0.2% per 100 mV, Figure 4.6r, Table 4.1).  

When methyl groups are added ortho to the aniline nitrogen (NN26VF, 20), voltage sensitivity 
drops to 2.2% per 100 mV (Figure 4.6q, Table 4.1), an order of magnitude lower than VF2.1.Cl. 
This is likely attributable to steric inhibition of resonance, which decreases PeT by uncoupling the 
aniline lone pair and the molecular wire. Interestingly, iPrVF had a larger response to Vmem changes 
(34% per 100 mV, Figure 4.6o, Table 4.1) than VF2.1.Cl. This suggests that the added bulk of 
the isopropyl group had not decreased coupling between the aniline lone pair and the molecular 
wire. It is possible that a steric effect between the aromatic ring and isopropyl substituent inhibits 
rotation of the Ar-N bond, maintaining planarity between then aniline and molecular wire. 

The indicators with ring-fused anilines also had larger fluorescence responses to voltage changes 
as expected; IndoVF was the most sensitive at 37% per 100 mV change and JuloVF averaged 34% 
(Figure 4.6m-n, Table 4.1). We observed a high degree of variability in the sensitivity of JuloVF 
(Table 4.1), which might be attributed to its overall dim signal in cells. For both indicators, the 
aniline lone pair is “locked” in a conformation that is in plane with the molecular wire, which 
would account for an increase in PeT and greater sensitivity to Vmem. 
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Figure 4.6. HEK293T intensity patching and relative brightness. 
Voltage sensitivity and relative brightness comparison of VoltageFluor indicators in HEK293T 
cells with intensity-based imaging. Relative brightness was compared at a working concentration 
of 300 nM for all dyes. All brightness values are relative to VF2.1.Cl (d,j, 1.0X brightness), and 
were calculated as the difference between cell signal and the surrounding background (signal-
background). Scale bar represents 20 µm. Top row (a-f) images are the same as Figure 2a-f, and 
display membrane localization for each indicator. The second row (g-l) features the same images, 
but with consistent pixel histograms across each image to illustrate the relative brightness of 
membrane staining. Linear plots (m-r) of the percent change in fluorescence versus Vmem from 
whole-cell voltage clamp (m, n=8 cells; n, n=4 cells; o, n=4 cells; p, n=8 cells; q, n=3 cells; r, n=5 
cells). For whole-cell voltage clamp experiments, cells were loaded at optimized concentration for 
each indicator (JuloVF, 500 nM; IndoVF, 300 nM; iPrVF, 300 nM; VF2.1.Cl, 100 nM; NN26VF, 
300 nM; VF2.0.Cl, 100 nM). Representative concatenated traces from a single patched cell (s-x) 
show the percent change in fluorescence over time as the holding potential is changed from +100 
mV (red) to -100 mV (blue) in 20 mV increments. 
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Fluorescence Lifetime Reports Absolute Brightness and Sensitivity 

We used fluorescence lifetime to investigate how these relative sensitivities (%ΔF/F) translated 
into absolute sensitivity of τfl to Vmem. %ΔF/F depends on both the starting fluorescence intensity 
of the probe and the change in fluorescence with a 100 mV Vmem change. Therefore, very dim 
probes with small Vmem-dependent fluorescence changes can appear highly sensitive in %ΔF/F. 
Fluorescence lifetime, on the other hand, allows for a more direct measure of the change in 
fluorescence with Vmem, as in does not depend on the initial fluorescence intensity of the sensor. 
By measuring the baseline τfl, as well as the Vmem dependent τfl change, we can determine 
differences in PeT in cells without confounding effects from probe brightness or loading. 

We initially assessed the dependence of τfl on loading of each VF in HEK293T cells, testing probe 
concentrations ranging from 100 nM to 1 µM (Figure 4.7). As seen previously with VF2.1.Cl and 
VF2.0.Cl,19 we observed concentration quenching20 at high dye loading for all VFs, with 
concentration-independent τfl at lower dye loading. For IndoVF, iPrVF, and NN26VF, we were 
able to select working concentrations that avoided concentration quenching but retained sufficient 
signal for fluorescence lifetime imaging (300 nM). Interestingly, with these three dyes, we were 
able to load more probe before we observed concentration quenching than we were with either 
VF2.0.Cl or VF2.1.Cl.19 One explanation for this difference is that, at the same nominal 
concentration of these new VFs, loading into the membrane is less efficient. Therefore, 300 nM of 
iPrVF may actually reflect a similar number of VF molecules in the membrane as 100 nM 
VF2.1.Cl. Nevertheless, concentration of VF molecules in a cell membrane is challenging to 
measure directly, so we cannot rule out the possibility that the propensity for concentration 
quenching differs across our library of VFs. Because JuloVF is rather dim in cells, we were not 
able to decrease loading below 500 nM. As a result, fluorescence lifetime data for JuloVF may 
contain contributions from autofluorescence and concentration quenching. 

Using these optimized loading concentrations, we measured the dependence of fluorescence 
lifetime on Vmem in HEK293T cells with simultaneous fluorescence lifetime imaging and whole 
cell patch clamp electrophysiology (Figure 4.8-4.14). Our lifetime-Vmem calibrations for VF2.1.Cl 
and VF2.0.Cl are in good agreement with previous work (Table 41).19 For processing of these τfl-
Vmem calibrations, we selected exponential models for new VFs based on minimization of reduced 
chi squared without overfitting (Methods, Figures 4.15-4.17). For VF2.1.Cl, we explore the 
effects of using 1, 2, or 3 exponential components in detail (Figures 4.15, 4.16). Linear τfl-Vmem 
relationships with similar slopes were observed regardless of the fit model selected, although the 
0 mV lifetimes differed considerably. Systematic errors in describing the time-resolved 
fluorescence decay in time were observed for a monoexponential model for VF2.1.Cl (Figure 
4.16). These systematic errors were removed upon progression to a biexponential model; three 
exponential models resulted in increased variance between pixels (Figure 4.15d-f) without notable 
improvements in the residuals or reduced chi squared. A similar analysis was performed for all six 
VFs. Shorter lifetime VFs (e.g. JuloVF, IndoVF), could not be well described with fewer than 3 
exponential decay components, but use of a 3 component decay model for the other probes resulted 
in overfitting.  

All of the new aniline modified VFs show Vmem sensitive fluorescence lifetimes, with sensitivities 
(slope of lifetime-Vmem line of best fit) ranging from 0.50 to 2.97 ps/mV and 0 mV lifetimes 
ranging from 0.31 to 3.32 ns (Table 4.1). Good agreement was observed between the %ΔF/F and 
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%Δτ/τ per 100 mV (Figure 4.18), which is consistent with a PeT-based Vmem sensing trigger and 
suggests that our selected fit models described the underlying data adequately. The 0 mV lifetimes 
(y-intercepts, in ns) observed were generally consistent with the expected degree of electronic 
coupling between the aniline lone pair and the molecular wire. JuloVF displayed the shortest 
fluorescence lifetime at 0 mV (0.31 ± 0.01 ns). NN26VF displayed the longest fluorescence 
lifetime (3.32 ± 0.01 ns), as expected with the steric inhibition of resonance between the aniline 
lone pair and the wire. IndoVF was most similar to JuloVF, with its slightly longer lifetime perhaps 
attributable to its increased flexibility. iPrVF exhibited a slightly shorter τfl than VF2.1.Cl, 
suggesting that it experiences increased PeT, either via increased substitution at the aniline or 
increasing planarity of the aniline resulting from steric inhibition of rotation. 

Curiously, JuloVF, IndoVF, and iPrVF all displayed shorter τfl than VF2.1.Cl, implying that these 
molecular wires produce faster rates of PeT than the dimethyl aniline containing wire in VF2.1.Cl. 
JuloVF, IndoVF, and iPrVF are all more substituted at the aniline and bottom ring of the molecular 
wire than VF2.1.Cl. This methyl substitution could slightly increase electron density on the wire, 
but the magnitude of the lifetime change seems hard to attribute to an inductive effect. Another 
possible explanation is that the dimethyl aniline in VF2.1.Cl is rotated partially out of the plane of 
the wire in the membrane, but the fused rings or steric bulk of JuloVF, IndoVF, and iPrVF prevents 
them from accessing this conformation. The difference in VF2.1.Cl τfl in POPC vesicles and 
Ethanol-KOH adds further support to the idea of a solvent-dependent conformational change in 
the C-C-N-C dihedral angle, although additional studies are required to validate this. 
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Figure 4.7. Concentration dependence of τfl for four new VFs in HEK293T cells. 
a-d) Box plots showing the effect of JuloVF, IndoVF, iPrVF, or NN26VF concentration on 
fluorescence lifetime in HEK293T cells at rest in imaging buffer. Diamonds represent datapoints 
more than 1.5 times the interquartile range past an edge of the box. Data were tested for 
homoscedasticity (Levene’s test on the median, many with p<0.05). The statistical significance of 
differences between concentrations were evaluated with Welch’s ANOVA; in all cases resulting 
in p<0.05. Asterisks indicate the significance level of Games-Howell post hoc tests (n.s. p>0.05, 
* p<0.05, ** p<0.01, *** p<0.001). For clarity, only the significance level of post hoc comparisons 
involving the concentration used in this study is shown (300 nM for all probes except JuloVF, 
where 500 nM was used). e-j) Representative fluorescence lifetime images overlaid on the 
fluorescence intensity for all six VFs used in this study. Lifetimes are scaled across the same range 
for electrophysiological studies (Fig. 4.8-4.14). Scale bar represents 20 µm.  
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Figure 4.8. Fluorescence lifetime captures absolute sensitivity of VFs. 
a-f) Lifetime intensity overlay images for HEK293T cells at different Vmem stained with JuloVF, 
IndoVF, iPrVF, VF2.1.Cl, NN26VF, and VF2.0.Cl, respectively. Vmem was held at the indicated 
value with whole cell voltage clamp electrophysiology. Lifetimes are scaled across the same 
lifetime range (0.6 ns) with different start and ending values. White arrow indicates voltage-
clamped cell. Scale bar represents 20 µm. g) Slope of the line of best fit for the lifetime-Vmem 
calibration for the aniline modified VF library. Gray points represent measurements from 
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individual cells. h) Y-intercept (0 mV lifetime) from the same lines of best fit as in g. Data are 
shown as mean ± SEM for the following number of patched cells: JuloVF 6, IndoVF 8, iPrVF 10, 
VF2.1.Cl 7, NN26VF 8, VF2.0.Cl 5. 

 

 
Figure 4.9. Vmem sensitivity of the fluorescence lifetime of JuloVF. 
This is a more detailed view of data contained within Figure 4.8. a) Photon count images of JuloVF 
in a HEK293T cell held at the indicated Vmem by whole cell patch clamp electrophysiology. The 
white arrow indicates the patch pipette; scale bar represents 20 µm. b) Lifetime-intensity overlay 
images of JuloVF as in (a). The time-resolved fluorescence decay for JuloVF was modeled as a 
sum of three exponential terms; the weighted average is shown here. Lifetime scale is in ns. c) 
Quantification of average lifetime at the plasma membrane for the individual cell shown in (a-b). 
The line of best fit for τfl vs. Vmem is shown in black. d) The average τfl-Vmem relationship for 
JuloVF (black line), as well as lines of best fit for each individual patched cell (gray, n=6 cells).  
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Figure 4.10. Vmem sensitivity of the fluorescence lifetime of IndoVF. 
This is a more detailed view of data contained within Figure 4.8. a) Photon count images of 
IndoVF in a HEK293T cell held at the indicated Vmem by whole cell patch clamp 
electrophysiology. The white arrow indicates the patch pipette; scale bar represents 20 µm. b) 
Lifetime-intensity overlay images of IndoVF as in (a). The time-resolved fluorescence decay for 
IndoVF was modeled as a sum of three exponential terms; the weighted average is shown here. 
Lifetime scale is in ns. c) Quantification of average lifetime at the plasma membrane for the 
individual cell shown in (a-b). The line of best fit for τfl vs. Vmem is shown in black. d) The average 
τfl-Vmem relationship for IndoVF (black line), as well as lines of best fit for each individual patched 
cell (gray, n=8 cells).  
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Figure 4.11. Vmem sensitivity of the fluorescence lifetime of iPrVF. 
This is a more detailed view of data contained within Figure 4.8. a) Photon count images of iPrVF 
in a HEK293T cell held at the indicated Vmem by whole cell patch clamp electrophysiology. The 
white arrow indicates the patch pipette; scale bar represents 20 µm. b) Lifetime-intensity overlay 
images of iPrVF as in (a). The time-resolved fluorescence decay for iPrVF was modeled as a sum 
of two exponential terms; the weighted average is shown here. Lifetime scale is in ns. c) 
Quantification of average lifetime at the plasma membrane for the individual cell shown in (a-b). 
The line of best fit for τfl vs. Vmem is shown in black. d) The average τfl-Vmem relationship for iPrVF 
(black line), as well as lines of best fit for each individual patched cell (gray, n=10 cells).  

  



 

114 
 

 
Figure 4.12. Vmem sensitivity of the fluorescence lifetime of VF2.1.Cl. 
This is a more detailed view of data contained within Figure 4.8. The relationship between 
fluorescence lifetime and Vmem for VF2.1.Cl was previously reported by our lab (Chapter 2);19 
we repeated the experiment independently here for maximum comparability with the rest of the 
VF series presented here. These results are in good agreement with our previous work. a) Photon 
count images of VF2.1.Cl in a HEK293T cell held at the indicated Vmem by whole cell patch clamp 
electrophysiology. The white arrow indicates the patch pipette; scale bar represents 20 µm. b) 
Lifetime-intensity overlay images of VF2.1.Cl as in (a). The time-resolved fluorescence decay for 
iPrVF was modeled as a sum of two exponential terms; the weighted average is shown here. 
Lifetime scale is in ns. c) Quantification of average lifetime at the plasma membrane for the 
individual cell shown in (a-b). The line of best fit for τfl vs. Vmem is shown in black. d) The average 
τfl-Vmem relationship for VF2.1.Cl (black line), as well as lines of best fit for each individual 
patched cell (gray, n=7 cells).  
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Figure 4.13. Vmem sensitivity of the fluorescence lifetime of NN26VF. 
This is a more detailed view of data contained within Figure 4.8. a) Photon count images of 
NN26VF in a HEK293T cell held at the indicated Vmem by whole cell patch clamp 
electrophysiology. The white arrow indicates the patch pipette; scale bar represents 20 µm. b) 
Lifetime-intensity overlay images of NN26VF as in (a). The time-resolved fluorescence decay for 
NN26VF was described by a single exponential decay term. Lifetime scale is in ns. c) 
Quantification of the NN26VF fluorescence lifetime at the plasma membrane for the individual 
cell shown in (a-b). The line of best fit for τfl vs. Vmem is shown in black. d) The average τfl-Vmem 
relationship for NN26VF (black line), as well as lines of best fit for each individual patched cell 
(gray, n=8 cells).  
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Figure 4.14. The fluorescence lifetime of VF2.0.Cl is not sensitive to Vmem. 
This is a more detailed view of data contained within Figure 4.8. The voltage-insensitivity of the 
fluorescence lifetime of VF2.0.Cl was previously reported by our lab (Chapter 2);19 we repeated 
the experiment independently here for maximum comparability with the rest of the VF series 
presented here. These results are in good agreement with our previous work. a) Photon count 
images of VF2.0.Cl in HEK293T cells held at the indicated Vmem by whole cell patch clamp 
electrophysiology. The white arrow indicates the patch pipette; scale bar represents 20 µm. b) 
Lifetime-intensity overlay images of VF2.1.Cl as in (a). The time-resolved fluorescence decay for 
VF2.0.Cl was modeled with a single exponential term. Lifetime scale is in ns. c) Quantification of 
average lifetime at the plasma membrane for the individual cell shown in (a-b). The line of best fit 
for τfl vs. Vmem is shown in black. d) The average τfl-Vmem relationship for VF2.0.Cl (black line), 
as well as lines of best fit for each individual patched cell (gray, n=7 cells).  
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Figure 4.15. Effect of fit model on the value and the Vmem sensitivity of VF2.1.Cl fluorescence 
lifetime. 
The relationship between Vmem and τfl of VF2.1.Cl in HEK293T was confirmed by whole cell 
patch clamp electrophysiology in HEK293T cells. Vmem was set with whole cell voltage clamp 
electrophysiology; the patch electrode is indicated by the white arrow. Previously reported τfl data 
for VF2.1.Cl was modeled with two exponential components;19 here we show in details the process 
of selecting a satisfactory number of terms in a fluorescence lifetime decay model. a-c) The 
relationship between τfl and Vmem for VF2.1.Cl in HEK293T when VF2.1Cl τfl is described by a 
sum of one, two, or three exponential components (n=7 cells). The overall relationship is 
preserved, although the 0 mV lifetime shifts considerably across the three models. d-f) 
Representative images of the fluorescence lifetime of VF2.1.Cl fit pixel-by-pixel in a HEK293T 
cell. Increased variability between nearby pixels is observed when a third exponential component 
is added. Scale bar represents 20 µm. g) The quality of the exponential fit, as described by the 
reduced chi squared. Each value in the histogram is an individual measurement at a particular 
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Vmem; therefore, each patch is represented by 4 or 5 values in the histogram). h) Vmem dependence 
of the fit quality of the exponential fit. Each point represents an individual measurement as in (g); 
each line represents the line of best fit for χ2 vs Vmem. If a fit model adequately describes the Vmem 
sensitivity of a VoltageFluor, there should be no Vmem dependence in χ2.  

 

 

 

 

Figure 4.16. Pixel-level fit quality for VF2.1.Cl with 1, 2, or 3 exponential component models. 
a) Sample time correlated single photon counting decay for a representative single pixel (px) in a 
FLIM image of 100 nM VF2.1.Cl in HEK293T. b) Weighted residuals when the decay in (a) is 
modeled with 1, 2, or 3 exponential decay components. c,e) Additional representative decays 
individual pixels. d,f) Weighted residuals from the decays shown in (c) and (e). All pixels shown 
were selected from within the membrane region of interest in the -80 mV image from the data in 
Figure 4.15d-f (leftmost image).   



 

119 
 

 

Figure 4.17. Fluorescence lifetime fit model selection for all VF derivatives. 
Selection of the appropriate number of exponential terms in the fluorescence lifetime decay model 
was based on minimization of reduced chi squared χ2 and avoidance of Vmem dependence in χ2. 
These data are reproduced in Fig. 4.8-4.14. a) Comparison of χ2 when the time resolved 
fluorescence decay of JuloVF is modeled as a sum of two or three exponential components b) 
Relationship between Vmem χ2 for JuloVF. Measurements from individual cells are shown as 
markers; for closely spaced results, markers may overlap. The line of best fit for χ2 vs. Vmem for 
each fit model is shown. c-d) Evaluation of χ2 overall and as it relates to Vmem for IndoVF when 
its fluorescence lifetime is modeled as a sum of two or three exponential terms. e-f) Evaluation of 
χ2 overall and as it relates to Vmem for iPrVF when modeled as a sum of two or three exponential 
terms. g-h) Evaluation of χ2 overall and as it relates to Vmem for NN26VF when modeled as a single 
exponential decay or as a sum of two exponential terms. i-j) Evaluation of χ2 overall and as it 
relates to Vmem for VF2.0.Cl when the fluorescence lifetime of VF2.0.Cl is modeled as a single 
exponential decay or as a sum of two exponential terms. Each measurement on each cell at a given 
potential is represented individually (i.e. each patch has 4 or 5 values in the histogram, one for 
each recorded Vmem). Sample sizes (number of HEK293T cells patched): JuloVF 6, IndoVF 8, 
iPrVF 10, NN26VF 8, VF2.0.Cl 5. 
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Figure 4.18. Percent change in τfl and goodness of linear fit for Vmem-τfl calibrations. 
These data accompany Figure 4.8. a) Percent change in τfl per 100 mV change, relative to the 
lifetime at -60 mV. b) Quality of the linear fit (as evaluated by the squared correlation coefficient, 
r2) for the Vmem-τfl relationship of each VF. Each gray dot represents an individual patched 
HEK293T cell; bars represent mean ± SEM. Sample sizes (number of individual HEK293T cells): 
JuloVF 6, IndoVF 8, iPrVF 10, VF2.1.Cl 7, NN26VF 8, VF2.0.Cl 5. 

Performance at Detection of Spontaneous Electrical Activity 

We evaluated our three best aniline modified VFs for their ability to monitor spontaneous electrical 
activity in human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) and 
dissociated rat hippocampal neurons. We selected VF2.1.Cl, iPrVF, and IndoVF for these studies, 
as they displayed the best combination of sensitivity and brightness in HEK293T. All three 
indicators faithfully recorded action potential waveforms in spontaneously contracting monolayers 
of cardiomyocytes (Figure 4.19). The average signal-to-noise ratio (SNR) of these activity 
recordings was high in all cases, with iPrVF and VF2.1.Cl having the highest SNR values in excess 
of 400:1 when loaded at a concentration of 300 nM (Figure 4.19g, Table 4.2). IndoVF exhibited 
an average SNR that was similar to VF2.1.Cl loaded at lower concentrations, but is still capable 
of reporting cardiac action potential kinetics (Figure 4.20).  

We also investigated the phototoxicity and photostability of these three derivatives, as we have 
previously observed difference in the phototoxicity of PeT-based voltage indicators with different 
wire structures.15 We compared the phototoxicity of iPrVF and IndoVF to VF2.1.Cl during 
prolonged measurements of activity in iPSC-CM monolayers. With all three sensors, we were able 
to record action potentials (APs) without alterations to the AP waveform for up to 4 minutes 
(Figure 4.21). IndoVF appeared slightly less phototoxic than iPrVF or VF2.1.Cl, as AP kinetics 
remain unchanged for approximately 6 minutes of illumination in tissue. The initial 
photobleaching rates for all three indicators are similar in both HEK293T cells and iPSC-CMs 
(Figure 4.22). Taken together, these data suggest that modifying the aniline conformation has 
minimal effect on probe photobleaching and phototoxicity, and IndoVF, iPrVF, and VF2.1.Cl are 
all capable of reporting on cardiac electrophysiology with high SNR. 
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In dissociated rat hippocampal culture, IndoVF, iPrVF, and VF2.1.Cl all displayed good SNR in 
the detection of evoked action potentials (Figure 4.19, 4.23, Table 4.2). 300 nM VF2.1.Cl showed 
the highest SNR, although action potentials were also clearly visible with 300 nM iPrVF and 300 
nM IndoVF. 

 

 
Figure 4.19. Aniline modified VFs detect electrical activity in iPSC-CMs and neurons. 
a,c,e) Epifluorescence images of VF2.1.Cl, iPrVF, and IndoVF loaded at 300 nM in iPSC-CM 
monolayers. Image size matches recording area used for functional imaging. Scale bar represents 
50 µm. b,d,f) ΔF/F of averaged spontaneous action potentials in iPSC-CM monolayers, recorded 
with VF2.1.Cl, iPrVF, and IndoVF, respectively. g) SNR for AP detection in iPSC-CMs. Each 
point represents a recording from a field of view. Data are shown as mean ± SEM. h,j,l) 
Epifluorescence images of VF2.1.Cl, iPrVF, and IndoVF loaded at 300 nM in dissociated rat 
hippocampal neurons. Scale bar represents 40 µm; image size matches recording area used for 
functional imaging. i,k,m) Unfiltered %ΔF/F traces from a series of three evoked action potentials. 
n) SNR for AP detection in neurons. Each point represents the first action potential measured from 
a field of view. Data are shown as mean ± SEM. 
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VoltageFluor HEK293T SNR Cardio SNR Neuron SNR 
JuloVF 26 ± 1.8b - - 
IndoVF 87 ± 6.5 141 ± 4.4 5.6 ± 0.3 
iPrVF 125 ± 1.7 451 ± 11 9.7 ± 0.5 
VF2.1.Cl 103 ± 4.6a  

197 ± 12  
130 ± 5.3a  
441 ± 14 

7.8 ± 0.6a 
13 ± 1 

NN26VF 8.6 ± 0.2 - - 
VF2.0.Cl 1.8 ± 0.06a 

 2.4 ± 1.4 
- - 

Table 4.2. Signal-to-noise ratio (SNR) in detection of cellular Vmem changes. 
Data are shown as mean ± SEM. All data were measured at 300 nM unless otherwise indicated. 
a100 nM; b500nM. 
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Figure 4.20. Functional comparison of VoltageFluor indicators in hiPSC-CMs. 
Representative uncorrected (a,c,e,g) and bleach-corrected (b,d,f,h) functional recordings of 
spontaneous activity in hiPSC-CMs. Recordings were made for 10 seconds, bleach correction was 
made by subtracting the exponential decay calculated by an asymmetric least-squares fit to the raw 
trace. Of the VoltageFluors tested, each has a similar photobleach decay (Figure 4.21). i) Scatter 
plot of corrected action potential duration (cAPD) values at 30, 50, and 90% of the repolarization 
recorded with VoltageFluors. cAPD, and action potential morphology, was not affected by the 
identity of VoltageFluor used in these studies. Bars represent mean ± SEM. Samples were taken 
from 3 wells per condition, with 5 fields of view per well for a total of 15 recordings per condition. 
Sample size (number of individual action potentials recorded): 100 nM – VF2.1.Cl 100, 300 nM 
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– VF.2.1.Cl 103, indoVF 89, iPrVF 102. j) Bar plot of mean %ΔF/F (left y-axis, black bars), and 
mean brightness (right y-axis, grey bars). Brightness was calculated as the average pixel intensity 
of the baseline of the fluorescence trace. IndoVF and iPrVF were loaded at a concentration of 300 
nM. As with SNR (Figure 4.19), IndoVF performs similarly in %ΔF/F and has a similar brightness 
to VF2.1.Cl loaded at 100 nM, and iPrVF performs similarly to VF2.1.Cl loaded at 300 nM. 
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Figure 4.21. Cardiotoxicity with prolonged illumination of VoltageFluors 
The phototoxicity of VoltageFluors was examined in hiPSC-CMs by prolonged, continuous 
exposure to the excitation LED. Action potential morphology was monitored through 10 second 
recordings made each minute (a-d) and quantified using cAPD. Deviations in cAPD from starting 
values (recording made at 0 minutes) can be interpreted as an action potential morphology change, 
which is indicative of potential phototoxic effects. As previously observed,15 decreasing the 
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concentration of VF2.1.Cl to 100 nM (a) from 300 nM (b) permits recordings over extended times 
with minimal change to action potential morphology. iPrVF (c, 300 nM) performs similarly to 
VF2.1.Cl loaded at 300 nM (b), permitting recordings for 3 minutes of constant illumination before 
AP morphology changes are seen. indoVF (d, 300 nM) resembles VF2.1.Cl loaded at a lower 
concentration (a, 100 nM), as AP morphology changes are not observed until extended 
illumination periods. AP morphology changes were also quantifies the difference (e) and ratio (f) 
of cAPD90 and cAPD30. Deviations from initial values indicate changes to AP morphology. In 
the case of the VoltageFluors tested, both the difference and ratio of cAPD90 and cAPD30 
increases over prolonged exposure to excitation light, indicating a prolongation of phase 2 in the 
cardiac AP and an overall increase in duration. (g-j) Representative fluorescence traces from a 
single trial, each action potential is the mean trace from a single 10 second recording. As time 
progresses (purple to cream), the amplitude of the cardiac action potential decreases regardless of 
VoltageFluor used due to photobleaching. (k-n) Scaled fluorescence traces more clearly show the 
decrease in amplitude for each VoltageFluor. (o-r) Normalized fluorescence traces show the 
change in action potential morphology with increased illumination.  
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Figure 4.22. Comparison of VF bleach rate in HEK293T, iCMs, and rat hippocampal 
neurons. 
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a) Mean fluorescence and b) mean normalized fluorescence signal over time under high light 
illumination in HEK293T. Dotted lines reflect ± SEM for 3 recordings. c) Fluorescence and d) 
normalized fluorescence of the background correction spline used for cardiomyocyte functional 
imaging, reflecting the average bleaching rate of the sensor. e) Average bleaching traces for evoked 
activity experiments in neurons. The y-intercept is the average fluorescence value of the first frame 
of the background-subtracted traces for each dye. The slope is the average slope of the regression 
lines which were fit to the background-corrected traces for each dye and used to correct for 
bleaching. f) Each trace from (e) normalized. 
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Figure 4.23. Functional comparison of VoltageFluor indicators in rat hippocampal neurons. 
a,c,e,g) Representative background-corrected traces (black) of evoked activity in rat hippocampal 
neurons and regression lines (red) fit to the respective traces for VF2.1.Cl 100 nM (a), VF2.1.Cl 
300 nM (c), iPrVF 300 nM (e), and IndoVF 300 nM (g). b,d,f,h) %∆F/F traces (black) of evoked 
activity in rat hippocampal neurons for VF2.1.Cl 100 nM (b), VF2.1.Cl 300 nM (d), iPrVF 300 
nM (f), and IndoVF 300 nM (h). i) Plot of the raw fluorescence values of each dye in rat 
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hippocampal neurons. Each grey dot represents a background-corrected first frame fluorescence 
value for one measurement of evoked activity; bars represent mean ± SEM. j) Plot of the %∆F/F 
values for evoked activity in rat hippocampal neurons. Each grey dot represents the %∆F/F value 
of the first action potential in one measurement of evoked activity; bars represent mean ± SEM. 

