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ABSTRACT
A new type of voltage-sensitive dye is proposed based on the electric-field dependence of electron transfer. These dyes contain an electron
donor −acceptor pair in which intramolecular electron transfer competes with fluorescence emission, converting changes in electric field to
those in fluorescence intensity. With electron-transfer distance of nanometers, theoretical analysis shows that these dyes can have high
sensitivity to neuron action potentials with high fluorescence quantum yield, allowing for fast optical neuroimaging with large signal-to-noise
ratio.

Understanding how electrical signals propagate within single
neurons and among ensembles of neurons is key to elucidat-
ing mechanisms of information processing in the central
nervous system. Optical imaging techniques have the ad-
vantage of allowing many locations to be simultaneously and
noninvasively monitored with high spatial and temporal
resolution1-5 and therefore are preferred for measuring
activity of neurons in their social context. Existing voltage-
sensitive optical probes or dyes that are fast enough to track
neuronal signals, however, suffer from low signal-to-noise
ratio1,6,7 and varying voltage responses from species to
species6,8 and therefore have limited uses in neuronal
imaging. This is partly because the highly voltage-responsive
signals in their absorption or fluorescence usually have low
amplitudes9,10 and partly because their voltage response
mechanisms are environment dependent.6,8 Thus, it is desir-
able to develop new voltage-sensitive dyes with a universal
voltage response mechanism, high voltage sensitivity, large
fluorescence intensities, and fast time responses. In this letter,
I propose a new mechanism to measure membrane potentials
using the electric-field dependence of electron transfer.11-13

Calculations based on Marcus theory14-16 show that with
properly selected electron donor-acceptor pairs, this mech-
anism may lead to a new class of voltage-sensitive dyes for
measuring membrane potentials with both large signal-to-
noise ratios and fast time responses.

Action potentials are of central importance to interneuronal
communication.17 At rest, neurons maintain a resting potential
of about-70 mV relative to the outside of the cells. Under
stimuli of sufficient amplitudes, the potential inside a cell
reaches a peak value of about+30 mV within a mil-
lisecond.17 Therefore, effective voltage-sensitive dyes should

have sufficient sensitivity to convert the change in electric
field from -14 to +6 mV/nm (or -140 to +60 kV/cm)
across the membrane (membrane thickness taken as 5 nm)18

to a detectable optical signal, preferably with a submillisec-
ond response time and a large signal-to-noise ratio.

Electron transfer between electron donors and acceptors
is electric-field dependent11,12and therefore in principle can
be used to measure electric fields. In addition, photoassisted
electron transfer often efficiently competes with fluorescence
emission, leading to partial or complete fluorescence
quenching.13,19-22 As a result, by measuring the change in
fluorescence quantum yield from an electron donor-acceptor
system under an external electric field, we can determine
the change in the electric field. For the purpose of developing
new fluorescence probes for membrane potentials, we
consider amphiphilic compounds containing a donor-
acceptor pair separated by a spacer (Figure 1a). The
amphiphilicity of the compounds is necessary for incorporat-
ing the compounds in membrane bilayers and aligning them
relative to the electric fields. The donor and acceptor
chromophores chosen here have properly aligned energy
levels for the highest occupied molecular orbitals (HOMOs)
and the lowest unoccupied molecular orbitals (LUMOs),
favoring electron transfer when either the donor or the
acceptor is photoexcited (Figure 1b,c). The spacer, on the
other hand, defines the distance of electron transfer, which,
as shown later in this manuscript, largely determines the
sensitivity of voltage measurements.

The electronic structure of donor-acceptor pair can be
alternatively represented by a three-level diagram
(Figure 1d), and the competition between the electron transfer
and the fluorescence emission can be solved analytically. In
Figure 1d, state 1 represents the fluorescence-emitting state,† E-mail: li23@indiana.edu.
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2 the charge-separated state, and 0 the ground state.∆G is
the free energy change when an electron transfers from state
1 to state 2. Thek values are the rate constants of the
transitions between the states involved, among whichk10 )
kf + kNR is the summation of the radiative relaxation rate
constantkf and the nonradiative relaxation rate constantkNR.
Typically kf ranges from 105 to 109 s-1 23 andk12 from 105

to 1012 s-1.24 With this simple model, we can solve for the
population density of states 1 and 2 with kinetic equations

With state 1 populated by photoexcitation, we have the
initial conditionP1(t ) 0) ) 1 andP2(t ) 0) ) 0 and obtain:

where

Fluorescence quantum yield of state 1 is calculated as

which is sensitive to external electric fields because the latter
can considerably alterk12, k21, and k20. In this letter, we
assume the energy levels and other photophysical properties
of the neutral donor and acceptor chromophores, such ask10,
kf, their absorption spectra, and their fluorescence spectra,
to be unaffected by the electric fields because the electric
fields affect neutral molecules much less significantly than
they do to the electron-transfer products, i.e., donor-acceptor
ion pairs.