 

Predictors of VF Performance in Functional Imaging 

From the τfl electrophysiology data, we noticed a tradeoff between the absolute sensitivity and 0 
mV τfl of the VFs (Figure 4.24a). Because all of the VFs are based on the dichlorofluorescein 
chromophore and have the same extinction coefficient, 0 mV τfl should reflect the inherent 
brightness of the VFs. Dimmer VFs such as JuloVF and IndoVF have a high relative Vmem 
sensitivity (%ΔF/F or %Δτ/τ, Figure 4.6, Figure 4.18), but a lower absolute change in τ per mV. 
We observe the highest absolute sensitivity for VF2.1.Cl, which has an intermediate 0 mV lifetime. 
Very long lifetimes, such as those in NN26VF, are associated with both low %ΔF/F and low 
absolute sensitivity. Taken together, these data suggest that the performance of VFs hinges on a 
balance between fluorescence and PeT, and that the intermediate levels of both PeT and 
fluorescence produce the largest sensitivities. 

We found that fluorescence intensity of the VFs in HEK293T cells did not correlate strongly with 
the fluorescence lifetime (Figure 4.24b), suggesting that VF loading into membranes plays a major 
role in dictating fluorescence intensity. The differences we observed in the onset of concentration 
quenching of τfl are consistent with this notion (Figure 4.7). Although the aniline modified VFs 
are structurally similar, changes in the basicity of the aniline could lead to protonation in buffer, 
forming a charged, quaternary nitrogen that could disfavor incorporation into the membrane. 
Taken together, the substantial differences between fluorescence intensity and fluorescence 
lifetime suggest that caution should be used in interpreting probe brightness in cells in terms of 
fundamental photophysics. On the other hand, the τfl in POPC (Figure 4.1, Table 4.1) matched 
the trends observed in 0 mV lifetime in HEK293T cell membranes qualitatively, suggesting that 
characterization in POPC vesicles is a reasonable strategy for predicting VF 0 mV lifetime and 
baseline levels of PeT. 

From this multidimensional characterization, we sought to identify a property that would predict 
performance (signal-to-noise ratio, SNR) in Vmem event detection. We observed strong correlation 
between the absolute sensitivity (Δτ/mV) and the SNR of a 100 mV step in HEK293T in 
epifluorescence imaging (Figure 4.24c). It stands to reason that the total change in the probe 
fluorescence lifetime reflects how much Vmem-sensitive PeT is modulating the fluorescence. To 
evaluate whether SNR in HEK293T translates to applications in excitable cell culture, we analyzed 
the relationship between the SNR for a Vmem step in HEK293T and the SNR for per action potential 
(AP) in cardiomyocytes and neurons (Figure 4.24d). We observed strong correlation between the 
SNR in HEK293T and neurons, with slightly weaker correlation between results in HEK293T and 
iPSC-CMs. Therefore, the absolute sensitivity of τfl to Vmem is a good predictor of probe SNR in 
diverse contexts. 
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Figure 4.24. Fluorescence lifetime change dictates VF performance. 
Data shown here are aggregated from Figures 4.6, 4.8, and 4.19 to highlight properties of the VF 
library. Numbers correspond to aniline-modified VFs: 1 JuloVF (500 nM), 2 IndoVF (300 nM), 3 
iPrVF (300 nM), 4 VF2.1.Cl (100 nM), 4* VF2.1.Cl (300 nM), 5 NN26VF (300 nM), 6 VF2.0.Cl 
(100 nM). a) The sensitivity (ps/mV) and 0 mV lifetime (ns) of VF fluorescence lifetimes in 
HEK293T exhibit a parabolic relationship. b) The relative fluorescence intensity of VFs does not 
display the same trend as τfl. Fluorescence intensity of VFs at 300 nM in HEK293T is shown here; 
JuloVF is omitted because no lifetime data were taken at 300 nM. c) Correlation between the signal 
to noise ratio (SNR) of a 100 mV Vmem step (-60 to +40 mV) in HEK293T and the sensitivity of 
τfl to Vmem. d) Correlation between the SNR in HEK293T (as in c) with the SNR for detection 
spontaneous action potentials (APs) in cardiomyocytes (CM, blue) or evoked APs in neurons 
(orange). The SNR for each probe in each system (Table 4.2) was normalized to the maximum 
SNR seen in that system for ease of comparison. Data are represented as the mean; error bars are 
omitted for clarity. 

 

In summary, we present the design and synthesis of a library of PeT-based voltage-sensitive dyes 
with conformationally modified electron donating moieties. We performed extensive 
characterization of VF properties in vitro, in a model cell culture system, and in excitable cells. 
The large range of brightness and sensitivity observed in our library suggests that synthetic 
modification of the aniline electron donor is an effective way to tune PeT-based Vmem sensing 
domains across a wide variety of electron donor strengths. We identify that τfl and the magnitude 
of Vmem induced changes in τfl, give a more accurate picture of VF photophysics than fluorescence 
intensity alone. We anticipate that similar τfl information would be useful for many novel probe 
libraries, not limited to those designed for Vmem sensing.  
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Materials and Methods 

Chemical Synthesis and Characterization 

Detailed information regarding the chemical synthesis and characterization is available in Steven 
Boggess’s Ph.D. dissertation. 

Spectroscopic Studies 

Stock solutions of VoltageFluors were prepared in DMSO (500 µM-1 mM) by comparing the 
absorbance of the chloro-fluorescein peak of each VoltageFluor with the known extinction 
coefficient for this dye head.16 These stock solutions were then diluted (1:1000) in the indicated 
solvent for each spectroscopic analysis. UV-Vis absorbance and fluorescence spectra were 
recorded using a Shimadzu 2501 Spectrophotometer (Shimadzu) and a Quantamaster 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). 

Relative quantum yields (ΦFl) were calculated by comparison to fluorescein (ΦFl = 0.93 in 0.1 M 
NaOH, ΦFl = 0.92 in Ethanol w/ 0.1 M KOH)21,22 and rhodamine 6G (ΦFl = 0.95 in ethanol)23 as 
references.24 Stock solutions of standards were prepared in DMSO (0.25-1.25 mM) and diluted 
with appropriate solvent (1:1000 dilution). Absorption and emission (excitation = 485 nm) were 
taken at 5 concentrations. The absorption value at the excitation wavelength (485 nM) was plotted 
against the integration of the area of fluorescence curve (495-675 nm). For fluorescein, the 
integration of the area of the fluorescence curve was also taken with an excitation at 450 nm. The 
area from 460-675 nm and 495-675 nm was used to extrapolate the area of the fluorescence curve 
with an excitation at 485 nm. This ensured the full fluorescence area of fluorescein excited at 485 
nm was used for ΦFl calculations. The slope of the linear best fit of the data was used to calculate 
the relative ΦFl by the equation ΦFl(X) = ΦFl(R)(SX/SR)(ηX/ηR)2 , where SR and SX are the slopes of the 
reference compound and unknown, respectively, and η is the refractive index of the solution. This 
method was validated by cross-referencing the reported ΦFl values of fluorescein and rhodamine 
6G to the calculated ΦFl using the one standard as a reference for the other and vice versa. 
Calculated ΦFl within 10% of the reported value for both standards ensured that ΦFl calculated for 
fluorene VoltageFluors was reliable within 10% error. 

Preparation of POPC Vesicles 

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0-18:1 PC, POPC) was purchased as CHCl3 
solution from Avanti Polar Lipids (Alabaster, AL). Stocks were aliquoted and stored at -80°C; all 
lipid solutions were handled in glassware cleaned with copious amounts of CHCl3. For preparation 
of vesicles, 1-15 mg of POPC (at 4 mg/mL in CHCl3) was dried down on a rotary evaporator at 
45°C and 35 RPM to produce a film. The film was dried under vacuum at room temperature 
overnight and then rehydrated for 30-60 minutes with slow rotation (10-15 RPM) at room 
temperature in 1x Dulbecco’s Phosphate Buffered Saline (dPBS, Gibco, composition in mM: 138 
NaCl, 8 NaH2PO4, 2.7 KCl, 1.5 KH2PO4, pH approx. 7.1). Unilamellar vesicles were formed by 
extrusion through a 0.1 µm pore size polycarbonate membrane with the Mini Extruder Set at room 
temperature (Avanti) as per the manufacturer’s protocol. Vesicles were kept at room temperature 
and used within a few hours of formation. 
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Vesicle formation was verified by dynamic light scattering (DLS) with a Zetasizer Nano ZS 
(Malvern Instruments). Vesicle diameters ranged from 125.9-160.3 nm between batches; all 
batches were monodisperse, with one primary size peak. For DLS measurements, vesicle 
suspensions were used directly or diluted 1:1 in dPBS before measurement. 100-200 uL of vesicle 
suspension was placed into a Zen 0040 cuvette. Refractive indices of 1.450 (material) and 1.332 
(dispersant) were used in the Zetasizer software to obtain size distributions. Vesicle size 
distributions were measured in both naïve POPC vesicles and in POPC vesicles incubated with 
VoltageFluor; results were indistinguishable. 

Cell Culture 

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 (HEK) 293T cells 

HEK293T cells were acquired from the UC Berkeley Cell Culture Facility and were verified by 
STR (short tandem repeat) profiling. Cells were routinely checked for mycoplasma contamination. 
HEK293T cells were maintained in Dulbecco’s modified eagle medium (DMEM, Gibco) 
supplemented with 4.5 g/L D-glucose, 10% fetal bovine serum (FBS, Seradigm), and 2 mM 
GlutaMAX (Gibco). Cells were passaged every few days into fresh media following dissociation 
with 0.05% Trypsin-EDTA (Gibco). All cells were discarded after 30 passages. For imaging 
experiments, 25 mm glass coverslips (Electron Microscopy Sciences) were prepared by acid 
washing (1 M HCl, approx. 5 hours), followed by three overnight washes in ethanol and three 
overnight washes in water. Coverslips were sterilized by heating at 150°C for 2-4 hours. To 
facilitate cell attachment, sterilized coverslips were coated with Poly-D-Lysine (PDL; 1 mg/mL; 
Sigma-Aldrich) for 1-24 hours at 37°C, followed by two washes with water and two washes with 
phosphate-buffered saline. For general imaging, cells were seeded onto prepared coverslips in 
complete DMEM at a 42,000 cells/cm2 and used approximately 24 hours after plating. For 
electrophysiology, cells were seeded at a density of 21,000 cells/cm2 in low glucose DMEM (1 
g/L glucose, 10% FBS, 1 mM pyruvate, 2 mM GlutaMAX) and used approximately 16 hours after 
plating. 

Rat hippocampal neurons 

Hippocampi were dissected from embryonic day 18 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 
diameter coverslips (Electron Microscopy Sciences, prepared as above) at a density of 27,000 cells 
per coverslip in MEM supplemented media. 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. 
Functional imaging was performed on 14-17 DIV neurons. 
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Differentiation of hiPSC into cardiomyocytes and culture 

hiPSCs (WTC11)25 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 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 15.26 
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 
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.27 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. 
VoltageFluor Stocks and Cellular Loading 

VoltageFluors were stored as 0.5-1 mM DMSO stocks at -20°C or as a solid at room temperature. 
For cellular loading in HEK293T, DMSO stocks were diluted to the indicated concentration in 
imaging buffer (IB; 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). 
HEK293T cells were incubated in the VF-IB solution for 20-25 minutes in a humidified incubator 
at 37°C. Cells were washed once in IB and transferred to fresh IB for imaging. Hippocampal 
neurons were loaded with VoltageFluor at the indicated concentration in HBSS and incubated in 
the VF-HBSS solution for 20 minutes in a humidified incubator at 37°C. For imaging evoked 
activity, the hippocampal neurons were then transferred to a HBSS solution containing the 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) to prevent recurrent activity. Cardiomyocytes were loaded with VoltageFluor in RPMI-
B27 with no phenol red (instead of IB). The loading solution was exchanged for fresh RPMI-B27 
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without phenol red (and without VF) before imaging. All imaging was conducted under ambient 
atmosphere; no imaging samples were used for longer than an hour. 

For assessment of the concentration dependence of fluorescence lifetime, the indicated 
concentration of VoltageFluor was used (Fig. 4.17). From these data, an optimal working 
concentration that minimized concentration quenching but retained adequate signal was selected. 
This concentration was used for all other experiments in HEK293T unless indicated. Optimal 
concentrations for VF2.1.Cl and VF2.0.Cl were previously determined;9 where indicated, we also 
include some data at 300 nM (3x higher concentration) for comparison. Working concentration 
values are tabulated below (Table 4.3): 

 

VoltageFluor Optimized Concentration 
JuloVF 500 nM 
IndoVF 300 nM 

iPrVF 300 nM 
VF2.1.Cl 100 nM 
NN26VF 300 nM 
VF2.0.Cl 100 nM 

Table 4.3. Optimized cellular working concentrations. 
 

Epifluorescence (“fluorescence intensity”) imaging 

For all experiments, excitation light for epifluorescence intensity image was generated by Spectra-
X Light engine LED (Lumencor) using the cyan LED (475/34 nm bandpass filter). Light was 
collected with an emission filter (bandpass 540/50 nm) after passing through a dichroic mirror 
(510 nm LP). Images were captured with an OrcaFlash4.0 sCMOS camera (Hamamatsu). More 
detailed imaging information for each fluorescence intensity application is expanded below. 
Membrane staining and photostability in HEK293T cells 

HEK293T cells were imaged on an inverted Zeiss AxioObserver Z-1. Fluorescence was collected 
with a 40x oil immersion objective (EC-Plan-NEOFLUAR 40/1.3; Zeiss). For membrane staining, 
images (2048x2048 px2, pixel size 0.16 x 0.16 µm2) . For voltage sensitivity experiments, images 
(100x100 px2, pixel size 0.64 x 0.64 µm2) were collected continuously with constant LED 
illumination (9.53 mW/mm2) and a sampling rate of 0.5 kHz. For photostability experiments, 
images (2048 x 2048 px2, pixel size 0.16 x 0.16 µm2) were taken every 1 second for 5 minutes 
with constant illumination of LED (30.4 mW/mm2; 100 ms exposure time).  
Evoked activity in rat hippocampal neurons 

Evoked activity imaging was performed on an upright AxioExaminer Z-1 (Zeiss), equipped with 
a Spectra-X light engine LED light (Lumencor), and controlled with µManager (V1.4, open-
source, Open Imaging).10 Images were acquired using a W-Plan-Apo/1.0 NA 20x water immersion 
objective (Zeiss). Images (2048x400 px2, pixel size: 0.325 x 0.325 μm) were collected 
continuously on an OrcaFlash4.0 sCMOS camera (sCMOS; Hamamatsu) at a sampling rate of 0.5 
kHz with 4x4 binning and cyan excitation light power of 13.22 mW/mm2. Extracellular field 
stimulation was delivered by a Grass Stimulator connected to a recording chamber containing two 
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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.  
Spontaneous activity in hiPSC-derived cardiomyocytes  

Functional recordings of VoltageFluors were performed on an inverted AxioObserver Z-1 (Zeiss), 
equipped with a Spectra-X Light engine LED light (Lumencor), controlled with µManager (V1.4, 
open-source, Open Imaging).10 Images were acquired using a Plan-Apochromat 20/0.8 air 
objective (20x, Zeiss). Images were focused onto an OrcaFlash4.0 sCMOS camera (sCMOS; 
Hamamatsu). Images (512 x 125 px2, pixel size 0.64 x 0.64 µm) were taken continuously at 0.2 
kHz for ten seconds with constant LED illumination (11.1 mW/mm2). 
Phototoxicity of VoltageFluor dyes was assessed in cardiomyocyte monolayers exposed to 
constant illumination from the excitation LED (9.53 mW/mm2) for up to ten minutes (or until 
automaticity was lost), while typical ten second fluorescence recordings were made at the 
beginning of each minute.  
Epifluorescence (“fluorescence intensity”) Image Analysis 

Voltage sensitivity in HEK293T cells (%ΔF/F) 

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.  

Spontaneous activity in iPSC-CMs 

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).11,12 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 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.13 This 
spline was used to estimate and compare the rate of photobleaching of VoltageFluors in 
cardiomyocytes (Figure 4.21). 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 and 10% of the maximum depolarization (APD30 and APD90, respectively). APD 
values were corrected for variation due to spontaneous beat rate by Fridericia’s formula (Eq. 4.1). 
CL is the cycle length, calculated as the time period from the beginning of one beat to the beginning 
of the succeeding beat.14 
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[4-1] cAPD =  
𝐴𝐴𝐴𝐴𝐴𝐴
√𝐶𝐶𝐶𝐶3  

 

Evoked activity in rat hippocampal neurons 

For analysis of evoked voltage responses in neurons, regions of interest encompassing cell bodies 
were drawn in ImageJ and the mean fluorescence intensities for each frame were extracted. ∆F/F 
values were calculated in the following manner. First, a mean background value was subtracted 
from all raw fluorescence frames, bypassing the noise amplification which arises from subtracting 
background for each frame, to give a background subtracted trace. A least squares regression was 
then fit to the background subtracted trace. A bleaching curve, derived from the slope of the 
regression, was then subtracted from the background subtracted trace to correct for photobleaching 
and yield a bleach-corrected trace. The median of the bleach-corrected trace was subtracted from 
each timepoint of the bleach-corrected trace to yield a ∆F trace. The ∆F trace was then divided by 
the median of the bleach-corrected trace to give a ∆F/F trace. No averaging has been applied to 
any voltage traces. Signal-to-noise ratios were calculated by dividing the ∆F/F value for the frame 
containing the first spike of evoked activity by the standard deviation of the previous 10 frames in 
the ∆F/F trace. 

Photobleaching studies 

For photostability experiments HEK293T cells were loaded the same as above. Images (pixel size 
0.16 µm × 0.16 µm) were taken every 1 second for 5 minutes with constant illumination of LED 
(30.4 mW/mm2; 50 ms exposure). The obtained fluorescence curves were normalized with the 
fluorescence intensity at t = 0 and averaged (three different cell rafts for each dye). Phototoxicity 
of VoltageFluor dyes was assessed in cardiomyocyte monolayers incubated with 0.3 µM of 
indicator (and 0.1 µM for VF2.1.Cl). These were exposed to constant illumination from the 
excitation LED (475/34; bandpass) for up to 10 minutes, while typical ten second fluorescence 
recordings were made at the beginning of each minute. Initial photobleach was compared using 
splines calculated from asymmetric least squares fit of the baseline. Bleach rate of VoltageFluors 
in neurons was assessed according to the analysis above.  

Fluorescence Lifetime Data Acquisition 

Microscopy configuration 

Fluorescence lifetime data were obtained as described previously.9 Briefly, fluorescence lifetime 
data were acquired on an inverted LSM 510 (Zeiss) scanning confocal microscope equipped with 
a Becker and Hickl SPC-150N photon counting card. Pulsed excitation light was supplied by a 
MaiTai HP Ti:Sapphire laser (SpectraPhysics) tuned to 958 nm and frequency doubled to 479 nm. 
Average power at the sample ranged from 5-25 µW. Photons were collected with a 40x oil 
immersion objective (1.3 NA Plan-Neofluar, Zeiss) and detected with an HPM-100-40 hybrid 
detector (Becker and Hickl) after passing through a 488 nm long pass dichroic (Zeiss) and a 550/49 
nm bandpass emission filter (Semrock, Rochester, NY). Fluorescence lifetime data were acquired 
using SPCM software (Becker and Hickl). To maximize photon signal but retain some optical 
sectioning, the confocal pinhole was set to 2.5-3.5 AU (~2.5 µm optical section). Proper 
functioning of the fluorescence lifetime imaging system was routinely measured with the standards 
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[4-2] 

erythrosin B and fluorescein in 0.1 N NaOH. The instrument response function (IRF) was recorded 
at least hourly during data acquisition from a solution of quenched fluorescein (500 µM 
fluorescein, 12 M NaI, 0.1 N NaOH).15 

Data acquisition – solution phase measurements 

POPC vesicles in 1x dPBS were incubated with VoltageFluor at the indicated concentration at 
room temperature for 20-30 minutes. The final concentration of DMSO was kept at or below 0.2%. 
After incubation, vesicle suspensions with dye were transferred to a clean 25 mm coverslip in an 
Attofluor imaging chamber (Thermo Fisher Scientific). Fluorescence lifetime images were 
acquired for 60 seconds and generally contained >106 photons per recording. Data from the image 
were combined into a global decay with 256 time channels in the fluorescence decay before 
analysis (see below). 

Data acquisition – cellular measurements 

HEK293T loaded with VF were transferred to an Attofluor imaging chamber containing imaging 
buffer. Fluorescence lifetime images were recorded with 256x256 px2 of spatial resolution (112 x 
112 µm2 image size; see below for binning during lifetime fitting) and 256 time channels. Images 
for evaluating concentration dependence were acquired for 75-90 seconds; results are the sum of 
approximately 12 scans across the field of view. For tandem electrophysiology and fluorescence 
lifetime imaging, data were recorded with 64x64 px2 of spatial resolution (56.3 x 56.3 µm2 image 
size) and 256 time channels. Images with concurrent electrophysiology were acquired for 30 
seconds, summing multiple frames recorded from the same field of view. 

Fluorescence Lifetime Data Analysis 

Time-resolved fluorescence decays I(t) of VoltageFluors were fit to a single exponential decay or 
to a sum of two or three exponential decays (eqn. 4-2, n=1, 2, or 3). Fits were optimized in custom 
Matlab code (MathWorks, Natick, MA) using the weighted least squares method to minimize the 
reduced chi squared χ2 (eqn. 4-3). The interior-point algorithm from the built-in Matlab 
optimization routine fmincon was used for optimization. Code is described further in Appendix 1 
and is available upon request.  

 

𝐼𝐼(𝑡𝑡) =  �𝑎𝑎𝑖𝑖𝑒𝑒
−𝑡𝑡 𝜏𝜏𝑖𝑖�

𝑛𝑛

𝑖𝑖=1

 

 

To calculate χ2, the difference between the observed value ym and the calculated value zm for each 
time channel m was determined, with Poisson weighting based on the square root of the calculated 
number of counts in each channel. χ2 was adjusted for the total number of time channels N included 
in the fit, as well as the number of parameters p in the model (coefficients ai and decay constants 
τi). 
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[4-3] 

[4-4] 

[4-5] 

𝜒𝜒2 =  �
(𝑦𝑦𝑚𝑚 − 𝑧𝑧𝑚𝑚)2

𝑧𝑧𝑚𝑚(𝑁𝑁 − 𝑝𝑝)

𝑁𝑁

𝑚𝑚=1

 

Where only one fluorescence decay term was used, the reported τfl is simply the decay constant τ. 
Where more than one exponential decay term was used, τfl data are presented as the amplitude 
weighted average of the two (eqn. 4-4) or three (eqn. 4-5) coefficients ai and decay constants τi. 

 

𝜏𝜏𝑓𝑓𝑓𝑓 =  
𝑎𝑎1𝜏𝜏1 +  𝑎𝑎2𝜏𝜏2
𝑎𝑎1 +  𝑎𝑎2

 

 

𝜏𝜏𝑓𝑓𝑓𝑓 =  
𝑎𝑎1𝜏𝜏1 + 𝑎𝑎2𝜏𝜏2 +  𝑎𝑎3𝜏𝜏3

𝑎𝑎1 +  𝑎𝑎2 +  𝑎𝑎3
 

 

The number of fluorescence decay terms was chosen to balance the reduction in χ2 against the need 
to minimize fit noise (Fig. 4.15, 4.16). The number of terms selected for each probe is indicated 
below (Table 4.4). 

 

VoltageFluor # exponential decay terms 
JuloVF 3 
IndoVF 3 
iPrVF 2 
VF2.1.Cl 2 
NN26VF 1 
VF2.0.Cl 1 

Table 4.4. Number of exponential terms selected to describe VF time-resolved fluorescence 
decays. 
 

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). 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 1550B 
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 
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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).16 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 tandem electrophysiology and fluorescence lifetime 
recordings, the potentials -80, -40, 0, and +40 mV were randomly applied in four sequential 30 
second recordings, followed by a 30 second recording at +80 mV. Cells were only included if the 
aforementioned patch quality criteria were retained throughout the first 4 steps; the 5th step to +80 
mV was included if it also met the quality criteria (true for ~3/4 of cells). 

 
 

  



 

141 
 

References 

(1)  Armstrong, C. M.; Gilly, W. F. Access Resistance and Space Clamp Problems Associated 
with Whole-Cell Patch Clamping. Methods Enzymol. 1992, 207, 100–122. 
https://doi.org/10.1016/0076-6879(92)07007-B. 

(2)  Williams, S. R.; Mitchell, S. J. Direct Measurement of Somatic Voltage Clamp Errors in 
Central Neurons. Nat. Neurosci. 2008, 11 (7), 790–798. https://doi.org/10.1038/nn.2137. 

(3)  Knöpfel, T.; Song, C. Optical Voltage Imaging in Neurons: Moving from Technology 
Development to Practical Tool. Nat. Rev. Neurosci. 2019, 20 (12), 719–727. 
https://doi.org/10.1038/s41583-019-0231-4. 

(4)  Miller, E. W. Small Molecule Fluorescent Voltage Indicators for Studying Membrane 
Potential. Curr. Opin. Chem. Biol. 2016, 33, 74–80. 
https://doi.org/10.1016/j.cbpa.2016.06.003. 

(5)  Tsien, R. Y. New Calcium Indicators and Buffers with High Selectivity Against Magnesium 
and Protons: Design, Synthesis, and Properties of Prototype Structures. Biochemistry 1980, 
19 (11), 2396–2404. https://doi.org/10.1021/bi00552a018. 

(6)  Paredes, R. M.; Etzler, J. C.; Watts, L. T.; Zheng, W.; Lechleiter, J. D. Chemical Calcium 
Indicators. Methods 2008, 46 (3), 143–151. https://doi.org/10.1016/j.ymeth.2008.09.025. 

(7)  Grimm, J. B.; Muthusamy, A. K.; Liang, Y.; Brown, T. A.; Lemon, W. C.; Patel, R.; Lu, 
R.; Macklin, J. J.; Keller, P. J.; Ji, N.; et al. A General Method to Fine-Tune Fluorophores 
for Live-Cell and in Vivo Imaging. Nat. Methods 2017, 14 (10), 987–994. 
https://doi.org/10.1038/nmeth.4403. 

(8)  Uno, S. N.; Kamiya, M.; Yoshihara, T.; Sugawara, K.; Okabe, K.; Tarhan, M. C.; Fujita, 
H.; Funatsu, T.; Okada, Y.; Tobita, S.; et al. A Spontaneously Blinking Fluorophore Based 
on Intramolecular Spirocyclization for Live-Cell Super-Resolution Imaging. Nat. Chem. 
2014, 6 (8), 681–689. https://doi.org/10.1038/nchem.2002. 

(9)  Kulkarni, R. U.; Kramer, D. J.; Pourmandi, N.; Karbasi, K.; Bateup, H. S.; Miller, E. W. 
Voltage-Sensitive Rhodol with Enhanced Two-Photon Brightness. Proc. Natl. Acad. Sci. 
2017, 201610791. https://doi.org/10.1073/pnas.1610791114. 

(10)  Woodford, C. R.; Frady, E. P.; Smith, R. S.; Morey, B.; Canzi, G.; Palida, S. F.; Araneda, 
R. C.; Kristan, W. B.; Kubiak, C. P.; Miller, E. W.; et al. Improved PeT Molecules for 
Optically Sensing Voltage in Neurons. J. Am. Chem. Soc. 2015, 137 (5), 1817–1824. 
https://doi.org/10.1021/ja510602z. 

(11)  Fluhler, E.; Burnham, V. G.; Loew, L. M. Spectra, Membrane Binding, and Potentiometric 
Reponses of New Charge Shift Probes†. Biochemistry 1985, 24 (21), 5749–5755. 
https://doi.org/10.1021/bi00342a010. 

(12)  Deal, P. E.; Kulkarni, R. U.; Al-Abdullatif, S. H.; Miller, E. W. Isomerically Pure 
Tetramethylrhodamine Voltage Reporters. J. Am. Chem. Soc. 2016, 138 (29), 9085–9088. 
https://doi.org/10.1021/jacs.6b05672. 



 

142 
 

(13)  Huang, Y. L.; Walker, A. S.; Miller, E. W. A Photostable Silicon Rhodamine Platform for 
Optical Voltage Sensing. J. Am. Chem. Soc. 2015, 137 (33), 10767–10776. 
https://doi.org/10.1021/jacs.5b06644. 

(14)  Ortiz, G.; Liu, P.; Naing, S. H. H.; Muller, V. R.; Miller, E. W. Synthesis of Sulfonated 
Carbofluoresceins for Voltage Imaging. J. Am. Chem. Soc. 2019, 141 (16), 6631–6638. 
https://doi.org/10.1021/jacs.9b01261. 

(15)  Boggess, S. C.; Gandhi, S. S.; Siemons, B. A.; Huebsch, N.; Healy, K. E.; Miller, E. W. 
New Molecular Scaffolds for Fluorescent Voltage Indicators. ACS Chem. Biol. 2019, 14 
(3), 390–396. https://doi.org/10.1021/acschembio.8b00978. 

(16)  Miller, E. W.; Lin, J. Y.; Frady, E. P.; Steinbach, P. A.; Kristan, W. B.; Tsien, R. Y. 
Optically Monitoring Voltage in Neurons by Photo-Induced Electron Transfer through 
Molecular Wires. Proc. Natl. Acad. Sci. U. S. A. 2012, 109 (6), 2114–2119. 
https://doi.org/10.1073/pnas.1120694109. 

(17)  Rehm, D.; Albert, W. Kinetics of Fluorescence Quenching by Electron and H-Atom 
Transfer. Isr. J. Chem. 1970, 8 (2), 259–271. 

(18)  Ahlbrecht, H.; Düber, E. O.; Epsztajn, J.; Marcinkowski, R. M. K. Delocalisation, 
Conformation and Basicity of Anilines. Tetrahedron 1984, 40 (7), 1157–1165. 
https://doi.org/10.1016/S0040-4020(01)99321-4. 

(19)  Lazzari-Dean, J. R.; Gest, A. M. M.; Miller, E. W. Optical Estimation of Absolute 
Membrane Potential Using Fluorescence Lifetime Imaging. Elife 2019, 8, e44522. 
https://doi.org/10.7554/elife.44522. 

(20)  Chen, R. F.; Knutson, J. R. Mechanism of Fluorescence Concentration Quenching of 
Carboxyfluorescein in Liposomes: Energy Transfer to Nonfluorescent Dimers. Anal. 
Biochem. 1988, 172 (1), 61–77. https://doi.org/10.1016/0003-2697(88)90412-5. 

(21)  Magde, D.; Wong, R.; Seybold, P. G. Fluorescence Quantum Yields and Their Relation to 
Lifetimes of Rhodamine 6G and Fluorescein in Nine Solvents: Improved Absolute 
Standards for Quantum Yields¶. Photochem. Photobiol. 2002, 75 (4), 327. 
https://doi.org/10.1562/0031-8655(2002)075<0327:fqyatr>2.0.co;2. 

(22)  Zhang, X. F.; Zhang, J.; Liu, L. Fluorescence Properties of Twenty Fluorescein Derivatives: 
Lifetime, Quantum Yield, Absorption and Emission Spectra. J. Fluoresc. 2014, 24 (3), 819–
826. https://doi.org/10.1007/s10895-014-1356-5. 

(23)  Fischer, M.; Georges, J. Fluorescence Quantum Yield of Rhodamine 6G in Ethanol as a 
Function of Concentration Using Thermal Lens Spectrometry. Chem. Phys. Lett. 1996, 260, 
115–118. 

(24)  Wall, K. P.; Dillon, R.; Knowles, M. K. Fluorescence Quantum Yield Measurements of 
Fluorescent Proteins: A Laboratory Experiment for a Biochemistry or Molecular Biophysics 
Laboratory Course. Biochem. Mol. Biol. Educ. 2015, 43 (1), 52–59. 
https://doi.org/10.1002/bmb.20837. 

(25)  Kreitzer, F. R.; Salomonis, N.; Sheehan, A.; Huang, M.; Park, J. S.; Spindler, M. J.; 



 

143 
 

Lizarraga, P.; Weiss, W. A.; So, P.; Conklin, B. R. A Robust Method to Derive Functional 
Neural Crest Cells from Human Pluripotent Stem Cells. Am. J. Stem Cell 2013, 2 (2), 119–
131. 

(26)  Lian, X.; Zhang, J.; Azarin, S. M.; Zhu, K.; Hazeltine, L. B.; Bao, X.; Hsiao, C.; Kamp, T. 
J.; Palecek, S. P. Directed Cardiomyocyte Differentiation from Human Pluripotent Stem 
Cells by Modulating Wnt/β-Catenin Signaling under Fully Defined Conditions. Nat. Protoc. 
2013, 8 (1), 162–175. https://doi.org/10.1038/nprot.2012.150. 

(27)  Tohyama, S.; Hattori, F.; Sano, M.; Hishiki, T.; Nagahata, Y.; Matsuura, T.; Hashimoto, H.; 
Suzuki, T.; Yamashita, H.; Satoh, Y.; et al. Distinct Metabolic Flow Enables Large-Scale 
Purification of Mouse and Human Pluripotent Stem Cell-Derived Cardiomyocytes. Cell 
Stem Cell 2013, 12, 127–137. 

 

  



 

144 
 

 
 
 
 
 
 
 
 
 

 

 

 
 

 

 
 
 
 

Chapter 5 
Fast, Stable, Absolute Voltage Recordings with the Red-Shifted Indicator TMCRh.OMe 
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Abstract 

Transmembrane potential (Vmem) is a ubiquitous biophysical signal, with implications ranging 
from signal transmission in excitable cells to regulation of cell cycle progression. Optical strategies 
for accessing Vmem across diverse time and length scales have been developed, but they generally 
do not provide a fully electrophysiological profile of the cell, including the absolute value of Vmem 
in millivolts and the magnitude of Vmem changes that occurred. To fill this need, we designed and 
synthesized five red-shifted voltage dyes based on a photoinduced electron transfer Vmem sensing 
trigger and the carborhodamine chromophore. Using the best of these dyes, we develop a red-
shifted platform for optical absolute Vmem recordings using fluorescence lifetime. We apply this 
platform to both extended (hundreds of measurements from the same cells over minutes) and to 
rapid (20 Hz) absolute Vmem measurements. With this system, we track spontaneous activity in 
excitable cells, recording the absolute Vmem waveform of beating cardiomyocytes in real time. 

 

Introduction 

Transmembrane potential (Vmem) arises from differences in ionic concentration across the plasma 
membrane of all cells. Vmem signals occur across timescales and may be either cell-autonomous or 
delocalized. Action potentials in cardiomyocytes and neurons last milliseconds,1 but growth-
related Vmem signals continue over hours to days.2–4 With respect to spatial reach, Vmem  may be 
localized within micron-scale structures such as organelles5–7 or dendritic spines,8 but it also can 
extend across tissues.9,10 A complete understanding of Vmem signaling requires mapping of Vmem 
across these diverse time and length scales. 

Electrode-based recording forms the basis of most of our knowledge about Vmem, but these 
techniques cannot report Vmem across all time and length scales of interest (Chapter 1). By 
physically contacting the cell of interest with a small electrode, patch clamp electrophysiology 
enables precise and rapid recording of Vmem from the cell body.11 However, electrode-based Vmem 
recordings are damaging to the cell of interest and challenging to sustain on timescales longer than 
minutes. Washout of the cytosol by the pipette solution may affect the cellular property of 
interest,12 and the electrode only reports Vmem at a single point of contact (space clamp error).13,14 
Furthermore, electrode recordings are low throughput and difficult to multiplex in situ, so Vmem 
patterning across many cells in a neuronal circuit or an electrically coupled tissue is impossible to 
interrogate. 

To access multiplexed Vmem recordings in varied samples, significant progress has been made in 
optical detection of Vmem events such as action potentials. An array of tools, both genetically 
encoded (GEVIs) and small molecule, have been developed,15,16 and recently these sensors have 
demonstrated the ability to record electrophysiological signatures from individual cells in awake, 
behaving animals.17–19 In particular, the development of red-shifted voltage sensors has been 
transformative. Red-shifted sensors generally exhibit improved signal to noise, reduced 
phototoxicity, and access to deeper tissue regions.20  

Despite these improvements, most optical Vmem recording strategies are based on fluorescence 
intensity, meaning that they can detect relative changes in Vmem but not assign a value to Vmem 
directly.21 We refer to this value of Vmem in millivolts as the “absolute Vmem.” Fluorescence 
intensity depends on probe concentration and illumination intensity, and it is sensitive to artifacts 
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arising from sample motion, focal plane drift, and region of interest selection. As a result, the 
fluorescence intensity is generally normalized into a relative change (ΔF/F), which reports the 
presence of Vmem changes but cannot report either absolute Vmem or the magnitude of absolute 
Vmem changes. 

To fully characterize electrical signaling, the absolute resting membrane potential and the 
magnitude of any Vmem changes must be known. In order to do this optically, an additional 
fluorescence property beyond single-color intensity must be recorded. One successful approach is 
to use the fluorescence lifetime (τ), which is a measure of how long the dye remains in the 
fluorescent excited state.22 τ is an intrinsic property of the sensor, so it does not depend on the 
probe concentration or illumination intensity. Although τ, like intensity, may depend on 
temperature, solvent, and ionic strength, it has been used to make absolute measurements of a wide 
range of cellular properties.23  

For absolute Vmem, fluorescence lifetime imaging (FLIM) based Vmem recordings were first 
demonstrated with GEVIs, albeit with poor Vmem resolution.24 We recently demonstrated that the 
use of small-molecule VoltageFluors as lifetime-based Vmem reporters improves the Vmem 
resolution 19-fold versus the GEVI CAESR (Chapter 2).25 VoltageFluor (VF) probes, which 
report Vmem via changes in photoinduced electron transfer (PeT),26,27 display a rapid, linear 
response to Vmem that translates favorably into fluorescence lifetime readings. Ratiometric 
fluorescence measurements from electrochromic stryl dyes can also be used for absolute Vmem 
recording,28,29 although these measurements display lower Vmem resolution than VF lifetime-based 
recordings (Chapter 2).25 

In FLIM, the use of red-shifted chromophores is particularly valuable, but no red-shifted FLIM 
system for absolute Vmem recording has been reported. To fit fluorescence lifetime decays with 
high accuracy, large numbers of photons per pixel are required (generally, 1000s). The use of a 
red-shifted Vmem sensor would allow larger photon flux from the sample without photodamage, 
enabling both higher frame rates and longer time series in FLIM. We have previously demonstrated 
that the VoltageFluor scaffold is compatible with chromophores across the visible spectrum, 
including those in the red and far-red.30–33  

To this end, we combined the advantages of red-shifted VF indicators with the absolute 
quantitation of FLIM. Here, we report the design and synthesis of five novel red voltage dyes based 
on the carborhodamine fluorophore. From these five dyes, we selected TMCRh.OMe for 
characterization of its absolute Vmem sensing capabilities via fluorescence lifetime. Using 
TMCRh.OMe, we develop the first red-shifted system for lifetime-based absolute Vmem recordings. 
TMCRh.OMe displays higher Vmem sensitivity and a longer fluorescence lifetime than VF2.1.Cl, 
the VF used in VF-FLIM (Chapter 2). With this platform, we are able to record the Vmem response 
to EGF stimulation in A431 with 15 minutes of continuous illumination, opening up the possibility 
for extended absolute Vmem recordings with hundreds of time points in the same field of view. We 
also improve upon the temporal resolution of absolute Vmem recordings, accessing recording speeds 
up to 20 Hz. With these fast FLIM recordings, we track Vmem of spontaneously beating 
cardiomyocytes in real time and extract a complete electrophysiological profile from these cells. 
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Results 

Synthesis and epifluorescence characterization of carborhodamine voltage dyes 

We synthesized three carborhodamine fluorophores and five carborhodamine voltage indicators 
(Scheme 5.1). Further synthetic details are available in Gloria Ortiz’s PhD dissertation. The 
voltage dyes exhibited red fluorescence absorption and emission from the carborhodamine 
chromophore (λabs 622 nm, λem 641 nm), consistently with previously reported properties of 
carborhodamine fluorophores.34,35 Voltage dyes also displayed characteristic blue absorption from 
the molecular wire (Figures 5.1, 5.2; Table 5.1).27 We measured the fluorescence quantum yield 
of all five voltage dyes (Table 5.1). We observed the largest quantum yield (0.62) for TMCRhZero 
(13), consistent with its lack of a dimethyl aniline electron donor that could quench the 
fluorescence. The quantum yields of all other voltage dyes were approximately 6 to 18 fold lower 
than the TMCRhZero derivative.  

All voltage dyes stained HEK293T cell membranes with minimal internalization. isoTMCRh.OMe 
(17) produced the highest fluorescence intensity at the membrane (~5x higher than TMCRhZero), 
a somewhat surprising result given its low quantum yield. All derivatives displayed visible Vmem 
sensitivity in HEK293T. We observed the highest voltage sensitivity in TMCRh.OMe 15 (18 ± 
2% ΔF/F per 100 mV) and the lowest voltage sensitivity in TMCRhZero 13 (0.3 ± 0.1%). These 
trends are similar to Vmem sensitivity patterns seen with other VoltageFluors, where we hypothesize 
that the added electron density of the methoxy-substituted molecular wire increases the dynamic 
range of PeT accessible to the molecule.27 Because of its superior signal-to-noise, we selected 
TMCRh.OMe for further investigation in fluorescence lifetime imaging studies, along with 
TMCRhZero as a voltage-insensitive control compound. 

 

 

 
Figure 5.1. Characterization of TMCRh.OMe (15) voltage sensitivity in HEK293T. 
a) Absorption (solid line) and emission (dashed line) spectra of TMCRh.OMe (15) in PBS, pH 7.4, 
0.1% SDS. b) Epifluorescence image of a group of HEK293T cells stained with 500 nM 
TMCRh.OMe. Scale bar is 10 µm. c) Change in fluorescence for a single HEK293T cell under 
whole cell voltage clamp conditions in which the membrane potential was stepped from +100 to -
100 mV in 20 mV increments. d) Average fluorescence intensity change (%ΔF/F) observed across 
multiple voltage-clamped HEK293T cells. 
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Scheme 5.1. Synthesis of carborhodamine fluorophores (7-9) and voltage dyes (13-17).  
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Figure 5.2. Characterization of voltage sensitivities of other carborhodamine voltage dyes. 
Voltage sensitivity of TMCRh dyes. a,e) 13; b,f) 14; c,g) 16; and d,h) 17. Upper row: Plots of 
fractional change in fluorescence (ΔF/F) vs time for HEK cells held at -60 mV and stepped to 100 
ms hyper- and depolarizing steps in 20 mV increments (±100 mV) under whole-cell voltage-clamp 
conditions. Lower row: Plots of % ΔF/F vs. final membrane potential (mV) for n = 4-7 cells for 
each TMCRh dye. Error bars are ± S.D. 
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Compound R3 R4 λmax / 
nma 

λem / 
nma 

Φa/b ΔF/F / 100 mVc Relative 
brightnessd 

TMCRhZero 13 H H 622 641 0.62/0.61 0.3% ± 0.1% 3.9 ± 0.12 
TMCRh.H 14 H NMe2 622 642 0.096/0.087 1.2% ± 0.4% 1.0 ± 0.04 

 TMCRh.OMe 15 OMe NMe2 622 642 0.038/0.027 18% ± 2% 3.8 ± 0.13 
 isoTMCRh.H 16 H NMe2 621 641 0.050/0.057 1.5% ± 0.2% 5.4 ± 0.22 

isoTMCRh.OMe 17 OMe NMe2 621 641 0.058/0.054 9% ± 2% 17 ± 0.84 
Table 5.1. Photophysical properties of carborhodamine voltage dyes. 
a Determined in PBS, pH 7.4, 0.1% SDS. b Determined in MeOH. c Voltage-clamped HEK cells. 
Error is ± S.D. for n = 4-7 cells. d Determined in HEK cells. Error is ± S.E.M for n = 4 coverslips 
(>100 cells per coverslip) for relative brightness.  
 

Calibration of fluorescence lifetime in cells 

We recorded the time resolved fluorescence decay of the TMCRh fluorophore 7 at 1 µM in water 
with time correlated single photon counting (TCSPC) FLIM on a line scanning confocal 
microscope (Zeiss LSM 880). Excitation at 637 nm was provided by a pulsed diode laser. The 
time-resolved fluorescence decay was well described by a single exponential model and exhibited 
a lifetime of 3.06 ± 0.02 ns (mean ± SEM of 16 measurements). We then measured the fluorescence 
lifetime of TMCRh.OMe in HEK293T cells at rest (Figure 5.3), which was also best described by 
a single exponential decay. We observed a mean lifetime of 2.52 ± 0.07 ns (mean ± SD of 103 cell 
groups). In serum-starved A431 cells, the lifetime of TMCRh.OMe was similar (2.6 ± 0.1 ns, mean 
± SD of 18 cell groups). For the voltage-insensitive control compound TMCRhZero in HEK293T 
(Figure 5.4), we again observed a single exponential decay with a lifetime of 3.70 ± 0.01 (mean 
± SD of 103 cell groups). We measured lifetimes across a range a range of dye loading 
concentrations to look for concentration quenching (Figure 5.5), which we observed with green 
VoltageFluors (Chapters 2 and 4). All subsequent experiments were conducted at concentrations 
below the point where concentration quenching was observed (approximately 500 nM in 
HEK293T culture). 
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Figure 5.3. Lifetime of TMCRh.OMe in cells at rest and depolarized with gramicidin. 
a) Histogram of lifetimes observed for 300 nM TMCRh.OMe in groups of HEK293T at rest 
(vehicle, Veh, 0.05-0.1% DMSO) and treated with 500 ng/mL gramicidin (Gram). b) Lifetime-
photon count overlay image of HEK293T at rest and c) treated with 500 ng/mL gramicidin. d) 
Histogram of TMCRh.OMe lifetimes observed in groups of serum starved (SS) A431 cells at rest 
and depolarized with gramicidin. e-f). Lifetime images of SS A431 at rest and gramicidin-treated, 
as in (b)-(c). Bin sizes were determined by the Freedman-Diaconis rule. Scale bars represent 20 
µm. Photon counts of lifetime-photon count overlay images are not scaled to each other. 

We were unable to perform patch-clamp electrophysiology on this FLIM microscope to record the 
lifetime-Vmem calibration curve directly, so we turned to the Na+/K+ ionophore gramicidin36 
(Figure 5.3). Because it increases the permeability to both Na+ and K+, we expect that gramicidin 
will depolarize cellular Vmem to approximately 0 mV. In HEK293T cells treated with 500 ng/mL 
gramicidin, the fluorescence lifetime of TMCRh.OMe rose to 2.74 ± 0.09 ns (mean ± SD of 111 
cell groups). When we increased the gramicidin concentration to 1 µg/mL, there was no further 
increase in the fluorescence lifetime (2.75 ± 0.04 ns, mean ± SD of 50 cell groups). We observed 
a similar increase in fluorescence lifetime in serum-starved A431 cells treated with gramicidin. 
This total change of 225 ps between vehicle and gramicidin treated cells is larger than the change 
seen for VF2.1.Cl treated similarly (Appendix 3). These results suggest that TMCRh.OMe has a 
sensitivity (slope) for its lifetime-Vmem calibration around 4 or 4.5 ps/mV and a 0 mV lifetime (y-
intercept) near 2.7 ns. 

Surprisingly, the spread in the lifetimes observed with and without 500 ng/mL gramicidin was 
similar. We would expect that a compound that moves all cells to 0 mV would decrease the 
variability in the measured lifetime. We did observe a slight decrease in the standard deviation at 
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1 µg/mL gramicidin, but we used 500 ng/mL gramicidin for further experiments to minimize 
nonspecific effects on the membrane and cell health. 

We also recorded the fluorescence lifetime of TMCRhZero in HEK293T at rest and after 
incubation with 0.5 or 1 µg/mL of gramicidin (Figure 5.4). We observed a slight change in the 
lifetime at 1 µg/mL gramicidin. However, the effect was much smaller than that observed with the 
voltage-sensitive compound TMCRh.OMe, suggesting that gramicidin does not directly modulate 
the fluorescence of the carborhodamine chromophore.  
 
 

 

 

 

 

 

 

 

Figure 5.4. Gramicidin effects on TMCRh.OMe and TMCRhZero lifetimes. 
a) Violin plots of the fluorescence lifetime of TMCRh.OMe in HEK293T incubated with varying 
concentrations of gramicidin or DMSO vehicle. Dashed lines within plots indicate the first quartile, 
median, and third quartile of the data. Significant differences between groups were observed 
(Welch’s one-way ANOVA, F(2, 166.3) = 352.86, p<0.001). Data for vehicle and 500 ng/mL are 
reproduced from Figure 5.3. b) Fluorescence lifetime of TMCRhZero in HEK293T plotted as in 
(a). Significant differences between groups were observed (Welch’s one-way ANOVA, F(2,104.5) 
= 8.70, p<0.001). Asterisks indicate the results of Games-Howell post hoc tests (n.s. p>0.05, * 
p<0.05, ** p<0.01, *** p<0.001). Sample sizes (number of cell groups) are indicated on the plot 
for each category. Veh. = 0.05-0.1% DMSO.  
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Figure 5.5. Effect of dye concentration on lifetime in cultured cell lines. 
a) Box plot of the fluorescence lifetime of TMCRh.OMe at varying concentrations in HEK293T. 
Significant differences were observed between groups (Welch’s ANOVA, F(5,113.8)=76.6, 
p<0.001). b) The fluorescence lifetime of TMCRh.OMe at varying concentrations in A431 
cultured in complete media (10% FBS). Significant differences were observed between groups 
(Welch’s ANOVA, F(5,64.3) = 33.36, p<0.001). c) Concentration dependence of TMCRh.OMe 
fluorescence lifetime in serum starved A431 cells (SS). Significant differences were observed 
between groups (Kruskal-Wallis test, H(5) =  23.1, p<0.001). d) Concentration dependence of 
TMCRhZero (voltage-insensitive compound) fluorescence lifetime in HEK293T. Significant 
differences were observed between groups (Kruskal-Wallis Test, H(5) = 70.8, p<0.001). Asterisks 
represent the results of Games-Howell or Dunn’s pairwise post hoc tests, as appropriate (n.s. 
p>0.05, * p<0.05, ** p<0.01, *** p<0.001). For clarity, only the result of post hoc tests with the 
300 nM concentration are shown, as it was the concentration used for further studies. Whiskers 
represent the range of data or 1.5 times the interquartile range; diamonds represent outliers 
determined by the Tukey method. 
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TMCRh.OMe lifetime enables extended absolute Vmem recordings  

A key advantage of red-shifted voltage sensors is the ability to record for long periods of time with 
low phototoxicity. To evaluate TMCRh.OMe FLIM in this context, we recorded the response of 
serum-starved A431 cells to re-introduction of EGF (500 ng/mL) for 15 minutes. We previously 
performed this experiment with the green VoltageFluor VF2.1.Cl (Chapter 2).25 Using that system 
and an LSM 510 scanning confocal microscope, we were able to make six, intermittent Vmem 
measurements within a 15 minute time window, with each measurement lasting 30 seconds. 

With TMCRh.OMe as a voltage indicator and an improved confocal microscope (LSM 880), we 
were able to record continuously for 15 minutes, with each measurement lasting 5 seconds across 
a field of view 1.5 fold larger than the VF2.1.Cl study (Figure 5.6, total of ~180 Vmem 
measurements). Samples treated with imaging buffer vehicle displayed consistent lifetimes, 
although some showed a steady downward trend of 20-40 ps in total (Figure 5.7), likely the result 
of temperature equilibration (see below). The control TMCRhZero displayed a steady, slight 
shortening of the lifetime, although of lesser magnitude than TMCRh.OMe.  

In EGF-treated samples, we observed an immediate lifetime decrease of 75 ps on average with a 
steady return to baseline that did not complete within 15 minutes (Figure 5.8), consistent with the 
expected hyperpolarization. The magnitude of this change is again larger than that seen with VF-
FLIM, where a lifetime shortening of 40-50 ps upon EGF addition was typical. We did not observe 
signs of phototoxicity in these recordings (increasing lifetime or changing cell morphology in the 
vehicle control). 

 

 

Figure 5.6. Continuous, 15 minute recordings of A431 response to EGF treatment. 
a) Snapshots from a τ time series of serum-starved A431 cells treated with imaging buffer (IB) 
vehicle to illustrate baseline changes in lifetime during the recording session. b) Snapshots of 
serum-starved A431 cells treated with EGF 20 seconds into the recording period. c) Mean lifetime 
of TMCRh.OMe (top) and TMCRhZero (bottom) across the full recording. Shading represents 
standard error of the mean. Vehicle or 500 ng/mL EGF was added at the black arrow. Sample 
sizes: TMCRh.OMe Veh 5, EGF 5; TMCRhZero Veh 3, EGF 3.  
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Figure 5.7. Individual recordings of the A431 Vmem response to EGF treatment. 
Representative individual trials for TMCRh.OMe stained A431 treated with a) vehicle (Veh) or b) 
500 ng/mL EGF. Representative individual trials for TMCRhZero stained A431 treated with c) 
vehicle (Veh) or d) 500 ng/mL EGF. Vehicle or EGF was added at the black arrow. Recordings 
are quantified as the average lifetime per frame for all contiguous cells in the field of view. Colors 
represent distinct recordings; there is no relationship for colors between panels. 
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Figure 5.8. Average τ change for TMCRh.OMe, TMCRhZero in EGF-stimulated A431 cells. 
Data are reproduced from Figure 5.6 as the mean change in τ relative to the first frame of each 
recording. Data for vehicle (Veh) or 500 ng/mL EGF treatment are shown for a) TMCRh.OMe 
and b) TMCRhZero. Veh or EGF was added at the black arrow. Shading represents SEM. 

 

Absolute Vmem recordings of cardiomyocyte spontaneous action potentials in real time 

To demonstrate the improved temporal resolution and stability to motion of our absolute Vmem 
sensing platform, we monitored the absolute Vmem of spontaneously beating human induced 
pluripotent stem cell derived cardiomyocytes (iCMs). Upon loading TMCRh.OMe or TMCRhZero 
into iCM monolayers, we observed membrane localized fluorescence, with a minimal amount of 
punctate, intracellular staining (Figure 5.9A, 5.10). Because we are using a confocal pinhole larger 
than 1 airy unit to maximize photon count, some regions of the membrane appear as flat sheets 
where they traverse the optical section at a near-horizontal angle. 
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Figure 5.9. TMCRh.OMe lifetime reports absolute Vmem during cardiac action potentials. 
a) Representative confocal images of regions of iCMs used for 20 Hz lifetime imaging. Images 
here are fluorescence intensity only and were acquired for 400 ms (line averaged) to improve 
contrast. iCMs were stained with 500 nM TMCRh.OMe. Scale bar is 20 µm. b) Fluorescence 
lifetime of TMCRh.OMe, quantified from the fields of view in (a). c) Amplitude of iCM action 
potentials, as measured by the change in τ of TMCRh.OMe. Data represent 38 recordings from 8 
iCM wells. d) Fluorescence lifetime at the rest (between APs, blue) or at the action potential peak 
(orange) from the iCM recordings in (c). e) Representative recordings of TMCRh.OMe absolute 
Vmem imaging of iCMs treated with 1 µM isoproterenol, which accelerates beat rate. f) Histogram 
of TMCRh.OMe lifetimes in cardiomyocytes treated with 500 ng/mL gramicidin (n=40 recordings 
from 8 wells). Lifetime reported here is the average τ across the 10 second recording. Bin size for 
all histograms was determined by the Freedman-Diaconis rule. 
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Figure 5.10. TMCRh.OMe staining in iCMs is membrane-localized. 
Confocal z stack images of two fields of view (a) and (b) of iCMs stained with 500 nM 
TMCRh.OMe. Slices were recorded every 0.7 µm; only a representative set are shown. Data were 
taken with the confocal pinhole set to the same settings as for FLIM (4.5 AU, 3.8 µm section). 
Scale bar is 20 µm. 

 

The action potential (AP) in iCMs is typically on the order of 500 ms in duration. Intensity-based 
Vmem imaging techniques in cardiomyocytes generally use sampling rates between 50 and 500 
Hz,37–39 but fluorescence lifetime imaging studies in other systems rarely exceed frame rates of 0.1 
Hz. Using TCSPC FLIM, we acquired a raw lifetime data stream at 40 Hz (25 ms acquisition per 
frame). We opted to bin successive pairs of frames to produce a final recording with 20 Hz frame 
rates and dramatically reduced noise in lifetime from the increase in photon count (Figure 5.9D, 
Figure 5.11). The limiting factor in the achievable frame rate was the speed at which the TCSPC 
electronics could process photons (i.e. the pile-up limit). We did not observe phototoxicity to the 
sample or drift in the lifetime; this is consistent with our ability to acquire continuously for 15 
minutes in A431 cells (Figure 5.6). 

We observed a very stable lifetime baseline and consistent action potential morphology throughout 
all 10 second, 20 Hz frame rate recordings (Figure 5.11A). We used TMCRhZero to further verify 
that lifetime is insensitive to motion artifacts from the iCM contraction. Recordings with this 
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voltage-insensitive derivative are stable throughout the 10 second acquisition, despite normal 
contraction of the iPSCs (Figure 5.12). 

In contrast, the photon count (fluorescence intensity) showed both a variable baseline and a 
variable AP waveform (Figure 5.11B), presumably attributable to motion artifacts as the 
cardiomyocytes contract. Even though all wells and fields of view were loaded with the same 
concentration of dye (500 nM), the baseline intensity varied widely between recordings. 
Differences in the amount of membrane in the field of view (Figure 5.9A), as well as differences 
in focal plane, are likely responsible for this. Normalizing the photon count into relative 
fluorescence units (Figure 5.11C), as is common with fluorescence intensity imaging, did not fully 
resolve these artifacts. Although the baseline was generally more consistent, gradual drifting was 
still visible. Furthermore, artifacts in the action potential morphology from cellular contraction 
(motion) were not resolved by this normalization.  

Using TMCRh.OMe as a proxy for absolute Vmem, we catalogued the action potential amplitude, 
resting τ, and peak τ across 40 iCM recordings (Figure 5.9B,C). We observed a consistent lifetime 
change of 0.394 ± 0.004 ns (mean ± SEM of 40 recordings across two differentiations). iCM action 
potentials are typically 100 mV in amplitude, although they may range from 80-100 mV depending 
on differentiation conditions.40–42 The observed AP height therefore suggests that TMCRh.OMe 
has an absolute Vmem sensitivity of approximately 4 ps/mV (perhaps up to 4.9 ps/mV if AP 
amplitude is 80 mV). Resting τ (2.37 ± 0.01 ns) and peak τ (2.76 ± 0.01 ns) were somewhat more 
variable than the AP amplitude for these cells. We tested for concentration quenching by 
determining these AP parameters at TMCRh.OMe concentrations of 300 nM, 500 nM, and 1 µM 
(Figure 5.13). Minimal differences between concentrations were observed. 

Because we are not able to perform simultaneous electrophysiology and lifetime imaging on this 
microscope, we again turned to gramicidin to approximate 0 mV in the iCM culture (Figure 5.9F, 
Figure 5.12C). iCMs incubated with 500 ng/mL gramicidin displayed a lifetime of 2.50 ± 0.01 ns 
(mean ± SEM of 40 recordings). The change in lifetime between baseline and gramicidin suggests 
a depolarized resting Vmem around -30 mV, which is inconsistent with reported resting Vmem of 
iCMs between -45 and -70 mV.40–42 Furthermore, our iCMs were able to fire APs of approximately 
100 mV, which would require them to achieve the unlikely peak Vmem of +70 mV from a starting 
Vmem of -30 mV. Taken together, these data suggest that this dose of gramicidin may have 
incompletely depolarized the iCMs. A more detailed dose response study, as well as concurrent 
electrophysiology, could help resolve this discrepancy.  

To push the temporal resolution of TMCRh.OMe FLIM further, we treated iCMs with the β 
adrenoreceptor agonist isoproterenol, which increases beat rate (Figure 5.9E). Under these 
conditions, we observed spontaneous APs at approximately twice the frequency (~1.2 Hz versus 
~0.6 Hz). Even with this more rapid activity, we were able to record the full AP waveform and a 
consistent baseline τ. As expected with an increase in beat rate, AP duration shortened in 
isoproterenol treated cells. AP amplitude appeared slightly smaller than in treated cells, and 
baseline τ remained unchanged. 
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Figure 5.11. Comparison between lifetime, photon count, and relative photon count. 
a) Fluorescence lifetime recordings from 3 representative fields of view. Data are not filtered or 
processed in any way after fitting. b) Photon count recordings from the same fields of view as in 
(a). c) Relative photon count (photon count divided by the average photon count baseline) for the 
same fields of view as in (a). 

 

 

 

Figure 5.12. Stability of τ during gramicidin and TMCRhZero recordings. 
a) Three representative single-trial recordings of TMCRh.OMe fluorescence lifetime in iCMs 
incubated with 500 ng/mL gramicidin. Gramicidin incubation arrested beating in these samples. 
b) TMCRhZero fluorescence lifetime in spontaneously beating iCMs. c) Histogram of 
TMCRhZero lifetimes observed in iCMs (n=25 recordings from 5 wells). Bin size was determined 
by the Freedman-Diaconis rule. 
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Figure 5.13. Effects of TMCRh.OMe concentration on recorded iCM APs. 
 a) Resting lifetime of TMCRh.OMe iCMs at different probe concentrations. Significant 
differences between concentrations were observed (Welch’s ANOVA, F(2,16.80) =11.35, 
p=0.0008). b) Lifetime at the peak of iCM action potential (AP) at different TMCRh.OMe 
concentrations. Significant differences between conditions were observed (Welch’s ANOVA, F(2, 
17.13)=9.48, p=0.0017). c) Action potential height (difference between resting and peak lifetime) 
at 300, 500, and 1000 nM TMCRh.OMe. No significant differences between concentrations were 
observed (Fisher’s ANOVA, F(2,27)=0.291, p=0.75). Data are shown as mean ± SEM of 10 
recordings from two wells for each concentration. Asterisks reflect the significance level of 
Games-Howell post hoc tests (n.s. p>0.05, *p<0.05, **p<0.01, *** p<0.001). The 500 nM data 
shown here is a subset of the data shown in Figure 5.9. 

 

Discussion 

We synthesized five new voltage dyes based on the tetramethylcarborhodamine chromophore and 
compared their brightness and sensitivity in fluorescence intensity. We took the most promising 
candidate in the series, TMCRh.OMe, and used it as a probe of absolute Vmem with fluorescence 
lifetime imaging. With TMCRh.OMe FLIM, we achieved improved temporal resolution, reduced 
phototoxicity, and improved Vmem sensitivity over FLIM approaches with green VFs. Below, we 
compare trends seen in fluorescence intensity and fluorescence lifetime and discuss how 
TMCRh.OMe expands the reach of optical absolute Vmem recordings. 

Relating fluorescence intensity, quantum yield, and lifetime 

The time-resolved fluorescence decays of TMCRh.OMe and TMCRhZero can be modeled by a 
single exponential decay in cells. This result is in contrast to VF2.1.Cl and its Vmem-insensitive 
counterpart VF2.0.Cl, which were modeled by a biexponential model and a single exponential 
model, respectively (Chapter 2).25 Single exponential decay models are convenient for data 
analysis, especially in biological samples with limited photon counts. Because the single 
exponential model contains fewer free parameters than the biexponential model, data can be 
processed effectively with lower photon count.43 Because total photon count limits the resolution 
of lifetime maps, this reduction in model complexity translates into improved spatial and/or 
temporal resolution in FLIM images. 

Differences in trends seen with fluorescence lifetime and intensity are most likely attributable to 
probe loading. Fluorescence lifetime is related to the intrinsic brightness of a fluorophore, or, in 
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our case, a readout of how much PeT is occurring in a Vmem sensor. As we would expect, the 
lifetime of the voltage-insensitive compound TMCRhZero is over 1 ns longer than the lifetime of 
the voltage sensitive compound TMCRh.OMe (Figure 5.4). However, they have similar 
fluorescence intensity in cells (Table 5.1). The most likely explanation for this is that there are 
actually fewer TMCRhZero molecules in the membrane than TMCRh.OMe molecules when the 
two dyes are loaded at the same nominal concentration. The concentration dependence of the 
fluorescence lifetime is consistent with this hypothesis (Figure 5.5). Concentration quenching 
does not appear in the TMCRhZero compound until 1 µM probe is loaded, whereas concentration 
quenching is visible for TMCRh.OMe around 500 nM in HEK293T cells. Of course, we cannot 
rule out that structural differences between TMCRh.OMe and TMCRhZero alter the favorability 
of concentration quenching, even at the same actual probe concentration in the membrane. To 
better validate this, and to discriminate between PeT modulation and probe delivery, it would be 
informative to investigate the lifetimes of other carborhodamine-based voltage dyes in this series. 

The difference between in vitro quantum yield (Table 5.1) and lifetime in cells suggests that the 
fluorescence properties of the carborhodamine voltage dyes are strongly solvent dependent. The 
fluorescence lifetime of TMCRhZero is 1.5 fold longer than the fluorescence lifetime of 
TMCRh.OMe in HEK293T, but the quantum yield of TMCRhZero is 16 fold higher. With the 
same core fluorophore, quantum yield and lifetime should be highly correlated; this difference 
suggests that the dyes behave differently in aqueous or MeOH solution than they do in the plasma 
membrane. In further evidence of solvent dependence, the lifetime of the carborhodamine 
fluorophore alone is 3.1 ns in water, but the TMCRhZero compound displays a lifetime of 3.7 ns 
in HEK293T cell membranes. Taken together, these data highlight the importance of measuring 
VoltageFluor properties in a lipophilic environment; similar trends were observed with aniline 
modified fluorescein-based VFs (Chapter 4). 

Comparing the Vmem sensitivity and brightness of TMCRh.OMe and VF2.1.Cl 

Functional imaging data suggest that TMCRh.OMe has improved brightness and absolute 
sensitivity versus VF2.1.Cl. The magnitude of the lifetime changes associated with gramicidin 
treatment in HEK293T (Figure 5.3), EGF treatment of A431 cells (Figure 5.8), and spontaneous 
iCM action potentials (Figure 5.9) all point to an absolute sensitivity at or above 4 ps/mV. The 0 
mV lifetime appears to be approximately 2.7 ns. This value is a full nanosecond longer than 
VF2.1.Cl in cell membranes, and combined with its higher extinction coefficient, it indicates that 
TMCRh.OMe is fundamentally brighter than VF2.1.Cl. Electrode-based calibration is required to 
confirm this and to determine the absolute Vmem resolution of TMCRh.OMe; such studies are a 
priority for future investigations. 

Interestingly, the relative sensitivity of the fluorescence intensity (%ΔF/F per 100 mV) of VF2.1.Cl 
is higher than that of TMCRh.OMe, highlighting essential differences between relative (intensity 
based) and absolute (lifetime based) sensitivity. %ΔF/F depends on the starting fluorescence 
intensity of the sensor, as well as how much the signal changes with Vmem.  As we observed with 
aniline-modified VoltageFluors (Chapter 4), very dim probes such as JuloVF may have a large 
percent turn-on but a low absolute sensitivity to Vmem. The sensitivity in lifetime (Δτ/mV) 
measures only the Vmem-dependent change in lifetime and is not relative to the starting lifetime or 
brightness. The lifetime change is a better predictor of signal-to-noise (Chapter 4), highlighting 
the power of fluorescence lifetime in understanding dye performance. 



 

163 
 

Synthesis of a voltage dye that is both brighter and more sensitive is difficult to achieve. We have 
observed this brightness-sensitivity tradeoff with fluorescein-based VFs (Chapter 4). The 
improvement in both regimes seen with TMCRh.OMe makes it an interesting candidate for 
additional synthetic modification. Specifically, TMCRh.OMe has a relatively long lifetime, 
despite incorporating one of the more electron donating molecular wires used in VoltageFluor 
studies.27,30,31 Incorporation of an even more electron rich molecular wire could further improve 
the balance between PeT and fluorescence. produce even higher absolute Vmem sensitivity.  

TMCRh.OMe FLIM improves the temporal resolution and reach of absolute Vmem imaging 

In this study, we perform functional absolute Vmem imaging at 20 Hz, which is a 300-fold 
improvement in temporal resolution over VF-FLIM.25 Reduced phototoxicity, simpler lifetime 
decay, and strong absorption of common pulsed laser lines all contribute to the excellent 
performance of TMCRh.OMe. FLIM frame rates are limited by photon counts; enough photons 
must be obtained to fit the selected decay model to the data. Because of its red-shifted spectrum 
and reduced phototoxicity, we are able to obtain higher photon count rates from TMCRh.OMe. 
With VF-FLIM, light power (and therefore emitted photo counts) had to be kept low to reduce 
phototoxicity and photobleaching of the sensor. The TMCRh.OMe fluorescence decay can be 
modeled with a single fit component, enabling analysis with fewer photons than VF2.1.Cl 
(biexponential decay model). Furthermore, TMCRh.OMe’s peak absorption is close to the peak of 
our pulsed laser line, and the chromophore itself has a higher extinction coefficient than 
dichlorofluorescein.26,34 

Our current acquisition speeds are limited by how many photons can be processed by the photon 
counting electronics (photon pile-up limit).43 Splitting of the emitted photon stream between 
multiple photon counting cards or use of a laser with a faster repetition rate could increase the pile-
up limit and further improve temporal resolution.  

Some factors improving the properties of TMCRh.OMe in this study could be related to 
improvements to the microscope as well as the voltage dye. TCSPC FLIM data for TMCRh.OMe 
was taken on a substantially upgraded confocal microscope with a faster scan head and better 
photon collection efficiency (Zeiss LSM 880 versus a Zeiss LSM 510 for VF-FLIM). However, 
investigation of VF2.1.Cl lifetime on an LSM-880 did not produce a dramatic change in its lifetime 
properties (Appendix 2), suggesting that the majority of the observed improvement here lies with 
properties of TMCRh.OMe. 

TMCRh.OMe FLIM also enables the acquisition of longer absolute Vmem time series, which is 
critical for the study of slower Vmem events. In studying the A431 EGF response, we were able to 
acquire at least 180 separate 5 second exposures without notable phototoxicity (Figure 5.6), which 
is 30 times more images than could be acquired with the VF-FLIM system. Although the stability 
of TMCRh.OMe localization to the plasma membrane would have to be evaluated, long term 
absolute Vmem imaging, such as over the course of cell division or migration, is a promising future 
application of this technology. 

Gramicidin as a potential alternative to electrode-based calibrations 

Although optical techniques can make Vmem recordings in samples inaccessible to electrodes, these 
strategies still require some sort of calibration, often with an electrode. Here, we investigated 
gramicidin as a pharmacological means to clamp cellular Vmem at 0 mV. Because the sensitivity 
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(slope) of VF2.1.Cl in different contexts appeared relatively consistent, it is possible that a single 
point measurement to determine the y-intercept is all that is needed to translate the lifetime-Vmem 
calibrations between systems. 

Nevertheless, caution is warranted in interpretation of gramicidin as an exact 0 mV point. The 
amount of gramicidin to reach 0 mV may differ between systems; in cardiomyocytes, the 
depolarization with gramicidin appears incomplete (Figure 5.9). Furthermore, we observed 
aberrant results with ionophores and VF2.1.Cl (Appendix 3), and similar artifacts were previously 
reported with other Vmem sensitive dyes.44 Rigorous comparison between an electrode-based 0 mV 
point and a gramicidin 0 mV point for TMCRh.OMe is the best way to determine the value of 
gramicidin-based calibration. Such work is ongoing in our laboratory. 

Extended recordings of EGF-induced hyperpolarization in A431 cells 

We recorded the Vmem response to EGF in A431 cells with superior time resolution than in previous 
studies.25 Previous work examining this response with high temporal resolution was conducted in 
heterologous model systems, such as 3T3 cells expressing EGFR.45,46 When hyperpolarization was 
detected in these model systems, it was often accompanied by oscillations in Vmem on the timescale 
of seconds to minutes. With TMCRh.OMe FLIM, we did not detect oscillatory Vmem behavior in 
A431 cells, suggesting that the dynamics of the Vmem response may be different in A431 and the 
systems studied previously. We cannot rule out the alternative explanation that the isolated cells 
used for electrophysiology experience Vmem oscillations, but these oscillations are somehow 
buffered via electrical coupling with the surrounding cells or obscured by our analysis. Although 
different regions of the cell group have different starting lifetimes, all regions exhibit shorter 
lifetimes following EGF treatment (Figure 5.6B), suggesting that the hyperpolarizing response is 
shared across the field of view. Separation of the Vmem response in adjacent cells is challenging, 
as the membranes of adjacent cells are both stained with TMCRh.OMe and cannot be resolved 
with standard confocal microscopy. Expansion of VF-FLIM to include covalently targeted VFs 
could produce sparser labeling and afford an elegant strategy to shed light on heterogeneity in the 
Vmem response with cellular resolution.47–49 

Although 15 minutes of continuous illumination was well tolerated by the sample, there was slight 
to moderate baseline drift in the vehicle recordings. Our current experimental set-up for EGF 
addition does not allow for precise temperature control during the recordings, and we hypothesize 
that this drift is due to heating of the samples near the microscope. The source of the heat appears 
to be the microscope body itself, rather than heat transfer from laser illumination, as the drift occurs 
even across multiple fields of view that were not illuminated (data not shown). Improved 
temperature regulation and equilibration, as well as heated perfusion, would likely result in more 
stable lifetime recordings and could perhaps improve absolute Vmem resolution by eliminating a 
source of voltage-independent variability.  

Fast, absolute Vmem imaging in excitable cells 

We recorded the absolute Vmem waveform of spontaneous cardiac action potentials in real time, 
both at their natural beat rate and with accelerated beating from isoproterenol treatment. Because 
cardiomyocyte electrical activity is accompanied by motion (contraction), lifetime is a particularly 
attractive strategy for recording Vmem. Unlike the intensity (photon count) data, lifetime recordings 
were free of motion artifacts and consistently reported normal AP waveforms (Figure 5.11). We 
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observed very consistent action potential amplitudes (400 ps), with slightly more variable resting 
(diastolic) Vmem and peak Vmem.  

Resting membrane potential and AP amplitude change over the course of differentiation and 
maturation. Adult cardiomyocytes have a resting Vmem of approximately -80 mV,50,51 whereas 
iPSC-derived cardiomyocytes tend to display immature electrical phenotypes and depolarized 
resting Vmem (-70 to -45 mV).40–42 We envision that TMCRh.OMe FLIM will be highly useful in 
characterizing the electrical properties of iCMs and mature cardiomyocytes, towards the 
development of improved differentiation protocols. Optical recordings can be made in intact 
monolayers without dissociation to single cells, avoiding space clamp artifacts associated with 
electrode-based recordings.13,14 Furthermore, electrical coupling within the tissue could be 
assessed via the homogeneity (or inhomogeneity) of resting Vmem in various regions. To our 
knowledge, such a tool does not currently exist in the cardiomyocyte field. 

With VF2.1.Cl lifetime-Vmem calibrations, we saw slight differences between different cell lines 
used. It remains to be seen whether iCMs of varying maturities or differentiation stage would show 
differences in their lifetime-Vmem calibrations. Direct interrogation of this with electrode-based 
calibration would be required for rigorous interpretation of lifetime results in terms of absolute 
Vmem. Despite this, we believe that the greatly improved ease and non-invasiveness of optical 
absolute Vmem recordings makes them a promising technology. 

It is important to note the tradeoff between spatial and temporal resolution in FLIM. In achieving 
20 Hz absolute Vmem imaging, we completely eliminated spatial resolution in the images; this was 
only possible because the iCM AP occurs as a large, concerted Vmem event. To retain cellular 
resolution, as with the A431 EGF studies, we reduced the frame rate to 0.2 Hz. Therefore, 
expansion of TMCRh.OMe to other excitable activity, such as recording of action potentials in 
neurons, poses a continued challenge, as neuronal APs are ~100 fold faster than cardiac APs and 
are not delocalized across many cells. To access sufficient frame rates and signal levels to study 
such events, investigation of other strategies for fast lifetime recordings is warranted.52,53 

Conclusion 

We synthesized five carborhodamine voltage-dyes with red excitation and emission profiles. One 
of these dyes, TMCRh.OMe, displayed favorable performance for absolute Vmem via fluorescence 
lifetime imaging. With TMCRh.OMe, we achieved real-time, absolute Vmem recordings in 
excitable tissue, improving the temporal resolution of VoltageFluor FLIM absolute Vmem 
recordings 300-fold. The improved photostability also enables extended absolute Vmem recordings, 
with hundreds of FLIM measurements in the same field of view without damage to the sample. 
TMCRh.OMe FLIM technology will facilitate optical recordings of absolute Vmem both at high 
speeds and over the course of longer cellular events such as cell division or differentiation. 
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Materials and Methods 

Materials 

Synthetic information and chemical characterization are available in Gloria Ortiz’s Ph.D. 
dissertation. Dyes were stored either as solids at room temperature or as 1 mM stock solutions in 
DMSO at -20°C. All stock concentrations were determined via the absorbance of the 
carborhodamine chromophore using a 2501 Spectrophotometer (Shimadzu). 

Epidermal growth factor (Peprotech) was made up as a 1 mg/mL stock solution in water and stored 
at -80°C. Gramicidin (Sigma-Aldrich) was purchased as a mixture of A, B, C, and D from Bacillus 
brevis. 1 µg/mL stocks of gramicidin were made up in DMSO and stored at -20°C. Isoproterenol 
was a gift from the Healy lab at UC Berkeley and was stored as a 10 mM stock in DMSO at -20°C. 

Cell line maintenance and microscopy sample preparation 

HEK293T and A431 cells were obtained from the UC Berkeley Cell Culture Facility. Both cell 
lines were verified by STR profiling (short tandem repeat) and were tested routinely for 
mycoplasma. Cell lines were discarded after 25 passages. Cells were maintained in complete 
DMEM (Gibco, Thermo Fisher Scientific) supplemented with 4.5 g/L glucose, 2 mM GlutaMAX 
(Gibco), and 10% FBS (Seradigm) in a 37°C humidified incubator at 5% CO2. Cells were passaged 
into fresh complete media every few days following dissociation with trypsin-EDTA (Gibco, 
0.05% for HEK293T, 0.25% for A431). Residual trypsin was removed from A431 cells by 
centrifugation for 5 minutes at 300xg.  

For imaging experiments, cells were plated onto prepared poly-D-lysine (PDL)-coated coverslips. 
Coverslips (#1.5, either 12 mm of 25 mm diameter, Electron Microscopy Sciences) were acid 
washed for 2-5 hours in 1 M HCl. Coverslips were then washed three times overnight in 100% 
ethanol, followed by three times overnight in MilliQ (Millipore) purified water. Coverslips were 
sterilized by heating for 2-3 hours in a glassware oven to 150°C. Prior to seeding of cells, 
coverslips were incubated in 1x PDL (Sigma-Aldrich, made as a 0.1 mg/mL solution in phosphate-
buffered saline with 10 mM Na3BO4) for 1-10 hours and then washed twice with sterile water and 
twice with 1x Dulbecco’s Phosphate Buffered Saline (dPBS, Gibco).  

For probe loading and gramicidin treatment experiments, HEK293T were seeded onto prepared 
coverslips in complete DMEM at a density of 42-52 x103 cells per cm2 (in a 6 well or 24 well 
tissue culture plate, Corning) and imaged approximately 24 hours after plating. For 
electrophysiology experiments, HEK293T were seeded at 26,000 cells/cm2 in low glucose DMEM 
(Gibco; 1 g/L glucose, 1 mM sodium pyruvate, 2 mM GlutaMAX, 10% FBS) and used 12-24 hours 
after plating. 

A431 cells were serum deprived prior to use (Chapter 2).25 Briefly, cells were seeded onto PDL-
coated glass coverslips at a density of 83,000 cells/cm2 in low serum DMEM (4.5 g/L glucose, 2 
mM GlutaMAX, 2% FBS) two days prior to imaging experiments. 3.5-5.5 hours prior to imaging, 
media was exchanged for serum-free DMEM (4.5 g/L glucose, 2 mM GlutaMAX).  
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Culture of human induced pluripotent stem cell (hiPSC) derived cardiomyocytes 

Cardiomyocyte culture and differentiation were performed as described in Chapter 4. Imaging 
experiments were performed approximately two weeks after cells were seeded onto Matrigel-
coated 24 well plates. 

Epifluorescence microscopy  

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). Images were focused onto 
either an OrcaFlash4.0 sCMOS camera (sCMOS; Hamamatsu) or an eVolve 128 EMCCD camera 
(EMCCD; Photometrix). For TMCRh images, the excitation light was delivered from a LED (4.5 
W/cm2; 20 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). 

For epifluorescence imaging experiments, carborhodamine voltage dyes were loaded at 500 nM in 
HEK293T HBSS (Gibco) for 20 minutes at 37°C in a humidified incubator with 5% CO2. 
Coverslips were washed once with HBSS and transferred to fresh HBSS for imaging. All 
epifluorescence imaging was conducted under ambient atmosphere. 

Whole cell patch clamp electrophysiology 

Pipettes were pulled from borosilicate glass with filament (Sutter Instruments, Novato, CA) with 
resistances ranging from 4 to 7 MΩ with a P97 pipette puller (Sutter Instruments). Internal solution 
composition, in mM (pH 7.25, 285 mOsmol/L): 125 potassium gluconate, 10 KCl, 5 NaCl, 1 
EGTA, 10 HEPES, 2 ATP sodium salt, 0.3 GTP sodium salt. EGTA (tetraacid form) was prepared 
as a stock solution in 1 M KOH before addition to the internal solution. Pipettes were positioned 
with an MP-225 micromanipulator (Sutter Instruments). Voltage clamp protocols for 
epifluorescence experiments were not corrected for liquid junction potential. 

Electrophysiology recordings were made with an Axopatch 200B amplifier and digitized with a 
Digidata 1440A (Molecular Devices). Cells were held at -60 mV and potentials from +100 to -100 
mV were applied in descending order with 20 mV steps. Signals were sampled at 50 kHz and 
filtered with a 5 kHz low-pass Bessel filter. Correction for pipette capacitance was performed in 
the cell attached configuration. Recordings were only included if they maintained a 30:1 ratio of 
membrane resistance (Rm) to access resistance (Ra) and an Ra value below 30 MΩ throughout the 
recording. 

Spectroscopic studies 

UV-Vis absorbance and fluorescence spectra were recorded using a 2501 Spectrophotometer 
(Shimadzu) and a Quantamaster 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).  
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Sample preparation and treatment for fluorescence lifetime imaging 

For all experiments following concentration optimization (conc curve supplement) in HEK293T 
or A431, TMCRh.OMe and TMCRhZero were used at 300 nM, directly from a 1 mM (3333x) 
DMSO stock (final DMSO concentration in loading solution, 0.03). 1x loading solutions were 
prepared in imaging buffer (IB, made in-house; composition in mM: 139.5 NaCl, 10 HEPES, 5.6 
D-glucose, 5.33 KCl, 1.26 CaCl2, 0.49 MgCl2, 0.44 KH2PO4, 0.41 MgSO4, 0.34 NaH2PO4; 290 
mOsm/L; pH 7.25). Osmolarity was determined with a µOsmette (Precision Instruments). Cells 
were incubated at 37°C for 20-25 minutes in loading solution, washed once in IB, and transferred 
to fresh IB in an Attofluor cell imaging chamber (Invitrogen).  

iCMs were loaded in RPMI with B27 supplement without phenol red containing 500 nM of 
TMCRh.OMe or TMCRh Zero (0.05% final concentration of DMSO). Media was exchanged for 
fresh RPMI-B27 without phenol red before imaging. 

Gramicidin solutions were prepared at either 0.5 µg/mL or 1 µg/mL in IB immediately before use. 
Immediately after dye loading, HEK293T and A431 were incubated for 5 minutes at room 
temperature IB containing either gramicidin or DMSO vehicle. Coverslips were then transferred 
to fresh IB with gramicidin or vehicle and imaged. To minimize media changes and time at room 
temperature for iCMs, iCMs were incubated for 5 minutes at 37°C in RPMI-B27 containing 0.5 
µg/mL gramicidin and then imaged in the same media. 

A431 EGF treatment was performed as described previously (Chapter 2).25 On the day of the 
experiment, 2x EGF (1 µg/mL) solutions were prepared in IB. Approximately twenty seconds into 
the recording, 500 µL of IB or IB containing 2x EGF was gently pipetted into the imaging chamber 
(which contained 500 µL IB). IB control recordings were made prior to EGF treatment recordings 
from a different field of view on the same sample.  

Most imaging experiments except for those involving serum starved A431 cells were conducted 
under ambient atmosphere and at room temperature (18-22°C). To improve cell viability, some of 
the cardiomyocyte experiments were conducted with the XL incubation chamber on the LSM 880 
set to 25°C. To minimize temperature fluctuations during extended recordings with serum-starved 
A431 cells, all work with these cells was conducted with the system incubation chamber set to 
25°C and solutions pre-warmed to approximately 25°C. Samples were generally kept on the 
microscope for under 20 minutes; longer term EGF studies required samples to be kept on the 
microscope for up to 45 minutes. 

Time Correlated Single Photon Counting (TCSPC) 

Fluorescence lifetime imaging (FLIM) data were determined by TCSPC. Data were acquired on 
an inverted LSM 880 confocal microsope (Carl Zeiss AG, Oberkochen, Germany) equipped with 
a FLIM upgrade kit (PicoQuant GmbH, Berlin, Germany). The LSM 880 was controlled with Zen 
Black software (Zeiss); the TCSPC unit was controlled with SymPhoTime 64 software 
(PicoQuant). Pulsed excitation at 40 MHz was supplied with a 640 nm diode laser (PicoQuant 
LDH-P-C-640B with a ZET635/20x cleanup filter, AHF/Chroma; average output wavelength 637 
nm) controlled by a PDL-800-D laser controller (PicoQuant). Laser intensity from the PDL-800-
D was kept at 24% to optimize instrument response function (IRF) shape; excitation power at the 
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sample was controlled with a micrometer in the laser combining unit (PicoQuant). Power at the 
sample was adjusted to maximize count rate without exceeding the pile-up limit (a count rate of 
4e6 photons/s at any individual pixel, 10% of the laser repetition rate). Because the dye was 
localized to membranes, large regions of the field of view were relatively dark, so average count 
rates varied from 1e5-2e6 counts per second depending on the sample and field of view. Average 
power at the sample ranged from 1-5 µW. 

Excitation light was coupled to the microscope with a polarization-maintaining single mode fiber 
and passed through a line pass dichroic (MBS 405/488/560/640) before reaching the sample. 
Emitted photons were collected with a 63x oil/1.4 NA Apochromat objective (Zeiss) immersed in 
Immersol 518F (Zeiss). The confocal pinhole was set to 300 (4.5 AU, optical slice thickness of 
approximately 3.9 µm), increasing the size of the optical section but improving photon count rates 
for TCSPC. A 690/70 nm bandpass emission filter (AHF) was used. Single photons were detected 
with a PMA-Hybrid 40 detector (PicoQuant) and processed with a TH260 Pico Dual TCSPC Unit 
(T3 TCSPC mode). The detector parameters used were the following: constant fraction 
discriminator (CFD) -100 mV, zero cross -10 mV, offset -47000 ps. Sync parameters used were 
the following: CFD -150 mV, zero cross -10 mV, offset 0 ps, sync divider 8. Data were acquired 
with 1000 TCSPC time channels (0.025 ns/channel). The IRF was measured each day from a 
sample of 1 mg/mL erythrosin B through the same imaging substrate (#1.5 coverglass or ibidi 24 
well plate). 1 µM TMCRh (small molecule dye head) in water was recorded daily as an additional 
standard to verify correct instrument function. 

Monodirectional scanning was used for all applications except iCM spontaneous activity, where 
bidirectional scanning was used. Bidirectional scan correction is not possible in SymPhoTime, so 
the images of cardiomyocyte field of view (FOV) were acquired in Zen (same acquisition settings 
as FLIM, with the addition of 16x line averaging). Spatial and temporal resolution of the data 
acquisition for specific applications is enumerated in the table below. 

 

Application Raw Frame 
Acquisition 
Time (s) 

Binned 
Frame 
Acquisition 
Time (s) 

Number of 
Time Points 
(Total Time 
Series 
Duration) 

Image Size 
(width x 
height, µm2) 

Pixel Size 
of Lifetime 
Image 
(binned, 
µm2) 

Single Image 0.94 75-90 1 (75-90 s) 135 x 135 2.1 x 2.1  
EGF Treatment 0.63 5 36 (180 s), 

177 (900 s) 
135 x 33.7 6.3 x 6.3 * 

iCM Spontaneous 
Activity 

0.025 0.050 200 (10 s) 135 x 18 N/A 
(global 
analysis) 

Table 5.2. Spatiotemporal resolution of fluorescence lifetime imaging data. 
“Single image” data includes concentration curve loading tests and gramicidin treatment in cell 
lines (Figures 5.3-5.5). EGF time series are shown in Figures 5.6-5.8. iCM spontaneous activity 
data are shown in Figures 5.9 and 5.10-5.13. Raw frame acquisition time reflects the frame rate 
at which data were captured; successive frames were combined for later analysis to obtain good 
photon statistics. The number of time points is the number of analyzed, binned frames. *For EGF 
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treatment, pixel size after standard binning is the same as single images (2.1 x 2.1 µm2). To 
improve photon statistics for pixelwise fitting, moving average binning was performed during 
analysis, as is common for Becker & Hickl FLIM products (e.g. SPCImage). Therefore, the 
lifetimes at each pixel were determined by photons from a 6.3 x 6.3 µm2 area centered on the 
displayed pixel. The photon count image is displayed at the native resolution (2.1 µm per side of 
pixel). 

Fluorescence lifetime data analysis 

Time resolved fluorescence decays I(t) were modeled as a monoexponential decay (equation 5.1) 
in custom Matlab code via a weighted least-squares approach. A represents the amplitude of the 
photon count signal and τ represents the fluorescence lifetime. TMCRhZero was well-modeled by 
a single exponential decay; TMCRh.OMe contained slight structure in the residuals but two 
component decays resulted in overfitting. 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴𝑒𝑒−𝑡𝑡 𝜏𝜏�  

Minimization of the reduced chi squared (χ2, equation 5.2) was used to determine the final 
parameter values, where n is the number of free parameters (number of fit time channels – number 
of free parameters in model), st is the first fit time channel, fi is the final fit time channel, z is the 
value of the fit model, and x is the value of the experimentally measured decay. Poisson weighting 
of the time channels was used. 

𝜒𝜒2 =  
1
𝑛𝑛
�

(𝑧𝑧𝑖𝑖 −  𝑥𝑥𝑖𝑖)2

|𝑧𝑧|

𝑓𝑓𝑓𝑓

𝑖𝑖=𝑠𝑠𝑡𝑡

 

The built-in minimization function fmincon with the interior-point algorithm was used, with the 
following settings: StepTolerance 1e-4, OptimalityTolerance 1e-4, ConstraintTolerance 1e-6. All 
fits converged in fewer than the maximum number of function evaluations (1e5). The fluorescence 
lifetime τ was constrained between 0 and 10 ns. 

The experimentally measured instrument response function (IRF, erythrosin B fluorescence decay) 
was cropped time channels 40-60 out of 1000 channels (25 ns) and reconvolved with the decay 
model before the reduced chi squared was determined. The time resolved signal was binned by a 
factor of 4 in time (to 250 channels representing 25 ns) before fitting was performed to reduce fit 
noise with low photon counts. Time channels 20 through 980 (st through fi) of the unbinned signal 
were used in the fit where photon counts were sufficient. Otherwise, the final time bin used was 
the first instance of zero photon counts in a time channel. The shift between the IRF and the 
measured time resolved decays was fixed to 0. The offset (time-independent background) was also 
fixed to 0; dark counts were generally negligible (20-40 counts per second during experiments). A 
threshold of 5000 total photons was used in pixelwise analysis. Pixels with photon counts below 
this threshold were excluded from analysis and appear black in images. Spatial binning was 
performed before fitting for pixel by pixel analysis (Table 5.2). For global analysis of 
cardiomyocyte data, all photons in the field of view were used to fit one decay per time point. 

  

[5.1] 

[5.2] 
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Analysis of cardiomyocyte spontaneous action potential recordings 

For action potential detection, lifetime recordings were transformed into a series of differences 
between successive frames (“difference trace”). This difference trace was filtered with a 6th order 
low pass Butterworth filter with the signal processing toolkit in SciPy (scipy.signal). A threshold 
that differentiated between action potentials and baseline was selected manually. The peak lifetime 
was defined as the value of the lifetime at the index identified by the above process. For each 
recording, the peak is reported as the mean of peaks of all action potentials in the recording. No 
filtering was used on lifetime traces shown or on lifetime data used for analysis; filtering was used 
exclusively in peak identification. 

The baseline was defined from a series of 15 frames (750 ms) before the peak of each action 
potential (AP), beginning 20 frames before the peak and ending 5 frames before the peak. While 
this omits some areas of the baseline, it allows automatic processing at a variety of beat rates. The 
baseline reported for each recording is the average lifetime in all of these 15 frame windows except 
the first, which was often cut off by the start of the recording. For example, if a recording contained 
6 APs, the baseline τ would represent the average of 75 frames of lifetime data (15 frames per AP 
from 5 APs). 

The peak height was calculated as the average baseline subtracted from the average peak for each 
trace. For recordings containing gramicidin or made with TMCRhZero, no APs were visible, so 
the lifetime reported is the average across all frames in the 10 second recording. 

For analysis of the photon count data (Figure 5.11), photon count data were taken from the same 
indices as defined by the lifetime trace (see above). The relative fluorescence intensity (F/F0) was 
calculated by dividing each value in the photon count trace by the average photon count baseline. 

Statistical analysis 

Data are reported as either mean ± standard deviation (SD) or mean ± standard error of the mean 
(SEM) throughout the text (as indicated). All aggregated data were acquired across at least two 
independent experimental days. 

For analysis of differences between groups, all datasets were tested for normality (Shapiro-Wilk 
test) and homoscedasticity (Levene’s test on the median) before ANOVA was applied. For data 
that were both normal and homoscedastic, Fisher’s one-way ANOVA with Tukey-Kramer post 
hoc tests was used (p>0.05 on both the Shapiro-Wilk test and Levene’s test). For data that were 
non-normally distributed and homoscedastic, the Kruskal-Wallis test with Dunn’s test for pairwise 
post hoc tests was used. For data that were heteroscedastic (p<0.05 on Levene’s test), Welch’s 
one-way ANOVA with Games-Howell post hoc tests was used, even if the data were significantly 
non-normal by Shapiro-Wilk. All statistical analysis was performed in Python using the SciPy, 
Scikit-Posthocs and Pingouin54 statistical packages.  
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Chapter 6 
Two Photon Absolute Voltage Imaging with VoltageFluor Fluorescence Lifetime 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

Portions of this work were done in collaboration with the following people: 

Some of the two photon FLIM data were collected with Anneliese Gest.   
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Abstract 

The role of transmembrane potential (Vmem) in tissue patterning has recently attracted attention; 
more broadly, the distributions and patterning of Vmem in vivo are largely uncharacterized. Optical 
strategies for recording Vmem are attractive in this arena, as they have the ability to record from 
many cells simultaneously and noninvasively. However, the blue excitation light used for VF-
FLIM with VF2.1.Cl is largely incompatible with fluorescence lifetime imaging in thick tissue. To 
this end, we explored two photon (2p) excitation with fluorescence lifetime imaging of 
VoltageFluors to enable translation of VF-FLIM to thick tissue. We documented the 2p-excited 
lifetimes of five VoltageFluors and assess their Vmem sensitivity. We find that VF dyes in multiple 
colors yield Vmem-sensitive fluorescence lifetimes under two-photon excitation. In doing so, we 
observe and discuss discrepancies between the fluorescence lifetimes seen under one and two 
photon excitation conditions. 

Introduction 

Two-photon (2p) excitation microscopy has transformed in vivo imaging by enabling fluorescence 
microscopy deep (up to ~1 mm) into thick, scattering tissue.1 Two-photon imaging relies on the 
ability of certain chromophores to efficiently absorb two photons, each individually with lower 
energy, to access a fluorescent excited state. This lower energy excitation light then falls within 
the “near infrared window,” where scattering and autofluorescence in biological samples is greatly 
reduced. 

For voltage imaging in particular, there is a pressing need for optical strategies to record Vmem in 
tissue. Rapid changes in Vmem within the brain transmit information throughout complex, spatially 
organized neural circuits. To capture the information within these circuits, it is imperative that they 
be studied in situ.1 Furthermore, ‘non-excitable’ cells that may undergo Vmem changes during 
growth must do so as part of an electrically coupled tissue.2 Reporting the pattern of Vmem in such 
a system requires simultaneous recording from hundreds of cells, a feat that is not possible with 
patch-clamp electrophysiology. 

To measure absolute Vmem from many cells simultaneously in thick tissue, we sought to translate 
the VF-FLIM system (Chapter 2) from one photon (1p) to 2p illumination. We first report the 
fluorescence lifetime of VF2.1.Cl under two photon illumination and then expand to other 
VoltageFluors with more favorable two photon cross sections. Specifically, our lab has shown that 
VoltageFluors based on a rhodamine or rhodol fluorophore exhibit large two photon cross sections 
and Vmem-sensitive fluorescence.3,4 To this end, we evaluated the 2p fluorescence lifetime of these 
red-shifted VoltageFluors in cultured HEK293T cells and identify promising candidates for future 
studies in tissue. With some of the sensors, we observe differences in the 1p and 2p excited 
fluorescence lifetimes; reasons for this are discussed. Taken together, these data demonstrate that 
VF-FLIM can be translated from one photon to two photon illumination in cultured cell lines.  

Results and Discussion 

VF2.1.Cl Fluorescence Lifetime under Two Photon Excitation 

We measured the fluorescence lifetime of the VoltageFluor VF2.1.Cl under two photon excitation 
at 820 nm in HEK293T. Due to the relatively poor two photon cross section of VF2.1.Cl,3 high 
light power was required to obtain sufficient photon output; photobleaching appeared more rapid 
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under these conditions than under 1p excitation with similar photon output. Excellent membrane 
staining and optical sectioning was observed (Figure 6.1). 

Using simultaneous fluorescence lifetime imaging and whole cell patch clamp electrophysiology, 
we determined that the τfl of VF2.1.Cl under these excitation conditions is sensitive to Vmem. With 
820 nm 2p excitation, we observe a sensitivity of 3.86 ± 0.04 ps/mV with a 0 mV lifetime (y-
intercept) of 1.95 ± 0.01 ns (n=16 cells, Figure 6.1) when employing the same fitting model 
(weighted average τfl of a two-component decay) from 1P illumination (Chapter 2, Chapter 6 
Methods). Under otherwise identical 1p excitation conditions, the linear lifetime-Vmem 
relationship for VF2.1.Cl displayed a slope of 3.50 ± 0.08 ps/mV and a y-intercept of 1.77 ± 0.02 
ns.5 In this 2p calibration, we observed slightly improved Vmem resolution over the 1p calibration 
(14 mV inter-cell RMSD and 4.4 ± 0.6 mV intra-cell RMSD, calculated as in Chapter 2).  

 
Figure 6.1. VF2.1.Cl fluorescence lifetime reports absolute Vmem under 2p excitation. 
Simultaneous whole cell patch clamp electrophysiology and two photon FLIM (820 nm excitation) 
of VF2.1.Cl in HEK293T reveals a Vmem sensitive τfl. a) Photon count images of 100 nM VF2.1.Cl 
in a HEK293T cell held at the indicated Vmem. White arrow indicates the patch pipette; scale bar 
is 20 µm. b) Lifetime-intensity overlay of the same HEK293T. c) Quantification of the lifetime 
images in (b), revealing a clear linear relationship between τfl and Vmem. Points indicate average 
lifetime for the individual cell in (b) within a membrane localized region of interest at each 
potential. Black line indicates the line of best fit. d) Aggregated lifetime-Vmem calibration for 
VF2.1.Cl, where individual cells are represented by gray lines. Black line represents the average 
slope and y-intercept for n=16 HEK293T cells. Data are shown as mean ± SEM. 
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The fluorescence lifetime of VF2.1.Cl under 2p excitation could be a useful method for measuring 
absolute Vmem, as it displays excellent Vmem sensitivity and resolution. The slight increase in 2p 
lifetime versus the 1p lifetime for VF2.1.Cl is most likely attributable to reduced autofluorescence 
presence at 820 nm versus the blue 479 nm excitation light. This hypothesis is consistent with the 
slightly increased sensitivity under two photon illumination, as autofluorescence will contribute a 
Vmem-insensitive background to the lifetime recording. This reduction in autofluorescence could 
also produce the observed resolution improvement for Vmem recordings. Nevertheless, these data 
were collected over the course of a much smaller time window than the 1p data in Chapter 2 (1 
month versus 1.5 years). Slight differences in instrument performance over time may also 
contribute to this 1p versus 2p resolution difference. 

TMCRh.OMe Fluorescence Lifetime Under 2p Excitation Differs from 1p Excitation 

Despite the favorable sensitivity and Vmem resolution of VF2.1.Cl, its poor two photon cross 
section and high excitation light power render it suboptimal for absolute Vmem imaging in tissue. 
In search of a VoltageFluor with better performance in 2p-FLIM, we recorded lifetime-Vmem 
calibrations for a variety of red-shifted VoltageFluors with improved two photon cross sections. 
The VoltageFluor TMCRh.OMe exhibits favorable properties in 1p FLIM (Chapter 5).  

Although their 1p absorption maximum is around 625 nm, carborhodamines exhibit strong two 
photon absorbance in the low 800 nm region, as well as around 1100 nm.6 Due to limitations of 
our excitation source, we opted to excite TMCRh.OMe at 820 nm in two photon, where we 
observed bright, membrane localized signal. Under continuous illumination, we again observed 
much faster photobleaching under these 2p illumination conditions than we did under 1p 
illumination. Photobleaching was often accompanied by an upward drift in the fluorescence 
lifetime. 

We observe different fluorescent lifetimes for TMCRh.OMe under 2p illumination than we saw 
under 1p illumination (Chapter 5). Whereas the 1p time resolved fluorescence signal can be 
modeled by a single exponential decay, the 2p signal contains three decay components, with an 
average lifetime of ~1.7 ns at rest in HEK293T cells (approximately 0.8 ns shorter than the 1p 
signal). Using simultaneous 2p FLIM and whole cell voltage clamp electrophysiology, we 
measured the voltage sensitivity of 2p lifetime of TMCRh.OMe. In doing so, we noticed that only 
the third component of the lifetime (τ3) was voltage sensitive, so we fixed the lifetimes of τ1 and 
τ3 to the values that minimized the reduced χ2 (0.1 and 0.9 ns, respectively). For τ3, we obtain a 
sensitivity of 2.60 ± 0.04 ps/mV and a y-intercept of 2.83 ± 0.01 ns (mean ± SEM of n=16 
HEK293T cells, Figure 6.2). 
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Figure 6.2. Components of TMCRh.OMe 2p Fluorescence Lifetime are Vmem Sensitive. 
a) Overlay of the photon count and the third component of the fluorescence lifetime (τ3) of 300 
nM TMCRh.OMe in a HEK293T cell under two photon illumination (820 nm). The cell was held 
at the indicated Vmem with whole cell voltage clamp electrophysiology (white arrow). Scale bar 
indicates 20 µm. b) Quantification of the data in (a), along with the line of best fit for the individual 
cell’s τ3-Vmem relationship. c) The average τ3-Vmem relationship from 16 individual HEK293T cells 
(lines of best fit shown in gray). The line of best fit with the average slope and y-intercept is shown 
in black; data points are represented as mean ± SEM.  

 

We were surprised by the discrepancy between the one photon and two photon excited 
fluorescence lifetimes of TMCRh.OMe. We considered the possibility that the molecular wire of 
TMCRh.OMe can be excited directly in 2p at 820 nm, which perhaps was resulting in aberrant 
results. The addition of a methoxy group to the molecular wire of TMCRh.OMe (versus that of 
VF2.1.Cl) red-shifts the wire absorption, perhaps enabling 2p excitation under our conditions. 
However, we saw no change in the fluorescence lifetime resulting from excitation in the range 750 
nm to 950 nm (Figure 6.3); wavelengths above 900 nm would likely not directly excite the 
molecular wire.  
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Figure 6.3. TMCRh.OMe 2p fluorescence lifetime is not dependent on the excitation 
wavelength. 
a) Time resolved fluorescence of 300 nM TMCRh.OMe in HEK293T as the excitation wavelength 
was increased from 750 nm to 950 nm. Where traces are not visible, they overlap with other data. 
b) Time resolved fluorescence of TMCRh.OMe as the excitation wavelength was decreased from 
950 to 750 nm to compensate for potential light exposure artifacts. Measurements were not 
corrected for the input power at the sample, which varied substantially across this range; lifetimes 
presented in (a) and (b) were normalized to the peak photon count. Decays correspond to the sum 
of all photons present in the fields of view shown in (c) and (d). c-d) Representative two photon 
fluorescence images of the HEK293T cell groups at 750 nm and 820 nm excitation. Scale bar is 
10 µm.  

Thus, the origin of these voltage-insensitive shorter components to the 2p-FLIM signal for 
TMCRh.OMe is unclear, as is the reason for the discrepancy between 1p and 2p FLIM results. 
Although we have yet to calibrate the 1p lifetime-Vmem relationship for TMCRh.OMe with 
electrophysiology, our initial data indicated a sensitivity of approximately 4 ps/mV and a 0 mV 
lifetime of approximately 2.7 ns in HEK293T (Chapter 5). Therefore, the 1p 0 mV lifetime is 
similar to the 0 mV lifetime for τ3 alone in 2p, but the Vmem sensitivities differ considerably. 
Furthermore, one would expect to see the same number of decay components in the time-resolved 
fluorescence for the same fluorophore under 1p and 2p illumination. Systematic comparison of 
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additional VFs under one- and two-photon illumination may provide further insight into this 
apparent paradox. 

Nevertheless, using τ3 for TMCRh.OMe in 2p FLIM is a viable option for absolute Vmem imaging 
with comparable Vmem resolution to VF-FLIM (intra cell RMSD of 5.0 ± 0.6 mV, inter cell RMSD 
of 22 mV). Preliminary work with this sensor in thick tissue is described elsewhere in this 
dissertation (Appendix 4), and additional studies with TMCRh.OMe are underway in our 
laboratory. 

carboVF 2p Fluorescence Lifetime is Somewhat Vmem Sensitive 

We also explored the fluorescence lifetime of the carbofluorescein-based voltage sensitive dye 
carboVF, which has a reported sensitivity of 30% ΔF/F per 100 mV and the ability to be 
enzymatically targeted to cells of interest in complex samples.7 Under two photon illumination at 
740 nm, we observed strong, membrane-localized signal from carboVF, although there was 
unexpectedly variability in the lifetime across the membrane of an individual cell (Figure 6.4). 
We attribute this to fit noise, as the lifetime data from carboVF appeared contaminated by a small 
amount of laser bleedthrough (see Methods). For the cell shown in Figure 6.4, we observed a slope 
of 3.0 ps/mV and a y-intercept of 1.80 ns, although individual points deviated somewhat from the 
line of best fit. This sensitivity corresponds to a 19% Δτ/τ per 100 mV, which is a smaller fractional 
change than expected from the fluorescence intensity data. Further characterization of carboVF in 
2p was impractical because of contaminating excitation bleedthrough at 740 nm. Nevertheless, the 
absolute sensitivity of carboVF under 2p illumination was only slightly less than the sensitivity of 
VF-FLIM, rendering it a potentially useful absolute Vmem probe. Future investigation of the 
properties of carboVF lifetime under 1 photon illumination would likely be fruitful. 

 
Figure 6.4. Vmem Dependence of carboVF fluorescence lifetime at 740 nm. 
a) Photon count and b) lifetime images of a HEK293T loaded with 200 nM carboVF and held at 
the indicated potential with whole cell voltage clamp electrophysiology. c) Quantification of the 
fluorescence lifetime data shown in (b). Individual points represent the average lifetime in a 
membrane ROI; the blue line is the line of best fit (slope of 3.0 ps/mV, 0 mV lifetime of 1.80 ns). 
Scale bar is 20 µm. White arrow indicates patch pipette. 

RhoVR 2p-FLIM is Vmem-sensitive but Complicated by Excitation Photoselection 

To evaluate the two photon fluorescence lifetime signal from RhoVR dyes under 2p illumination 
(820 nm), we loaded 500 nM of RhoVR1 or RhoVR(Me) into HEK293T and measured the 
fluorescence lifetime. To our surprise, we observed differences in both fluorescence intensity and 
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fluorescence lifetime between membranes with different orientations (horizontal vs. vertical, 
Figure 6.5). The phenomenon was rotated by 90° with the addition of a half-wave plate to the 
beampath, which rotates the polarization of the excitation light by 90°.  

The differences in RhoVR brightness with excitation polarization can be explained by excitation 
photoselection, as chromophores are most efficiently excited when the excitation dipole of the 
transition the fluorescent excited state (S1) is aligned with the electric field of the incident light.8 
Because VoltageFluors are oriented in the plasma membrane, the molecules on the “horizontal” 
and “vertical” membranes will be excited with different propensities by a polarized excitation 
source, such as the Ti:Sapphire laser used in this experiment. Excitation photoselection is stronger 
under two photon illumination because two photons must be absorbed by the same molecule within 
a very short span of time.8 

The effect of incoming light polarization on fluorescence lifetime is more complex, as the 
fluorescence lifetime should be independent of the number of chromophores that reach the 
fluorescent excited state. In addition, we see the polarization effect on 2p lifetime most strongly in 
RhoVR1, with weak effects in RhoVR(Me) and no obvious effect in other probes studied (Figure 
6.1, 6.2, 6.4). One way that the time-resolved fluorescence signal can be affected by polarization 
is through fluorescence anisotropy, as the fluorescence emission is also polarized. If the RhoVR1 
molecules are rotating on a similar timescale to the fluorescence emission, this can there will be 
interchange between emission polarized parallel to and perpendicular to the excitation light. 
Because our setup does not collect the full fluorescence emission in all directions, this can lead to 
the appearance of two populations of fluorescence lifetime, which populate or depopulate as the 
molecule rotates.8 This hypothesis could be further evaluated by the placement of a magic angle 
polarizer on the emission beampath, which should remove this effect but would result in a large 
loss of signal. 

Despite this polarization-induced artifact, we tested the Vmem dependence of the 2p lifetime of 
RhoVR1 and RhoVR(Me) (Figure 6.6). For RhoVR1, we struggled to adequately describe the 
time-resolved fluorescence decay as a sum of three exponential components. With this three 
exponential fit, we observed a lot of apparently random deviation from the linear fit, which is in 
stark contrast to the intensity-based %ΔF/F response.9 Furthermore, the observed change in 
lifetime is much less than 47% per 100 mV, which is what we expect from the fluorescence 
intensity response of this probe.  

In contrast, the fluorescence lifetime of RhoVR(Me) under 2p illumination matches reasonably 
well with expectations for a PeT-based voltage sensitive dye. RhoVR(Me) has a reported 
sensitivity of 14% ΔF/F per 100 mV and is brighter than RhoVR1 in fluorescence intensity. These 
characteristics are consistent with a reduced rate of PeT in RhoVR(Me), as the methyl substituent 
on the molecular wire is less electron donating than the methoxy substituent on the RhoVR1 
molecular wire. In 2p-FLIM, we observe a sensitivity of 2.09 ± 0.04 ps/mV and a 0 mV lifetime 
of 1.75 ± 0.03 ns (mean ± SEM of n=7 HEK293T cells). This lifetime-Vmem calibration 
corresponds to a 13% change in lifetime per 100 mV, in good agreement with the fluorescence 
intensity data. For absolute Vmem determinations, RhoVR(Me) under 2p illumination exhibits an 
intra cell RMSD of 6.3 ± 0.5 mV and an inter cell RMSD of 36 mV (calculated as described in 
Chapter 2). 
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Figure 6.5. RhoVR lifetimes depend on the polarization of the excitation light. 
a) 2p-FLIM image at 820 nm excitation of 500 nM RhoVR1 in HEK293T. b) 2p-FLIM image of 
500 nM RhoVR1 in HEK293T with addition of half-wave plate to the beam path to rotate the 
polarization of the excitation light by 90°. Different fields of view are shown in (a) and (b). c) 2p-
FLIM image of 500 nM RhoVR(Me) in HEK293T. d) 2p-FLIM image of the same group of 
HEK293T in (c), with the polarization of the excitation light rotated by 90°. Scale bar is 20 µm. 
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Figure 6.6. RhoVR1 and RhoVR(Me) show Vmem sensitive fluorescence lifetimes. 
a) Photon count (fluorescence intensity) and b) lifetime-intensity overlay images of an individual 
HEK293T cell loaded with 500 nM RhoVR1. Vmem was held to the indicated value with whole cell 
voltage clamp electrophysiology. c) Quantification of the 2p fluorescence lifetime for RhoVR1 in 
4 HEK293T cells subjected to the same protocol, along with the line of best fit for the lifetime-
Vmem relationship. The cell shown in (a)-(b) is shown in red-orange in (c). d) Photon count and e) 
fluorescence lifetime images of a HEK293T loaded with 500 nM RhoVR(Me) and held at the 
indicated Vmem electrophysiologically. f) Quantification of the 2p fluorescence lifetime-Vmem 
relationship for RhoVR(Me) in 7 individual HEK293T cells. The cell from (d)-(e) is shown in 
purple in (f). The patch electrode is indicated by the white arrow; scale bars represent 20 µm. 

 

 

In summary, we determined the relationship between fluorescence lifetime and Vmem for five 
VoltageFluors under two photon illumination. TMCRh.OMe, RhoVR1, and carboVF all show 
Vmem sensitive fluorescence lifetimes but have currently unexplained differences between their 
performance under 1p and 2p illumination. Going forward, it will be informative to measure the 
1p lifetime of RhoVR1, but we unfortunately did not have a FLIM instrument with these 
capabilities. Both RhoVR(Me) and VF2.1.Cl do not exhibit such discrepancies, and they could 
both be useful voltage sensors for absolute Vmem determinations under 2p illumination. 
RhoVR(Me) is a particularly attractive target for future studies, as the sarcosine membrane anchor 
provides a synthetic handle for targeting of the sensor to cells of interest in complex tissue.10  
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Materials and Methods 

VoltageFluor Stocks and Synthesis 

VF2.1.Cl, carboVF, and RhoVR1 were synthesized in house according to the published 
syntheses.7,9,11 TMCRh.OMe was synthesized in-house by Gloria Ortiz; these methods are 
described in her Ph.D. dissertation. RhoVR(Me) was synthesized in-house by Parker Deal.10 

VF2.1.Cl, carboVF, and TMCRh.OMe were stored either as solids at room temperature or as 1000-
5000x DMSO stocks at -20°C. RhoVR1 and RhoVR(Me) were stored as dried solid aliquots at -
20°C or -80°C and reconstituted in DMSO prior to use. The concentration of dye stocks was 
determined from the absorption maximum of the chromophore via UV-Vis spectroscopy with a 
Shimadzu 2501 Spectrophotometer. Measurements were performed in 1 cm path length quartz 
cuvettes (Starna cells). 

HEK293T Cell Culture, Dye Loading, and Electrophysiology 

HEK293T cell culture and whole cell patch clamp electrophysiology was performed as described 
in detail in Chapter 2. The VF dyes mentioned here were used at the following concentrations: 
100 nM VF2.1.Cl, 200 nM carboVF, 300 nM TMCRh.OMe, 500 nM RhoVR1, 500 nM 
RhoVR(Me). All dye loading was performed in Hank’s Balanced Salt Solution (HBSS, with Ca2+ 
and Mg2+) for 20 minutes in a humidified 37°C incubator. 

For VF2.1.Cl and TMCRh.OMe, loading concentrations were selected to avoid concentration 
based quenching seen in the fluorescence lifetime (Chapter 2, Chapter 5); for other sensors, the 
concentration used was approximate and should be refined by systematic testing for concentration 
quenching. 

Two-Photon Fluorescence Lifetime Imaging 

2p-FLIM was performed on an inverted Zeiss LSM 510 equipped with a Becker and Hickl SPC-
150N photon counting card. Excitation was provided by a MaiTai HP Ti:Sapphire laser tuned to 
the indicated wavelength. Excitation power was controlled by a polarizer followed by a polarizing 
beamsplitter, as well as an acousto-optic modulator (AOM) controlled by the Zen software (Zeiss). 
Light was directed into the microscope from a series of silver mirrors (Thorlabs or Newport 
Corporation). 

For all probes, emitted photons were collected with a 40x/1.3 NA EC Plan-Neofluoar oil 
immersion objective (Zeiss) and detected with an HPM-100-40 single photon counting detector 
(Becker and Hickl). Photons were detected from the non-descanned side port of the LSM 510 after 
being reflected off of a 680 nm long pass dichroic mirror and passing through an IR-blocking filter. 
The following Semrock emission filters were used (all bandpass, in nm): VF2.1.Cl 550/49; 
carboVF, RhoVR1, RhoVRMe 593/40; TMCRh.OMe 650/60. Reference pulses for time 
correlated single photon timing were sampled from the excitation beam and detected with  PHD-
400-N high speed photodiode (Becker and Hickl). 

Analysis of VF2.1.Cl, RhoVR1, RhoVRMe and carboVF 2p FLIM Data 

2p-FLIM data for VF2.1.Cl were fit to an incomplete biexponential decay model in SPCImage 
(Becker and Hickl) as described in Chapter 2. An experimentally measured instrument response 



 

188 
 

function (IRF) was obtained from a solution of 0.5 mM fluorescein and saturating (12.2 M) NaI in 
0.1 N NaOH. The IRF was measured frequently (at a minimum daily) during imaging. Using the 
same standard solutions of 2 µM fluorescein in 0.1 NaOH and 1 mg/mL erythrosin B, the optimal 
value for the color shift between the IRF and the measured decay was determined to be 0.7 (out of 
256 time channels on the analog-to-digital converter). The photon count threshold for fitting was 
set to 200 instead of 300 counts in the brightest time channel. Other fitting parameters and binning 
were as described for the one photon signal (Chapter 2). Lifetime images in lifetime-intensity 
overlays are scaled as indicated; underlying photon count images are scaled to maximize contrast. 

RhoVR1 was fit to an incomplete decay model as the sum of three exponential decay terms; 
RhoVR(Me) was fit to an incomplete decay model as the sum of two exponential decay terms. 
Peak photon thresholds of 300 were used for all probes other than VF2.1.Cl, as much larger photon 
counts were achievable. All other fit parameters were the same as for VF2.1.Cl. 

carboVF lifetimes were measured at 740 nm and modeled as a sum of two exponential decay 
components. Data analysis was complicated by the presence of slight laser bleedthrough. The 
scatter parameter in SPCImage was set to an empirically determined value of 0.006 in an attempt 
to compensate for this. Shift was fixed to 0.9 based on fitting of the lifetime standard erythrosin 
B.   

Analysis of TMCRh.OMe 2p FLIM Data 

The fluorescence lifetime of TMCRh.OMe was first fit to a sum of three exponential decay 
components using custom Matlab code (described in Appendix 1) with all decay components and 
coefficients as free parameters. In doing so, we observed that τ1 and τ2 were Vmem-invariant, so we 
fit these parameters to the values that minimized the average χ2 across all patches in the dataset 
(0.1 and 0.9 ns, respectively). Using the fluorescein-based IRF, a color shift of 0 was found to 
describe the lifetime standards best, so this value was used for all fitting. Offset was fixed to zero. 
A threshold of 300 peak photon counts in the brightest ADC time channel was used. Images were 
binned standard 2x2 upon export (in contrast to the SPCImage moving average binning used for 
other probes). 
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Chapter 7 
Investigation of Alternative Exponential Decay Models for VoltageFluor FLIM 
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Abstract 

Fluorescence lifetime imaging (FLIM) can quantitatively report on a variety of features of the cell 
by measurement of the fluorescence decay of a fluorophore on the nanosecond timescale. 
Interpretation of FLIM data requires fitting to a decay model, selection of which can dramatically 
alter the quality of FLIM results. Both the value and the reproducibility of the fluorescence lifetime 
of VoltageFluor (VF) probes also depends on the fit model selected, making fit model a critical 
consideration in analysis of such data. Here, we explore and discuss different fit models for 
lifetimes of a library of VFs. We conclude that discrete exponential models are reasonable for the 
VFs studied here, although we cannot fully rule out the use of distribution fit models.  

Introduction 

FLIM is a powerful tool for quantitatively and optically measuring various parameters inside 
cells.1 Because fluorescence lifetime (τfl) is an intrinsic property of a sensor, such measurements 
avoid artifacts in fluorescence intensity that arise from variable probe concentration or movement. 
Importantly, τfl can be altered by temperature, viscosity, solvent, or the presence of quenchers,2 all 
of which can complicate the application of FLIM in biological settings. 

In this dissertation, we explore FLIM of the small-molecule voltage dyes VoltageFluors as a 
strategy to measure the cellular transmembrane potential (Vmem). We demonstrated that VF FLIM 
can report absolute Vmem throughout both the gradual changes associated with EGF stimulation 
(Chapter 2) and fast spontaneous activity in cardiomyocytes (Chapter 5). We also use FLIM as 
a tool to inform indicator design, investigating structure-activity relationships across a panel of 
conformationally restricted VFs (Chapter 4). In all of these studies, we observed that the model 
selected in such fluorescence lifetime imaging studies has a major impact on the reproducibility 
and noise in the resultant fluorescence lifetimes. Optimization of the fit model is therefore an 
essential step in the use of FLIM to study Vmem (or any cellular parameter). 

The time-resolved fluorescence decay I as a function of time t measured by time correlated single 
photon counting (TCSPC) FLIM is commonly modeled as a sum of n equals one, two, or three 
exponential terms (eqn 7-1), where ai is the amplitude of each term and τi is the decay constant 
(lifetime). 

𝐼𝐼(𝑡𝑡) =  �𝑎𝑎𝑖𝑖𝑒𝑒
−𝑡𝑡 𝜏𝜏𝑖𝑖�

𝑛𝑛

𝑖𝑖=1

 

In theory, each decay constant represents a population of fluorophores at a particular temperature, 
viscosity, solvation state, etc. This framework is commonly used in the interpretation of binding 
ratios of sensors with two distinct states. For example, we expect that photoinduced electron 
transfer (PeT) based Ca2+ sensors would display two primary states, Ca2+ bound and Ca2+ free, 
each represented by a distinct lifetime term.3–5 In simple systems, the amplitudes can be interpreted 
as the fractions of each state present in the sample. 

When fluorophores and fluorescent indicators are delivered into a biological specimen, the true 
profile of distinct emitting populations often becomes complicated. Autofluorescence, sensor 
aggregation or misfolding, and inhomogeneous viscosities/solvents/temperatures introduce 
additional fluorescent decay components.2 Explicit modeling of these factors is impractical, as the 
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number of photons required to obtain a reasonable fit increases with the number of fluorescent 
decay terms.6 In practice, the number of decay components appropriate to model time resolved 
fluorescence data is often determined empirically from the reduction in the fit residuals as more 
components are added (e.g. Chapter 4, Figures 4.15, 4.16). A useful parameter to describe the 
goodness-of-fit in such analyses is the reduced chi squared (χ2), which assesses deviation between 
the experimental data y and the fit model z at each recorded time channel. N is the total number of 
time channels used in the fitting, and p is the number of free parameters in the fit. 
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We frequently observe multiple fluorescent decay components in the lifetime of membrane-
localized voltage (Vmem)-sensitive dyes (VoltageFluors, VFs). For example, we generally model 
the fluorescence decay of the voltage sensitive dye VF2.1.Cl as a biexponential decay (n=2 in eqn. 
7-1). From this biexponential decay, we analyze only the weighted average (τm, eqn 7-3), as we 
found that it could be consistently measured with fewer photons than any individual component 
of the biexponential model. However, the use of a biexponential decay model for VF2.1.Cl is not 
fully satisfying, as the origin of these two populations of fluorophore is unclear. Furthermore, 
when we explored the fluorescence lifetimes of other VF dyes, we found that a biexponential 
model frequently either under- or over-fit the data (Chapter 4, Chapter 6). 

 

𝜏𝜏𝑚𝑚  =
𝑎𝑎1𝜏𝜏1 +  𝑎𝑎2𝜏𝜏2
𝑎𝑎1 +  𝑎𝑎2

 

 

As an alternative to discrete exponential models, distribution fit models (eqn 7-4) can be employed 
to describe the time-resolved fluorescence decay of fluorophores in complex mixtures.7–9 If a range 
of states are accessible to the fluorophore, the exponential decay is often best described by a 
distribution of lifetimes rather than single discrete values. For instance, fluorophores in a solvent 
mixture (e.g. the plasma membrane) may experience a range of solvation states, each with a 
slightly different lifetime.10 Similarly, a FRET system accessing a variety of donor-acceptor 
distances rather than distinct ligand bound or free states may also be modeled in this manner. 
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In a distribution fit model, the amplitudes ai are replaced by a probability distribution function 
(PDF) of decay constants α(τ). The sum of the contribution from each τ in this PDF makes up the 
fluorescence decay I over time t. Two common PDFs used in this analysis are the Gaussian PDF 
(eqn 7-5) and the log-normal PDF (eqn 7-6). Gamma distributions have also been successful in 
FLIM analysis.8 

Gaussian PDFs (eqn 7-5) are convenient to work with and can be described by two summary 
parameters, the mean 𝜏𝜏̅ and standard deviation σ (or the variance, σ2) of the distribution. However, 
Gaussian functions are not constrained to τ > 0, but zero or negative lifetimes are non-physical and 
can pose problems in fitting.8 The log-normal distribution (PDF in eqn 7-6) avoids this issue, 
because it is defined by exponentiation of a normally distributed variable, the log-normal 
distribution is most conveniently described by the geometric mean and geometric standard 
deviation of these summary parameters. This geometric mean (τGM) is the median of the 
distribution and can be obtained by exponentiating 𝜏𝜏̅ (eqn 7-7). A form of the geometric standard 
deviation (σg) can be used to quantify spread in the distribution and is obtained by exponentiating 
σ (eqn 7-8). 

𝜏𝜏𝐺𝐺𝐺𝐺 =  𝑒𝑒𝜏𝜏� 

 
𝜎𝜎𝐺𝐺 =  𝑒𝑒𝜎𝜎 

 

When the theoretical justification for selection of an exponential decay model is unclear, a few 
model-agnostic strategies exist. The exponential series method (ESM) allows for discrimination 
between lifetime distributions and discrete lifetime decays by fitting to many fixed τi with the 
amplitudes ai as free parameters (eqn. 7-9).11 Fluorescence distributions can theoretically be 
observed in plots of a versus τ with many similar ai for a series of τi. On the other hand, discrete 
exponential decays would appear as isolated high ai at a particular τi. “Incorrect” τ that are not 
present in the dataset should have low amplitudes. However, the ESM contains many free 
parameters, so very high photon counts (greater than 1 million total per fit) must be obtained for 
the ESM model to give accurate results.11 

𝐼𝐼(𝑡𝑡) =  �𝑎𝑎𝑖𝑖𝑒𝑒
−𝑡𝑡 𝜏𝜏𝑖𝑖�

𝑛𝑛

𝑖𝑖=1

 ,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝜏𝜏𝑖𝑖  ≡  0.05, 0.10, 0.15 …𝑛𝑛𝑛𝑛 

 

Exponential fits without a priori knowledge of the number of exponential terms can be accessed 
more elegantly through the Padé approximant of the Laplace transform of the data.12 This approach 
is relatively recent and is not commonly employed in the context of fluorescence lifetime decays, 
although preliminary studies to this end have been reported.13 
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Here, we document the Vmem sensitivity of individual components of the VF2.1.Cl biexponential 
decay and explore the use of distribution fit models to describe the fluorescence decays of a library 
of conformationally restricted VFs (Chapter 4). Where sufficient photons could be collected, we 
performed exponential series analysis of the fluorescence decay of our probe library. With these 
analyses, we show that both discrete exponential models and distribution models are reasonable 
strategies to describe VF fluorescence decays. Exponential series analysis of VF exponential 
decays suggests that discrete exponential models may be more appropriate, although further 
investigation across larger libraries of VFs is required. 

 

Results and Discussion 

Voltage Dependence of Individual Components of VF2.1.Cl Biexponential Fit 

Using whole cell patch clamp electrophysiology, we recorded the Vmem dependence of VF2.1.Cl 
lifetime in HEK293T cells (raw data are originally presented in Chapter 4 and re-analyzed here). 
We employed global analysis in the fitting instead of the pixelwise analyses presented previously 
to increase the number of photons in each fit and improve the ability to resolve individual 
components of the fit model (Appendix 1). In addition to the weighted average lifetime τm, we 
analyzed the Vmem dependence of the individual amplitudes and lifetimes in the biexponential fit 
model for VF2.1.Cl (Figure 7.1, Table 7.1). We observe individual decay components of 0.7 ns 
and 2.5 ns of approximately equal amplitude. Both decay components exhibit Vmem sensitivity that 
is lower in magnitude to the Vmem sensitivity of τm. τ2 appeared more sensitive than τ1. The 
relatively large amplitudes of these components, as well as their Vmem sensitivity suggests that they 
are not from cellular autofluorescence. The physical origin of these two components in the 
fluorescence lifetime is somewhat unclear, although it may be related to the interaction between 
VF2.1.Cl and the complex membrane environment.10,14 

In addition, we analyzed Vmem sensitivity in the reduced chi squared χ2. The quality of the fit would 
ideally be independent of the Vmem condition studied, but we observe poorer fits under 
hyperpolarized conditions. The origin of this effect is unclear, although it perhaps suggests that 
the biexponential model does not fully describe the Vmem sensitivity of VF2.1.Cl. In other words, 
if the Vmem sensitivity seen in the fit quality were instead actually described by the model, we 
might observe a slight increase in the nominal Vmem sensitivity of τm. 

Somewhat surprisingly, we observed Vmem sensitivity in the amplitudes of fluorescence lifetime 
components. One explanation for this is that the larger Vmem sensitivity of τ2 increases its amplitude 
at depolarized potentials (i.e. population 2 gets brighter). Another explanation is that there is some 
interconversion between the two populations in a Vmem dependent manner, perhaps attributable to 
Vmem dependent membrane reorganization.15 These hypotheses are difficult to test experimentally, 
although future studies of the relationship between τfl and lipid composition in a defined 
environment such as synthetic vesicles could prove informative. 

Taken together, these analyses support the use of τm as the primary parameter in reporting Vmem 
with VF2.1.Cl, as it shows the largest Vmem sensitivity. The underlying physical explanation for 
the behavior seen in other aspects of the model remains unclear. It is also possible that a 
biexponential model is not the best way to represent VF2.1.Cl lifetimes, as the choice between 
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discrete exponential decay models and lifetime distribution models is difficult to make statistically 
with photon counts typical of FLIM experiments in biological systems.11 

 

 
Figure 7.1. Response of VF2.1.Cl fit components to Vmem. 
HEK293T cells incubated with 100 nM VF2.1.Cl were held at the indicated Vmem with whole 
cell voltage clamp electrophysiology while fluorescence lifetime was recorded. Fluorescence 
lifetime data were fit to a biexponential decay model. The relationship between a) weighted 
average lifetime τm, b) first decay component τ1 c) second decay component τ2 d) reduced chi 
squared (red. chi sq.) e) first amplitude a1 f) first amplitude a2 and Vmem. Gray lines are lines of 
best fit for individual measurements, and black line is the average line of best fir for the combined 
dataset. Data are shown as mean ± SEM across n=7 HEK293T cells.  

 

Parameter Sensitivity Value at 0 mV 
Weighted Avg τm 3.20 ± 0.08 ps/mV 1.67 ± 0.04 ns 
First Lifetime τ1 0.5 ± 0.1 ps/mV 0.68 ± 0.01 ns 

Second Lifetime τ2 2.5 ± 0.1 ps/mV 2.48 ± 0.04 ns 
First Amplitude a1 -9.2 ± 0.6 x 10-4 Δa/mV 0.45 ± 0.01 

Second Amplitude a2 9.2 ± 0.6 x 10-4 Δa/mV 0.55 ± 0.01 
Table 7.1. Summary of VF2.1.Cl fit components’ sensitivity to Vmem. 
Data are mean ± SEM of n=7 cells. Raw dataset was re-analyzed from Chapter 4.  
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Log-Normal Distribution Fitting in Aniline-Modified VFs 

To investigate distribution models more directly, we modeled the time-resolved fluorescence 
decay of VF2.1.Cl a single Gaussian or log-normal distribution of lifetimes (eqn 7-3, 7-4, 7-5). 
With Gaussian models (data not shown), we did not obtain satisfactory results, with frequent issues 
arising from negative or zero values of τ in VFs with short fluorescence lifetimes. With log-normal 
models, we obtained reasonable lifetimes and sensitivities for VF2.1.Cl (Figure 7.2, Table 7.2). 
We observe a Vmem sensitivity of τGM of 3.60 ± 0.08, which is similar to sensitivities seen with 
biexponential models (3.2-3.5 ps/mV, Chapter 2, Chapter 4). The 0 mV value of τGM was slightly 
shorter than the 0 mV value seen with biexponential models, but overall the results were strikingly 
similar. We observe a slight negative Vmem sensitivity in the spread of the log-normal distribution 
at higher Vmem. The physical explanation for this is not obvious, although it perhaps could arise 
from Vmem-dependent membrane reorganization.15  

The reduced chi squared χ2 for a log-normal distribution model was on average higher than the χ2 
obtained from a biexponential fit. Both χ2 show some Vmem dependence, although the slope was 
greater for the χ2 from a biexponential model. It is difficult to directly compare χ2 from these two 
models, as the biexponential model involves four free parameters and the log-normal distribution 
model only employs two free parameters. One would expect a reduction in χ2 based on the addition 
of more parameters, regardless of the model validity. 

 

 

 
Figure 7.2. Log-normal distribution model for VF2.1.Cl. 
Data are re-analyzed from the raw dataset described in Chapter 4 and Figure 7.1. HEK293T were 
loaded with 100 nM VF2.1.Cl and held at fixed Vmem with whole cell patch clamp 
electrophysiology, and the measured fluorescence lifetime decays were modeled as log-normal 
distributions of lifetimes. The a) geometric mean, b) “geometric standard deviation,” or a measure 
of scatter, and c) reduced chi squared (red. chi sq.) were analyzed for their dependence on Vmem. 
Gray lines represent lines of best fit from individual cells, and black line is the average line of best 
fit across all cells. Data are shown as mean ± SEM of n=7 cells. 
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We further explored the use of log-normal distribution models in VFs with modifications to the 
aniline conformation (Chapter 4). We had observed that the six VFs in our library could not all 
be fit with the same number of discrete exponential decay components, so we were curious as to 
whether a single log-normal distribution model would adequately reflect the observed lifetime 
decays for all probes. Using a log-normal distribution model and focusing only on τGM, we observe 
a similar overall trend in the absolute sensitivities and 0 mV lifetimes to that seen in Chapter 4, 
with intermediate levels of PeT and fluorescence producing the highest absolute sensitivities 
(Figure 7.3, Table 7.2). The lifetimes of iPrVF, IndoVF and JuloVF at 0 mV were all about 300 
ps shorter in the log-normal distribution model fits, with JuloVF showing a τGM below 100 ps. 
Most VFs appeared slightly more sensitive to Vmem (larger slope of τGM vs. Vmem than τfl vs. Vmem). 

The fluorescence decays were generally described adequately by the log-normal distribution 
model, although higher χ2 values were observed for log-normal distributions in probes that were 
fit to 2 or 3 discrete exponential terms. An individual point appears poorly described in iPrVF, 
leading to deviation from the trend by one cell. Again, direct comparison between the χ2 values 
across these models is not valid, as the models contain different numbers of parameters (2 for log-
normal, 1 for 1 exponential decay, 4 for 2 exponential discrete, and 6 for 3 exponential discrete). 
Indeed, the main trends in χ2 seem to track with the number of terms in the model rather than the 
identity of the model itself (Table 7.2). 

Ideally, one would be able to justify the selection of a probability distribution model based on 
knowledge of the physical system at hand. However, our understanding of VF interactions within 
the plasma membrane environment is limited. Simulations suggest that VF2.1.Cl samples a variety 
of conformations and tilt angles within the plasma membrane,16 which certainly could produce a 
distribution of lifetimes. Based on a Marcus model of electron transfer in the membrane, this 
angular dependence appears in an exponent in its effect on the rate of PeT,17 potentially justifying 
a log-normal probability distribution. Nevertheless, we acknowledge that a fully satisfactory 
physical explanation for model selection in VFs is lacking.  

Overall, the differences we observed between the optimized discrete component models and a log-
normal distribution model were relatively minor. Larger differences were seen in the addition or 
removal of discrete exponential components (Chapter 4, Figure 4.15, Figure 4.16). We did not 
explore models involving a sum of two distributions due to the complexity of implementation and 
analysis. On the basis of the comparisons made here, we cannot rule out the use of a log-normal 
distribution model instead of a discrete exponential model. However, since the log-normal model 
did not improve results noticeably, we opted to continue with the more widely-used discrete 
exponential models. 
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Figure 7.3. Log-normal distribution models for aniline-modified VFs. 
Data are re-analyzed from the raw dataset described in Chapter 4. HEK293T were loaded with 
VF held at fixed Vmem with whole cell patch clamp electrophysiology, and the measured 
fluorescence lifetime decays were modeled as log-normal distributions of lifetimes. The 
dependence of the geometric mean on Vmem for a) 500 nM JuloVF, b) 300 nM IndoVF, c) 300 nM 
iPrVF, d) 300 nM NN26VF, and e) 100 nM VF2.0.Cl was analyzed. Gray lines indicate lines of 
best fit for individual cells, and black line represents the overall line of best fit. Data are shown as 
mean ± SEM for the following numbers of patched HEK293T cells: JuloVF 6, IndoVF 8, iPrVF 
10, NN26VF 8, VF2.0.Cl 5. 

VoltageFluor τGM, slope, 
ps/mV 

τGM, 0 mV 
lifetime, ns Log-Normal χ2 Exp. χ2 (# Terms) 

JuloVF 0.37 ± 0.04 0.071 ± 0.003 7.51 5.23 (3) 
IndoVF 1.7 ± 0.1 0.34 ± 0.01 15.52 10.30 (3) 

iPrVF 3.4 ± 0.1 1.07 ± 0.02 12.70 11.26 (2) 
VF2.1.Cl 3.60 ± 0.08 1.55 ± 0.03 10.98 6.68 (2) 
NN26VF 0.8 ± 0.1 3.09 ± 0.01 2.17 4.56 (1) 
VF2.0.Cl -0.07 ± 0.02 3.25 ± 0.02 1.73 2.93 (1) 

Table 7.2. Summary of Vmem sensitivity with log-normal distribution analysis. 
Summary of data presented in Figure 7.3. Data are presented as mean ± SEM. χ2 was determined 
from global analysis; values are larger than typical for pixel by pixel analysis because of the 
increased photon counts in each fit. χ2 is shown as the average of all potentials accessed for all 
cells (4 or 5 potentials per cell). χ2 for global analysis using the discrete exponential model selected 
in Chapter 4 is shown for comparison, along with the number of exponential decay terms used. 
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Exponential Series Models – An ‘Unbiased’ Approach to Fitting 

In cases where the correct model is not known, it would be ideal to fit data in such a way as to 
reveal the underlying distribution of the fluorescence lifetimes. To this end, we investigated the 
exponential series model (ESM) for analysis of VF2.0.Cl, NN26VF, VF2.1.Cl, and iPrVF lifetimes 
(eqn. 7-9).18 Because many photons are required for accurate results with ESM, we used whole 
cell patch clamp electrophysiology in HEK293T to clamp cellular Vmem at -80 mV or 0 mV for 
2.5-5 minutes while fluorescence lifetime data were collected (Figure 7.4-7.7). Both potentials 
were applied on every cell studied, although the order was randomized. We observed some 
photobleaching during this time period, especially for iPrVF, which was sometimes accompanied 
by moderate drifting in the lifetime (changes of approximately 50 ps). However, lifetimes were 
generally stable throughout this extended recording period. 

We modeled the resulting fluorescence decays with a series of amplitudes for 120 fixed, equally 
spaced lifetimes ranging from 50 ps to 6 ns. We note that this is a large number of free parameters 
to model a function of 220 time channels (usable time channels of the FLIM apparatus across the 
12.5 ns laser period). Nevertheless, in the VF2.0.Cl lifetime (Figure 7.4), we observe a single, 
Vmem-independent peak with high amplitude around 3.3 ns, with a few much smaller peaks at lower 
τ. One recording showed a more distribution-like form (Figure 7.4, bottom panel), but this result 
did not repeat on any other patched cells. The presence of a single peak is consistent with 
observations that VF2.0.Cl shows a single decay component that does not change with Vmem 
(Chapter 2, Chapter 4). The lower amplitude peaks at shorter τ are likely fit noise arising from 
the large numbers of components in the model, although they also could represent cellular 
autofluorescence. We observe similar results for NN26VF (Figure 7.5), which also showed a 
single exponential decay component and low Vmem sensitivity (Chapter 4).  

For VF2.1.Cl (Figure 7.6), we observe three amplitude peaks in the τ distribution at both 0 mV 
and -80 mV. There is a clear shift to longer lifetimes for the peak around 2 ns upon cellular 
depolarization; Vmem dependence of the other peaks is less clear. This shift in lifetime, as opposed 
to a change in amplitude or disappearance of a peak, is consistent with a PeT-based Vmem sensing 
mechanism.19 For iPrVF, we also observe multiple peaks, although they appear less well resolved 
and more inconsistent between trials (Figure 7.7). Shifts towards longer τ with depolarization are 
evident in some of the peaks but not all. 

For all VFs studied with ESM analysis, we observe lifetime histograms that most closely resemble 
discrete exponential terms, rather than continuous lifetime distributions. However, the large 
numbers of parameters involved in ESM models, as well as the potential for photobleaching or 
photodamage across extended recordings with high light power, makes them suboptimal for our 
application and impractical as part of a standard VF-FLIM analysis.  

In summary, discrete exponential models are adequate for describing VoltageFluor fluorescence 
lifetime in membranes. The number of exponential terms included in the model affects fit results 
considerably, but surprisingly, the switch to a log-normal distribution model yielded qualitatively 
similar results as the optimized discrete exponential models. Use of ESM analysis supports discrete 
exponential models, but ESM results should be interpreted cautiously. Future fluorescence lifetime 
studies of more VF derivatives will build further understanding of the optimal methods for 
describing these time-resolved fluorescence decays.  
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Figure 7.4. Exponential series analysis of VF2.0.Cl lifetime at -80 mV and 0 mV. 
Recordings from five HEK293T cells stained with 100 nM VF2.0.Cl and held at either 0 mV or -
80 mV. Data were fit with an exponential series model (eqn 7-9).  
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Figure 7.5. Exponential series analysis of NN26VF lifetime at -80 mV and 0 mV. 
Recordings from three HEK293T cells stained with 300 nM NN26VF and held at either 0 mV or 
-80 mV. Data were fit with an exponential series model (eqn 7-9).  
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Figure 7.6. Exponential series analysis of VF2.1.Cl lifetime at -80 mV and 0 mV. 
Recordings from three HEK293T cells stained with 100 nM VF2.1.Cl and held at either 0 mV or 
-80 mV for approximately 5 minutes per potential. Data were fit with an exponential series model 
(eqn 7-9).  
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Figure 7.7. Exponential series analysis of iPrVF lifetime at -80 mV and 0 mV. 
Recordings from four HEK293T cells stained with 300 nM iPrVF and held at either 0 mV or -80 
mV. Data were fit with an exponential series model (eqn 7-9).  
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Materials and Methods 

Collection of Fluorescence Lifetime Datasets 

Data explored with biexponential and log-normal analyses was re-analyzed from Chapter 4; 
details of its acquisition are described there.  

For exponential series model (ESM) analysis, more photons than are typically contained within a 
single Vmem step image were required. Using the same lifetime and electrophysiology acquisition 
settings described in Chapter 4, cells were held at either 0 mV or -80 mV for 5 or 10 successive 
30 second exposures, and all membrane-localized signal from these images was combined into a 
single decay for analysis (generally 1e6-5e6 total photons per potential). Cells were only included 
if electrophysiology quality thresholds were maintained throughout a minimum of 10 recordings 
(5 at each potential). In some cells, the 0 mV steps were applied first, and in others, the -80 mV 
steps were applied first; this was designed to avoid potential systematic errors from photobleaching 
or photodamage to the molecular wire during these extended exposures. 

Implementation of Fluorescence Decay Models 

Fluorescence decay models used are described in the Introduction. Parameters were optimized via 
weighted least squares analysis in custom Matlab code (MathWorks, as described in Appendix 1). 
The built-in fmincon optimization function with the interior-point algorithm was used for 
optimization. Code is available upon request. 

All fitting was done with global analysis rather than the pixelwise analysis used in Chapter 4. 
Membrane-localized ROIs were manually identified in FIJI.20 Time-resolved fluorescence decays 
were extracted from the raw .sdt files in FIJI and imported into Matlab for further analysis. An 
experimentally measured instrument response function (IRF) of quenched fluorescein in NaI was 
used for analysis.21 The shift and offset were fixed to 0 for all fitting.  

To speed up optimization run times, log-normal integrals were evaluated numerically for a range 
of 1000 equally spaced data points in τ ranging from 0.001 to 10 ns. For ESM analysis, data were 
fit to a series of amplitudes for 120 fixed, equally spaced lifetime components ranging from 50 ps 
to 6 ns.  
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Appendix 1 
Implementation of Fluorescence Lifetime Analysis Suite 
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[A1-1] 

Synopsis 

For fluorescence lifetime imaging to be easily digestible, the time-resolved decays collected must 
be described by summary parameters, most commonly an exponential decay constant τ. While 
both commercially available and open source software for this purpose exist, we found that no 
individual package implemented all or even most of our required functionalities. To remedy this, 
we developed a MATLAB pipeline capable of processing fluorescence lifetime imaging data in an 
automated fashion. This improvement to the analysis workflow was essential both for development 
of reproducible fitting models and for the advancements in throughput made by VF-FLIM. 

The purpose of this code package is to process, analyze and visualize fluorescence lifetime imaging 
data. The specifics of this workflow were optimized towards membrane-localized fluorescence 
signal in mammalian cultured cell lines, but much of the package is generalizable to any 
application. 

1. Process: Identify the regions of interest for fitting of time resolved fluorescence decays 
and extract these decays. 

2. Analyze: Fit the fluorescence decays to the specified model, generally a sum of 
exponential decays. 

3. Visualize: Rebuild the fluorescence lifetime data into image format or summarize it by 
time point and region of interest for plotting of summarized results. 
 

Use of the FLIM-FLAM Analysis Suite 

Selection of an Exponential Decay Model 

The simplest fluorescence decay model is a single exponential decay, reflecting a uniform 
population of molecules emitting with a decay constant τ. In practice, many fluorescence decays 
are not well described by a single fluorescence decay model. Multiple populations of emitters exist 
in most biological samples, resulting from heterogeneous probe environments and the fluorescence 
of endogenous chromophores. These multiple populations of emitters appear as a sum of n 
exponential decays in the fluorescence intensity (I) as it decays over time (t) (eqn.  
A1-1). 

𝐼𝐼(𝑡𝑡) = �𝑎𝑎𝑖𝑖𝑒𝑒
−𝑡𝑡 𝜏𝜏𝑖𝑖�

𝑛𝑛

𝑖𝑖=1

 

 

In equation A1.1, ai represents the amplitude of each exponential term, and τi represents the time 
constant for that term (fluorescence lifetime). Selection of the most appropriate number of decay 
components is a statistically challenging problem. With VoltageFluors, a naïve expectation would 
be that the decays would show a single exponential form, arising from fluorophore uniformly 
localized to the interface between the plasma membrane and the extracellular space. However, 
most VoltageFluor probes tested exhibit biexponential or triexponential fluorescence decays in 
cells (Chapters 2, 4, 5, 6). 
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[A1-4] 

[A1-2] 

[A1-3] 

For fluorophores delivered to biological systems, a practical decay model is often selected by 
iteratively fitting additional terms and monitoring the concomitant decrease in the reduced chi 
squared. This model selection process is best performed on a standardized dataset. Ideally, the 
standards would be close to the system of interest (e.g. voltage-clamped HEK293T cells to develop 
standard fitting for non-voltage clamped cells), but if that is not possible, lifetime standards 
characterized by other researchers can be used.1 The addition of terms must also be appropriate for 
the photon statistics acquired, as fit noise increases and nonsensical values can emerge if the 
fluorescence decay is modeled with more terms than can be consistently described by the data 
(Chapter 4). 

Where multiple exponential terms are included in the model, it is often convenient to represent the 
lifetime as a weighted average of all exponential terms (τm) instead of analyzing each component 
individually. The software will automatically calculate τm for these models.  In our hands, we 
found that this analysis has the added benefit of requiring fewer photons to obtain consistent results 
(versus modeling each term individually). The weighted average lifetime τm for two component 
(eqn. A1-2) and three component (eqn. A1-3) exponential decay models is shown below. 

 

𝜏𝜏𝑚𝑚 =  
𝑎𝑎1𝜏𝜏1 +  𝑎𝑎2𝜏𝜏2
𝑎𝑎1 +  𝑎𝑎2

 

 

𝜏𝜏𝑚𝑚 =  
𝑎𝑎1𝜏𝜏1 +  𝑎𝑎2𝜏𝜏2 +  𝑎𝑎3𝜏𝜏3

𝑎𝑎1 +  𝑎𝑎2 +  𝑎𝑎3
 

 

As in eqn. A1-1 above, the amplitudes of each exponential term are represented as ai and the decay 
constants (lifetimes) are represented as τi. 

 

Optimization of Model Parameters to Reflect Experimental Data 

Regardless of the model selected, the software uses weighted least squares minimization to 
determine a set of optimal parameters to model the experimental data. This optimization is 
performed using Matlab’s built-in fmincon function, which uses the interior-point algorithm. The 
scoring function is a reduced chi squared (χ2) that describes the deviation between the modeled 
data and the experimental data, with higher weight placed on time channels containing more 
photons (eqn A1-4).  
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where N is the number of free parameters in the fit (number of time channels included), p is the 
number of fit parameters, z is the value of the fit model at a particular time channel, and y is the 
value if the decay at a particular time channel. 

Selection of Global versus Pixelwise Analysis 

Fluorescence lifetime analysis in the context of images can be broken down into two major classes: 
pixelwise and global (Scheme A1.1). In pixelwise analysis, the fluorescence decay constants τ are 
determined at each pixel and a heatmap of τ is generated. For summaries of results, the average of 
these τ values in the region of interest is often obtained. On the other hand, global analysis involves 
consolidation of photon histograms for an entire region of interest (ROI) before fitting; decay 
constants are then determined per region of interest from the selected exponential model. 

 

 
Scheme A1.1. Workflows for analysis of fluorescence decays.  
(A) Analysis at each pixel involves fitting an exponential decay model to each position in the 
image. Often, images must be binned dramatically to obtain quality photon statistics and 
manageable fit noise. (B) Global analysis involves combination of photon histograms from 
multiple pixels in the region of interest (usually determined by the nature of the experiment.) 

 

The selection of pixelwise versus global analysis methods depends largely on the application at 
hand, and there is no general rule. We have used both pixelwise and global analysis with 
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VoltageFluor FLIM data. Indeed, an advantage of the FLIM-FLAM suite is that it enables facile 
global and pixelwise analysis on the same dataset. Below, we outline some considerations in 
selecting an analysis mode. 

Pixelwise analysis is often the most satisfying, when using VF-FLIM to map Vmem in a biological 
specimen. Pixelwise analysis also provides an easier interface to discover unexpected relationships 
in the data, as the regions with interesting features do not need to be known a priori. However, 
care must be taken in the generation of images fit at each pixel, as many photons are required to 
accurately fit exponential decays, so acquiring enough photons to resolve the lifetime at each pixel 
limits the temporal resolution of the experiment. Most pixel by pixel fitting with VoltageFluors 
shows only the weighted average decay, as the individual parameters (taus and coefficients) 
displayed more variability. 

If detailed information is desired about individual components of multiexponential fluorescence 
decays, global analysis is usually the best option. Sufficient photons to determine a fluorescence 
decay can be obtained much more easily on sensitive specimens, and often enough photons may 
be collected to resolve individual parameters of the decay model. Global analysis can also be used 
to extract information from carefully constructed regions of interest on the raw photon image, 
which may be useful for identifying fluorescence decays from fine structures such as neuronal 
processes. 

The wrapper code for the file parsers (importData.m) accepts four different import modes, which 
determine how the data are broken down. The below descriptions depict how an image of X pixels 
by Y pixels by N time channels would be handled by the software. 

1. “single”:  Combines all of the pixels X by Y into a single N by 1 decay for each image. 
2. “pxwise”: Retains the native spatial resolution and returns an X by Y by N array. 
3. “global_fiji”: Parses ROIs provided by the user as binary exports from ImageJ (FIJI). 

This mode uses these masks to define regions of interest for global analysis. 
4. “global_btm”: Uses thresholding code optimized for finding membranes in confocal 

images of cultured cells to identify ROIs for global analysis. The user has an 
opportunity to modify and verify ROIs generated by this “batch trace membranes” 
(BTM) routine. 

Once the data have been imported, there are two exponential fitting functions easily available to 
the user. For global analysis, fitDataStruct.m will process the output of a global import and return 
a structure with the exponential decay fit results as well as any metadata. For pixelwise analysis, 
pxwiseAnalysis.m will fit the output of a “pxwise” import and render images of the components 
of interest, as well as overlays of these components on the photon count image. Feature-based 
results can be identified (batchTraceFromStruct.m) by taking the average lifetime of the fit image 
within the BTM-identified ROI. 

Selection of Other Fit Parameters 

After the model is selected, the most important additional parameter in the model is the shift in 
time between the instrument response function (IRF) and the fluorescence decay (sometimes called 
the color shift), as well as whether this parameter is fixed or allowed to vary during fitting 
(specified in the input configuration file). We follow the common convention of working with shift 
in units of bins in the lifetime decay time (determined by the analog to digital converter (ADC) 
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resolution). A measured IRF at the same wavelength as the sample should have a shift very close 
to 0, but a measured IRF at a different wavelength may show a shift in time, especially on older 
detectors.2 The best way to optimize the shift is to fit a monoexponential lifetime standard with 
the same emission spectrum as your fluorophore and then fix the shift to the shift obtained for that 
standard. Synthetic IRFs determined from the rising edge of the fluorescence decay are not 
implemented in FLIM-FLAM. Although they are common in commercial FLIM packages, we 
found a dramatic increase in the noise in VoltageFluor lifetimes determined from calculated IRFs, 
likely attributable to poor modeling of the short τ components present in certain VoltageFluor 
fluorescence decays. 

The offset of the lifetime decay is the amount of non-time-resolved signal in the decay, arising 
most commonly from dark counts on the photon counting detector or from stray light in the room. 
If acquisitions were carefully performed in a cool, dark room, this parameter can generally be fixed 
to zero. 

The start and end time bin of the IRF should be selected to include the main IRF pulse but avoid 
other noise in the baseline. The start and end time of the decay should be a few bins in from either 
end of the signal region to avoid artifacts from the time to amplitude converter (TAC). Setting the 
IRF mode to paired can correct for variability in an individual measured IRF but is generally not 
required. The threshold in number of photons for fitting a decay depends on the number of 
parameters in your model; more photons are required to model more decay parameters. Threshold 
5000 is probably a good starting point for monoexponential and biexponential models, but the 
consistency of the lifetimes obtained must be evaluated for each system under study.  

Region of Interest Identification 

The scripts adapt the routines we developed previously in batchTraceMembranes2 to enable 
automated identification of contiguous membrane regions. These regions can be applied either 
before the fitting (global analysis) or after the fitting (pixelwise analysis). The user has the 
opportunity to remove debris, merge ROIs that were erroneously split, and approve the final ROIs 
within the batch tracing script. This processing mode works best if the thresholding is tweaked 
slightly to reflect the morphology and characteristics of the cell line, so the function takes the cell 
type as an input parameter. Currently supported cell lines are A431, CHO, HEK293T, MCF-7, and 
MDA-MB-231. If the cell line name is not recognized, the defaults for HEK293T are used.  

If no spatial resolution is desired, the global decay for the entire photon histogram can also be 
selected. More complex ROIs should be generated as TIFF masks (e.g. in FIJI). These can then be 
imported and applied as masks to the data (0 is background and values >1 are kept). 

Function Usage Overview 

The most useful sequence of function calls (all MATLAB code files) for typical workflows is 
listed here for reference. Additional documentation on usage is available within each individual 
function file (*.m). 

1. Pixelwise fitting and rendering of FLIM images: importData, pxwiseAnalysis 
2. Pixelwise fitting of FLIM images, followed by averaging across automatically 

identified membrane regions of interest: importData, pxwiseAnalysis, 
batchTraceFromStruct 
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3. Global fitting, in any mode (single decay per image or decays defined by regions of 
interest): importData, fitDataStruct 

4. Rendering TIFF photon count images for defining ROIs on data without processing in 
any other way: renderPhotonsImg 

5. Rendering of TIFF images of parameters that were not previously processed from a 
pixelwise analysis (e.g. if you only rendered images of τm when you fit the data but 
would like to see the spatial localization of, say, χ2 or τ1 without refitting OR you would 
like to render the same parameter across a different scale - for VF-FLIM this might be  
rendering across a range of τm that matches convenient membrane voltages): 
renderImage 

Formatting of Input FLIM Data Files and Metadata Files 

Filename Formats for Data Records 

FLIM records should be imported as photon histograms generated either by the binary export in 
SymPhoTime (*.bin) or as the raw acquisition format in SPCM (*.sdt). Opening of sdt files relies 
on the BioFormats package for MATLAB. Data records can be uniquely identified by a 
combination of the following parameters: 

1. Date recorded, generally YYYY-MM-DD 
2. Coverslip or sample identifier (abbreviated ‘cID’, CC). 
3. Image identifier (abbreviated as ‘imageID’, II). This is a unique field of view within 

the sample. 
4. Replicate identifier (abbreviated ‘repID’, RR). This is the number of times a FLIM 

images was recorded from a particular field of view. It is almost always 1, but this 
parameter is included to allow for re-acquisition of images if technical difficulties arose 
or for comparisons of signal stability. 

5. Frame identifier (abbreviated ‘frameID’, XX). This is the slice of a time series (in 
experiment time) that the image corresponds to. It is more generally used than replicate 
ID. For instance, if I recorded two time series of ten images each from the same field 
of view. they would have the (repID, frameID) combinations of (1,1-10) and (2,1-10). 

We save our FLIM files to a regularized format so that the file name strings can be parsed to obtain 
information about the various IDs in the recordings. If filenames are not in the format below, they 
will need to be renamed for proper functioning of the multilevel ID system. 
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General format of data filename string, before the .bin or .sdt file extension: 

YYYY-MM-DD_CC-II-RR_anything_else_you_wantXXX 

 Parsing Results 
Input name Date cID 

(CC) 
imageID 
(II) 

repID 
(RR) 

frameID 
(XX) 

2019-10-12_01-1_bob.bin 2019-10-12 1 1 1 N/A 
2019-10-12_5-06-3_awesome.bin 2019-10-12 5 6 3 N/A 
2019-10-12_5-06-3_ralph011.bin 2019-10-12 5 6 3 11 
2019-10-12_010-02_ralph_1.bin 2019-10-12 10 2 1 1 

Table A1-1: Sample parsing results for various filename strings.  
This is not an exhaustive list of acceptable strings, but it is intended to give the user a sense of 
parser requirements. The software is flexible regarding the number of digits in CC, II, and RR as 
long as they are separated by dashes. 02-03-02 and 2-3-2 will give the same result. The RR is 
frequently not present; it will be assigned to 1 if it is missing. The XXX frameID is only processed 
if nFrames is set in the metadata (see below). The character before the start of the frameID does 
not matter as long as it is not another number. Not applicable (N/A) means that the field will not 
exist in the output data. 

Configuration and Metadata File Formats 

In general, these files should be saved in a comma separated values (csv) format in which the first 
row is the categories and each subsequent row corresponds to a unique record. The analysis suite 
looks for exact matches for certain categories/fields in the input metadata to properly complete the 
analysis. Sample functional metadata is available within the software, and the fields required are 
enumerated here: 

The configuration file indicates standard fit settings and instrument properties. Most, if not all, of 
the metadata about acquisition settings is lost upon exporting to a histogrammed photon images 
(especially in the SymPhoTime software package from PicoQuant), so it needs to be re-entered 
here. Expected fields are below; order of the columns in the input file does not matter. 

1. model: string or character array for the number of exponential components. Accepted 
values are 1exp, 2exp, 3exp, and 4exp. 

2. fixedParam_X: A boolean indicating which parameters (taus and term weights) should 
be fixed to their starting values (fixedParam_X = 0) and which parameters should be 
allowed to vary (fixedParam_X = 1) during the fitting. The number _X at the end of 
the name specifies the parameter, with all of the coefficients numbered before all of the 
lifetimes. For example, for a biexponential fit, X = [1 2 3 4] for [a1 a2 tau1 tau2]. For 
a monoexponential fit, fixedParam is set to -1 by default in the software. 

3. startParam_X: Floating point fields determining the starting value for each parameter, 
numbered as for fixedParam_X. If the parameter is fixed, it will be fixed to the input 
value of startParam_X. floating-point fields for each coefficient and tau to be fit. X is 
the index of the parameter. For a monoexponential fit, only provide the starting lifetime 
as startParam_1.  

4. offFixed: boolean indicating whether the offset (dark counts) should be fixed to zero 
or allowed to vary in the fitting. 



 

215 
 

5. cShift: floating-point number corresponding to the shift between the IRF and the decay 
to be fit, in units of ADC time bins. 

6. shiftFixed: boolean indicating whether the shift should be fixed to the starting value or 
used as a free parameter in the fit. 

7. period_ns: The period of the laser cycle during the acquisition in nanoseconds. For 80 
MHz laser repetition rate, the period_ns is 12.5. 

8. irf_start: The beginning of the IRF (in ADC time bins). This enables cropping of a 
measured IRF to just the segment corresponding to the laser pulse. 

9. irf_end: The end of the IRF (in ADC time bins). 
10. fit_start: The first ADC time bin to be used in the fit. 
11. fit_end: The final ADC time bin to be used in the fit. 
12. threshold: number of photons minimum in a decay to be processed (sum across all time, 

not the peak value). This value is only used in pixelwise analysis; global analysis will 
be performed regardless of the number of photons. 

13. IRFmode: Accepted values are “single” or “paired.” This parameter indicates whether 
each IRF file will correspond to an IRF index or if the average of sequential IRF files 
should be used to generate an IRF for each IRF index. 

14. ADCres: The expected number of time channels from the analog to digital converter 
(N in X by Y by N photon histograms). This value should be constant across all data 
and IRFs analyzed. It is provided as a fail safe check in the configuration file to verify 
that nothing strange happened to the data upon exporting. 

The metadata file provides information about the data being analyzed. It is intended to be a useful 
way to track categorical data and later bring output data with this information into any plotting 
software. Each file (defined by cID-imageID-repID) must map to a single, unique value in the 
metadata. The required files are below; again order does not matter: 

6. irf_index: The number of the IRF to be used in processing the data. If IRFs are imported 
as an average of a pair of two, this should count the pairs as a group, not as two 
individual files. 

7. cID: The coverslip or sample ID of the record. If no other IDs are provided, all images 

Certain special fields in the metadata file are not required, but their presence will change how the 
data are processed. Any fields beyond the required and special fields will be carried forward and 
assigned to the appropriate records, but they will not affect the analysis. Special fields are below: 

8. imageID: If an imageID is provided, then all imageIDs in the input data must have a 
match in the metadata, and records will be matched to metadata based on both cID and 
imageID. 

9. repID: Similar to imageID. It is only used for matching records with metadata if it is 
provided. 

10. nFrames: The number of frames in the record. If this is specified, the file name parser 
will look for and assign the frameID based on the end of the filename. 

11. cellType: This field must be provided if the user would like to access the automated 
membrane tracing in “BTM” modes either before or after fitting exponential decays. 
Supported values are “A431”, “CHO”, “HEK293T”, “MCF-7” and “MDA-MB-231,” 
which threshold the image slightly differently to best capture membrane given the 



 

216 
 

typical morphology of that cell line. If cellType does not match one of these values, the 
code will use the settings for HEK293T cells as a default. 

12. smallestObject: This field must be provided if the user would like to access the 
automated membrane tracing in “BTM.” The units are in pixel areas. The script will 
assume that regions smaller than smallestObject are debris and will remove them 
automatically. 

If the user is importing ROIs as TIFF masks (e.g. those generated in FIJI, see Materials and 
Methods), there are two options for matching the ROIs to the relevant images. This option is 
determined by a command prompt to the user, and it is specified within the function as the mode 
string (either “csv” or “parse”). 

13. parse: Use the structure of the ROI name to determine which image the apply the ROI 
to. The ROI must be named in the format CC-II-RR_NN, where NN is the numerical 
identifier of that ROI (the number of ROIs for that image). CC, II, and RR are the cID, 
imageID, and repID as described above. Names in the format CC-II, CC-II-RR_NN, 
and CC-II_NN also are accepted. Missing fields are assumed to be equal to 1. Parse 
mode can be used for time series but the same ROIs will be applied to every frame of 
the time series. If changing ROIs are desired for a time series, they must be specified 
in the csv mode. 

14. csv: Uses a separate ROI metadata file (*.csv) that contains the cID, imageID, repID, 
and frameID of the image as well as the exact name of the ROI (minus the file 
extension). cID and imageID must be present; if repID or frameID is missing, it will be 
filled in with the value 1.  

Materials and Methods 

This software was written in MATLAB version 2019b (MathWorks, Natick, MA). Code is 
available upon request. The reconvolution of the instrument response function with the exponential 
decay “guess” function was performed by open source code from Enderlein and Erdmann.3 Output 
files from Becker Hickl FLIM systems (SPCM software, extension .sdt) are opened with the 
BioFormats plugin for MATLAB,4 which is developed by Open Microscopy Environment and is 
freely available under a GNU public license. Successful running of the software requires that 
BioFormats be added to the user’s MATLAB path. 

This code does not support hand-drawing of ROIs within MATLAB. Hand-drawn ROIs used with 
this software were generated in FIJI5 and saved to a TIFF file. A sample IJM macro file to perform 
this transformation is available within the code package. 

Fluorescence lifetime data taken on both the Zeiss LSM510-Becker Hickl instrument and Zeiss 
LSM880-PicoQuant described in other sections can be processed by this software. Details of the 
experimental setup to acquire this data are described elsewhere (Chapters 2, 4, 5, 6) 
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Appendix 2 
Reproducibility of VF-FLIM across Photon Counting Instruments 
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Synopsis 

By measuring the fluorescence lifetime of voltage sensitive fluorophores, one hopes to access a 
consistent, absolute value. However, the fluorescence lifetimes measured can vary between 
instruments and preparations, even for well characterized fluorescence lifetime standards.1 To 
assess the reproducibility of Vmem-τfl calibration results from the VF-FLIM technique, we 
measured the Vmem-τfl relationship for VF2.1.Cl in HEK293T cells on two additional time-
correlated single photon counting (TCSPC) instruments that we had available during 
demonstration periods. The lifetimes obtained for VF2.1.Cl on these systems are very similar to 
the data collected on the Zeiss LSM 510 instrument with Becker & Hickl FLIM hardware used in 
Chapter 2.2 These results indicate that VF-FLIM is translatable between acquisition systems, 
although validation of the τfl-Vmem calibration is generally beneficial when starting a new or 
sensitive set of experiments. 

Results 

We measured the lifetime-Vmem relationship for VF2.1.Cl on two independent TCSPC instruments 
and found that the results were nearly identical (Figure A2.1, Table A2.1). This observation is 
consistent with the intrinsic nature of fluorescence lifetime and suggests that a calibration obtained 
on one TCSPC FLIM system could be used on a different system with minimal recalibration. 
Nevertheless, there were slight differences between the results, so the most accurate Vmem 
determinations would require electrode-based calibration on the system to be used for data 
collection. 

  

 
Figure A2.1. Lifetime-Vmem calibrations for VF2.1.Cl on different TCSPC systems. 
HEK293T cells were held at specified Vmem with whole-cell voltage clamp electrophysiology 
while lifetime was measured on a) a Nikon confocal equipped with a Becker&Hickl FLIM system 
and b) a Zeiss LSM 880 confocal equipped with a PicoQuant FLIM system. Gray lines indicate 
lines of best fit for individual cells; black line indicates the average line of best fit. Data are shown 
as mean ± SEM. 
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System Slope (ps/mV) Y-Intercept (ps) 
VF-FLIM2 3.50 ± 0.08 1.77 ± 0.02 
Zeiss/PQ 3.43 ± 0.08 1.75 ± 0.03 
Nikon/BH 3.20 ± 0.03 1.80 ± 0.02 

Table A2.1. Summarized Lifetime-Vmem Calibration for VF2.1.Cl in HEK293T on Different 
TCSPC Systems.  
Summary of data presented in Figure A2.1. Slope and y-intercept values were averaged across all 
cells measured on a particular instrument and are presented as mean ± SEM. Data represent the 
following numbers of cells: VF-FLIM 17 (Chapter 2), Zeiss/PQ 6, Nikon/BH 7.  

 

Materials and Methods 

Materials 

VF2.1.Cl was synthesized in-house according to the published synthesis.3 VF2.1.Cl was stored as 
a 1000x stock in DMSO at -20°C, and stocks were checked every few months to confirm no 
decomposition had occurred. All chemicals were obtained from either Sigma-Aldrich or Thermo 
Fisher Scientific. 

Cell Culture 

HEK293T cells were obtained from the UC Berkeley Cell Culture Facility and were verified by 
STR profiling. Cells were maintained in a humidified 37°C incubator with 5% CO2 and were 
discarded after thirty passages. Cells were maintained in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 4.5 g/L glucose, 2 mM GlutaMAX, and 10% fetal bovine serum 
(FBS). Cells were dissociated with 0.05% trypsin-EDTA for passaging and preparation of 
microscopy samples. FBS was purchased from Seradigm; all other media and supplements were 
purchased from Gibco (Thermo Fisher Scientific).  

14 to 24 hours before electrophysiology recordings, HEK293T cells were dissociated and plated 
at a density of 21,000 cells/cm2 in low glucose DMEM (1 g/L glucose, 2 mM GlutaMAX, 10% 
FBS, 1 mM sodium pyruvate) on poly-D-lysine coated 25 mm coverslips (Electron Microscopy 
Sciences) in a 6 well tissue culture plate (Corning). Coverslips were prepared by acid wash in 1 M 
HCl for 2-5 hours, followed by three overnight washes in 100% ethanol and three overnight washes 
in MilliQ purified water. Coverslips were sterilized by heating to 150°C for 2-5 hours. Before 
addition of cells, coverslips were incubated with poly-D-lysine (Sigma-Aldrich, made as a 0.1 
mg/mL solution in phosphate-buffered saline with 10 mM Na3BO4) for 1-24 hours in a humidified 
37°C incubator and washed twice with sterile MilliQ purified water and twice with dPBS. 

Microscopy Sample Preparation 

Cells were loaded with 100 nM VF2.1.Cl for 20 minutes in a humidified 37°C incubator with 5% 
CO2 in imaging buffer (IB; pH 7.25; 290 mOsmol/L; composition in mM: NaCl 139.5, KCl 5.33, 
CaCl2 1.26, MgCl2 0.49, KH2PO4 0.44, MgSO4 0.41, Na2HPO4 0.34, HEPES 10, D-glucose 5.56). 
Cells were washed once in IB and transferred to fresh IB for electrophysiology.   
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Whole Cell Patch Clamp Electrophysiology 

Electrodes were pulled from glass capillaries with filament (Sutter Instruments) with a P-97 pipette 
puller (Sutter Instruments) to resistances of 4-7 MΩ. Electrodes were filled with a K-gluconate 
internal solution (pH 7.25; 285 mOsmol/L, composition in mM: 125 potassium gluconate, 10 KCl, 
5 NaCl, 1 EGTA, 10 HEPES, 2 ATP sodium salt, 0.3 GTP sodium salt). EGTA (tetraacid form) 
was prepared as a stock solution in 1 M KOH before addition to the internal solution. Voltage steps 
were corrected for the calculated liquid junction (pClamp software package, Molecular Devices) 
between IB and the K-gluconate internal.4 

Electrodes were position with an MP-225 micromanipulator (Sutter Instruments) to obtain a 
gigaseal prior to breaking into the whole cell configuration. Recordings were sampled at a rate of 
> 10 kHz using an Axopatch 200B amplifier, filtered with a 5 kHz low-pass Bessel filter, and 
digitized with a DigiData 1440A (Molecular Devices). Only recordings that maintained a 30:1 
ratio of membrane resistance Rm to access resistance Ra were used for analysis. Pipette capacitance 
was corrected with the fast magnitude knob only; series resistance compensation was not 
performed. Voltage steps of -80, -40, 0, and +40 mV were applied in random order, followed by a 
voltage step to +80 mV. 

Nikon A1R-HD25 on Ti2E with Becker & Hickl FLIM 

Excitation was provided by a 480 nm pulsed diode laser (repetition rate 50 MHz) and directed to 
the sample with a line pass dichroic. Individual photons were detected with a hybrid detector 
(HPM-100-40, Becker and Hickl) and converted to photon arrival times with an SPC-150 photon 
counting card (Becker and Hickl). Acquisition times of 30 seconds were used at each Vmem step. 
Fluorescence lifetime images were acquired in Nikon Elements and transferred to SPCImage for 
fitting of exponential decays. VF2.1.Cl fluorescence lifetime was modeled as a biexponential 
decay at each pixel of the resulting FLIM image. Data were processed with the following fit 
parameters fixed: shift 0, offset 0. Images were binned by a factor of 1 prior to analysis (as 
supported by SPCImage software, moving average of adjacent pixels). A measured IRF from a 
solution of quenched fluorescein (500 µM fluorescein, 0.1 N NaOH, 12 M sodium iodide)5 was 
used for all fitting. Regions of interest were identified in FIJI;6 lifetime is reported as the average 
of the weighted average τm over a region. 

Zeiss LSM 880 with PicoQuant FLIM 

A 480 nm diode laser operating at a repetition rate of 20 MHz was used to provide pulsed excitation 
for FLIM. The hardware configuration for a Zeiss LSM 880 equipped with PicoQuant FLIM is 
described in Chapter 5. Data presented here were taken on a demo version of that instrument. 
Data were acquired at an approximate frame rate of 1 Hz; successive frames were binned before 
analysis to obtain a total acquisition of 5 seconds (5-6 frames per Vmem step). 

Fluorescence lifetime analysis was performed with global analysis in SymPhoTime (PicoQuant). 
All photons from a defined ROI per frame were combined for a global fit. An experimentally 
measured IRF was used for fitting (same as Nikon data above). Shift was fixed to 0, and offset was 
determined by the software from the baseline. Lifetimes of successive frames at the same Vmem 
were similar. Data presented here were averaged across all frames at a given potential for each cell 
before lines of best fit were determined.   
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[A2-1] 

[A2-2] 

Fluorescence Lifetime Biexponential Model 

Fluorescence lifetimes obtained on both systems were modeled as biexponential decays (eqn.A2-
1) before convolution with the experimentally measured IRF. Lifetimes are reported as the 
weighted average τm (eqn. A2-2), consistent with the reported analysis for VF-FLIM (Chapter 
2).2 

 

𝐼𝐼(𝑡𝑡) =  𝑎𝑎1𝑒𝑒
−𝑡𝑡 𝜏𝜏1� + 𝑎𝑎2𝑒𝑒

−𝑡𝑡 𝜏𝜏2�  

 

𝜏𝜏𝑚𝑚 =
𝑎𝑎1𝜏𝜏1 +  𝑎𝑎2𝜏𝜏2
𝑎𝑎1 +  𝑎𝑎2

 

 

where I is the time resolved fluorescence intensity as a function of time t, ai is the amplitude of 
each exponential component, and τi is the decay constant (lifetime) of each exponential 
component. 
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Appendix 3 
Pharmacological Voltage Calibrations for VF-FLIM 
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Synopsis 

Optical determination of absolute Vmem is a powerful tool that can expand the reach of Vmem 
recordings. However, all strategies for optical absolute Vmem recording require an initial calibration 
step, in which the optical readout is performed at a known value of Vmem. The gold standard for 
this calibration is voltage-clamp electrophysiology, but electrodes cannot access all systems of 
interest for Vmem studies (Chapter 1). To obviate the need for the electrode-based calibration in 
VF-FLIM, we investigated the Na+/K+ ionophore gramicidin and the K+ ionophore valinomycin 
as a potential strategy to set cellular Vmem to 0 mV. We observed similar lifetimes in gramicidin 
treatment and at 0 mV by electrode, although the lifetimes in gramicidin were on average slightly 
higher than the electrode-based 0 mV lifetimes. Valinomycin treatment did not produce shorter 
lifetimes (hyperpolarization) as expected, leading to concern about artefactual interactions 
between VF2.1.Cl and ionophores.  

Results 

HEK293T cells loaded with 100 nM VF2.1.Cl were treated with either 500 ng/mL gramicidin or 
vehicle control. As it increases the permeability of both Na+ and K+,1 we expect that gramicidin 
would depolarize the membrane potential to approximately 0 mV. Gramicidin-based calibrations 
have been used previously for Vmem sensors (see Chapter 1). Consistent with this, we observe a 
large (~175 ps) increase in lifetime upon gramicidin treatment, indicating depolarization (Figure 
A3.1). The lifetime in gramicidin treated cells was 1.79 ± 0.01 ns (mean ± SEM of n=66 cell 
groups) when data were processed with custom Matlab code. 

This gramicidin-treated lifetime is consistent with the 0 mV lifetime reported from SPCImage 
analysis for VF-FLIM (1.77 ns, Chapter 2), but it is somewhat longer than the more analogous 0 
mV lifetimes fit with Matlab code (1.68 ns, Chapter 4). The total change in the fluorescence 
lifetime between DMSO and gramicidin corresponds to approximately 50 mV (using the slopes 
obtained by electrophysiology), which is consistent with expected resting membrane potentials for 
HEK293T (Chapter 2).2 

 

 
Figure A3.1. Effects of Gramicidin Treatment on VF2.1.Cl Lifetime in HEK293T. 
The fluorescence lifetime of VF2.1.Cl was recorded in HEK293T cells treated with DMSO vehicle 
or with 500 ng/mL gramicidin (Gram). Data represent 69 cell groups for DMSO and 66 cell groups 
for 500 ng/mL gramicidin. Histogram bins were determined with the Freedman-Diaconis rule. 
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In order to obtain a second point in the calibration, we attempted to hyperpolarize HEK293T with 
the K+ ionophore valinomycin (Figure A3.2). By increasing the K+ permeability and allowing K+ 
to flow out of the cell, we would expect that valinomycin would produce hyperpolarization.3 
However, we did not see any change in lifetime upon treatment with either 100 nM or 1 µM 
valinomycin. We explored higher concentrations and other treatment conditions, but we observed 
noticeable cytotoxicity without a change in lifetime (data not shown). 

 

 
Figure A3.2. Effects of Valinomycin Treatment on VF2.1.Cl Lifetime in HEK293T. 
The fluorescence lifetime of VF2.1.Cl was recorded in HEK293T cells treated with DMSO vehicle 
or valinomycin (val) at 100 nM or 1 µM. No significant difference was observed between groups 
(Fisher’s one-way ANOVA, F(2, 145) = 1.9, p=0.15). Sample sizes (number of cell groups): 
DMSO 74, 100 nM valinomycin 38, 1 µM valinomycin 36. Histogram bins were determined with 
the Freedman-Diaconis rule. 

 

Artifacts arising from treatment with valinomycin have been observed with other voltage sensitive 
dyes;4 we speculate that such an interaction may be occurring between valinomycin and VF2.1.Cl. 
If this is the case, then there is perhaps a cancellation of effects, where an artefactual slight increase 
in lifetime obscures the slight decrease in lifetime from hyperpolarization. To validate this, we 
attempted to measure the membrane potential of cells treated with valinomycin with whole cell 
patch clamp electrophysiology, but cell health was too poor for stable recordings. Taken together, 
these results do not fully explain what is occurring in valinomycin treated cells, but they definitely 
suggest that valinomycin alone is not a good avenue for FLIM calibration, although valinomycin 
in conjunction with varied extracellular K+ may merit future investigation. 

Gramicidin may also have unwanted effects on the membrane that change the VF-FLIM response, 
as it is known to change membrane height locally where it forms a channel.1 For these reasons, we 
believe that, if possible, electrode-based calibration is the best approach for optical absolute Vmem 
recordings. In cases where electrophysiology is impossible, gramicidin may be a reasonable 
avenue for calibration. Preliminary results with gramicidin and TMCRh.OMe appear promising, 
although electrode-based calibration is still required (Chapter 5). Nevertheless, gramicidin 
treatment only produces a single point value, not a slope for the calibration, and additional 
validation of its off-target effects should be performed. 
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Methods 

Cell Culture and Drug Treatment 

HEK293T cells were maintained as described above (Chapter 2). Prior to imaging experiments, 
cells were seeded at a density of 42,000 cells/cm2 on poly-D-lysine treated glass coverslips. Cells 
were loaded with 100 nM VF2.1.Cl (from 1000x DMSO stock) in imaging buffer (IB) for 20 
minutes in a humidified 37°C incubator at 5% CO2. For gramicidin treatment, coverslips were then 
transferred to room temperature IB containing either 500 ng/mL gramicidin or 0.05% DMSO 
vehicle and incubated for 5 minutes. Coverslips were transferred to fresh IB containing drug or 
vehicle and were imaged at room temperature in an Attofluor chamber (Thermo Fisher Scientific). 

For valinomycin treatment, coverslips were then incubated in HBSS (Thermo Fisher Scientific) 
containing either valinomycin or 0.1% DMSO vehicle for 10 minutes at 37°C. Coverslips were 
transferred to fresh HBSS containing vehicle or drug and were imaged under ambient conditions. 
Data for valinomycin treatment were acquired from cells loaded with 200 nM VF2.1.Cl; while this 
is suboptimal, it is unlikely to be the cause of the aberrant results observed with valinomycin. 

Gramicidin A, B, C, D was purchased from Sigma-Aldrich and was stored as a 1 mg/mL (2000x) 
DMSO stock at -20°C. Imaging buffer 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).  

Valinomycin was purchased from Sigma-Aldrich and stored as a DMSO stock at -20°C.  

Fluorescence Lifetime Data Acquisition 

Fluorescence lifetime data were acquired as described above for VF-FLIM (Chapter 2). 

Fluorescence Lifetime Data Analysis 

Time correlated single photon counting data were fit to a biexponential model using custom 
MATLAB (Mathworks) code as described in Chapter 4. Data were binned 4x4 to produce a 64x64 
pixel image from the acquired 256x256 pixel image. HEK293T membrane regions of interest 
(ROIs) were automatically identified by thresholding, and each value presented here represents the 
mean of each ROI. ROIs represent cell groups (contiguous sets of cells). 
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Appendix 4 
VF-FLIM in Drosophila Imaginal Wing Disc 
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Synopsis 

The role of Vmem in tissue patterning has been a topic of recent inquiry.1,2 A complete 
understanding of Vmem signaling in development is hampered by a lack of methods for recording 
Vmem in this context. We thought that VF-FLIM would be well suited to map Vmem across tissue, 
as it enables simultaneous recording from many cells with minimal invasiveness. We applied 
fluorescence lifetime imaging with TMCRh.OMe under two photon illumination in the imaginal 
wing disc of developing Drosophila larvae. The wing imaginal disc consists of two layers of cells 
separated by a lumen: an exterior squamous epithelium and an internal columnar layer.3 Because 
of the small cell size and presence of a lumen, the columnar layer of this tissue is inaccessible to 
patch clamp electrophysiology. We measured fluorescence lifetimes in a positive control system 
expressing a depolarizing sodium channel on the anterior side of the wing disc, but technical 
limitations in the staining of the dye prevented clear interpretation of the lifetime results. 

 

Results 

In order to perform two photon FLIM and record absolute Vmem, we stained Drosophila imaginal 
wing discs with the voltage indicator TMCRh.OMe. We sought to measure Vmem in the interior 
columnar layer, but obtaining adequate signal in this layer proved challenging. We consistently 
observed bright staining in the exterior squamous epithelium and much dimmer staining in the 
interior columnar layer. Given the lipophilicity of VoltageFluors, this result is not entirely 
surprising – once the probe is localized to the exterior cell layer, it would need to leave the 
membrane, dissolve in the lumen, and re-enter membrane on the far side – a very unfavorable 
process. Increasing dye concentration to 3 µM improved staining in the columnar layer but also 
produced concentration quenching (shorter lifetimes) in the exterior squamous epithelium (Figure 
A4.1A). By increasing the concentration of the surfactant pluronic F-127 up to 0.04%, we were 
able to further improve staining in the columnar layer without observing cytotoxicity in the tissue. 
We did observe increasing brightness during imaging at room temperature, suggesting that dye 
was continuing to diffuse into the columnar layer from the lumen. 

Using 3 µM TMCRh.OMe and 0.04% pluronic F-127, we observed consistent membrane staining 
in the wing disc, so we sought to record fluorescence lifetimes. We tested a positive control line, 
which expressed the depolarizing sodium channel NaChBac in their anterior compartment along 
with a GFP label (Figure A4.1C). NaChBac expression is frequently used to depolarize 
Drosophila tissue,4 although the magnitude of the depolarization is difficult to assess without 
knowledge of resting Vmem. Under two photon illumination, we observed variable τ3 for 
TMCRh.OMe between imaginal discs, with values ranging from 3.3 to 3.5 ns (Figure A4.1D). On 
average, fluorescence lifetime decreased slightly across the disc, and no clear drop in lifetime was 
visible at the compartment boundary (i.e. between NaChBac positive and negative cells, Figure 
A4.1E-F). If the cells across the compartment boundary are electrically coupled, it is possible that 
such a slow drop-off in Vmem could occur. The average 40 ps change in lifetime across the disc 
would correspond to approximately 15 mV difference in Vmem (using the calibration of 2.6 ps/mV 
from Chapter 6). While this value is biologically reasonable, it should not be interpreted strongly 
given the amount of baseline variability in the lifetime recordings. 
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We successfully recorded the fluorescence lifetime of VoltageFluors in complex tissue under two 
photon illumination, but we were unable to reproduce a strong, consistent response to the positive 
control condition. Future work using TMCRh.OMe under one photon illumination could be more 
straightforward, as the sensor exhibited improved Vmem sensitivity and a simpler time resolved 
decay under those conditions (Chapter 5). However, the presence of a lumen and the inability to 
incubate the samples warmer than 25°C pose fundamental issues for delivering TMCRh.OMe to 
the cells of interest. Samples without such constraints will likely be more promising arenas for 
VF-FLIM recordings in tissue. 

 

 
Figure A4.1. Lifetime changes across Drosophila imaginal wing discs expressing NaChBac. 
Two photon fluorescence lifetime imaging was performed using the voltage sensor TMCRh.OMe. 
a) Overlay of the weighted average lifetime (τm, not τ3) and the photon count for a representative 
disc. This image is for display purposes only; a global fit of τ3 was used for analysis. The lifetime 
is scaled from 1.8 to 2.5 ns. Shorter lifetime at the upper edge corresponds to the exterior squamous 
epithelium. b) Regions of interest used for analysis, shown as an overlay on the photon count 
image. Position 0 is defined as a rectangular region of interest immediately on the anterior side of 
the compartment boundary. c) Confocal image of the GFP marker from the same field of view in 
(a) and (b). The GFP marker was used to define the location of the compartment boundary. d) 
Fluorescence lifetimes from global analysis of individual discs (n=8, each color represents one 
disc). Only visible positions were used (i.e. each disc did not have all positions -6 to +6 in view). 
e) Fluorescence lifetimes across wing discs, shown as the change from position 0. f) The average 
change in lifetime with position for all 8 discs studied. 
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Methods 

Drosophila Sample Preparation 

Wing imaginal discs were obtained from Drosophila melanogaster larvae in the third instar phase 
(L3) and early L3 (eL3). Larvae expressed the sodium channel NaChBac fused to GFP in the 
anterior compartment of the wing disc (ci>NaChBac, driving NaChBac under GAL4/UAS). 

Imaginal discs were loaded with 3 µM TMCRh.OMe and 0.04% Pluronic F-127 (Life 
Technologies) for 15 minutes at 25°C in Schneider’s Drosophila Medium (Thermo Fisher 
Scientific). Discs were briefly transferred into a fresh Schneider’s media and then placed onto a 
25 mm glass coverslip in an Attofluor cell imaging chamber (Thermo Fisher Scientific). An 18 
mm glass coverslip was gently placed on top to maintain all discs in the correct focal plane. All 
samples were used within twenty minutes of the start of imaging; reduced viability was observed 
after that point. 

Two Photon Fluorescence Lifetime Imaging 

All fluorescence was collected on an LSM 510 laser scanning confocal microscope (Zeiss) with a 
40x/1.3 NA oil objective immersed in Immersol 518F (Zeiss). Two photon fluorescence lifetime 
imaging of TMCRh.OMe with excitation at 820 nm was performed as described above (Chapter 
6). Average power at the sample was approximately 1-2 mW. GFP fluorescence was obtained via 
one photon illumination with an Argon laser (488 nm, 10-40% transmittance). A 488 nm long pass 
dichroic and a 505 nm long pass emission filter were used to collect the GFP fluorescence. GFP 
images were formed on the built-in detectors of the Zeiss LSM 510. 

Rectangular regions of interest (ROIs) were defined parallel to the compartment boundary as 
indicated by the GFP marker. ROIs were drawn by hand in FIJI.5 Time-resolved fluorescence 
decays were obtained from the entire region of interest (global analysis). Decays were fit to a sum 
of three exponential components in custom Matlab code (Appendix 1), and the third exponential 
component was used for all analysis (as described in Chapter 6). 
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