With the Marcus-Levich-Jortner’s formulism,13,15we can
calculate the value of electron-transfer rate constantk12,

k21 can be calculated with the detailed balance relation

Figure 1. (a) Schematic representation of an amphiphilic molecule containing an electron-transfer (ET) pair. (b,c) The energy levels of the
donor (D) and the acceptor (A). The fluorescence emitters are labeled with an asterisk, which are the donor in (b) and the acceptor in (c),
respectively. The blue arrows indicate fluorescence generation, and the black arrows denote electron transfer, which quenches the fluorescence.
(d) The energy levels of the donor-acceptor pair, with the arrows indicating possible transition pathways between the energy levels. The
k values are the rate constants for these transitions.
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HereV is the electronic coupling constant between state
1 and 2,λm the reorganization energy of the surrounding
medium,ωc the average frequency of the high-frequency
intramolecular vibrational modes that facilitate the electron-
transfer process, andSc the electron-phonon coupling
strength of these modes.13,15 kB andh are Boltzmann’s and
Planck’s constants, respectively. The free energy change∆G
during electron transfer can be altered by an external electric
field following

with ∆G0 being the free energy change under zero field and
∆µb the change in the electric dipole moment of the donor-
acceptor pair when the electron transfer occurs (its magnitude
approximately proportional to the donor-acceptor distance).
For electron transfer over a mesoscopic distance whose upper
limit is set by the membrane thickness (∼5 nm), the field
effect on electron transfer can be quite significant, leading
to a considerable change in the electron-transfer rates and
therefore the fluorescence quantum yield of the donor-
acceptor pair. Here we use the fractional change in fluores-
cence quantum yield when the transmembrane electric fields
change from-14 to +6 mV/nm (corresponding to a
100 mV change in membrane potentials) to represent the
voltage sensitivity of the dyes.

Figure 2 shows the normalized electron-transfer ratek12/A
(A defined in eq 2) calculated with eq 2 as a function of∆G
at 310 K. The maximal value at-100 meV and the shoulders
at -280 and-500 meV correspond to∆G + λm + nhωc ≈
0, wheren ) 0, 1, and 2, respectively. Obviously, fluores-
cence from electron-transfer systems with∆G falling in the
regions with large slopes (i.e.,∆G ∼ 0, -180, -360, and
-560 meV) are more sensitive toward membrane potential
changes. Naturally, a larger dipole moment change leads to
a greater variation of∆G with a given change in external
electric fields, and therefore electron transfer over a meso-
scopic distance is desired for high voltage sensitivity.
For all the calculations in this letter, the parameters
adopted areλm ) 800 cm-1, ωc ) 1500 cm-1, andSc ) 0.5,
following the accepted values for the primary electron-
transfer process in photosynthetic reaction centers.13 This is
a reasonable estimation because both voltage-sensitive dyes
and photosynthetic reaction centers locate in a similar
environment (cell membranes) and both involve conjugated
chromophores.

A particularly simple case is when∆G < 0, with its
absolute value much larger than the thermal energykBT. The
large free energy change upon electron-transfer stabilizes
state 2 and virtually eliminatesk21 (see eq 3). The fluores-
cence quantum yield (eq 1) can now be simplified as

whereYf0 is the fluorescence quantum yield of the emitting
chromophore (donor in Figure 1b and acceptor in Figure 1c)
when there is no electron transfer occurring (i.e.,k12 ) 0).

To demonstrate the voltage sensitivity of the fluorescence
from the donor-acceptor pair, we consider a system with
∆G0 falling within one of the regions in Figure 2 with large
slopes. The fluorescence quantum yieldYf (normalized with
respect toYf0) at 310 K as a function of the external electric
field is plotted in Figure 3a. Here, the electron-transfer
process has∆G0 ) -360 meV and a moderate dipole
moment change|∆µb| ) 60 Debye (corresponding to an
electron-transfer distance of 1.25 nm). In Figure 3a, the
electric-field dependence of fluorescence quantum yield is
shown for electron transfer of different rates symbolized by
various k12

(0)/k10 values, withk12
(0) representing the electron-

transfer ratek12 under zero electric field. The curves,
resembling the one in Figure 2 inverted, also have shoulders
and regions of large slopes. Under the same electric field,
donor-acceptor pairs with faster electron transfer (larger
values ofk12

(0)/k10) have smaller fluorescence quantum yield,
for electron-transfer quenches fluorescence. Here the direc-
tion of electron transfer is assumed to be such that a positive
field stabilizes the electron-transfer product (i.e.,∆G more
negative), reduces the electron-transfer rate (∆G is in
“inverted region”), and therefore increases the fluorescence
quantum yield. This in practice can be achieved by loading
the amphiphilic molecules into the outer leaflet of membrane
bilayers. The field dependence of parametersV, λm, ωc, Sc,
and ∆µb is neglected because electric fields modify them
much less significantly.

To appreciate how much the fluorescence quantum yield
changes as the membrane potential changes from the resting
potential of-14 mV/nm (red vertical line in Figure 3a) to
the peak potential of 6 mV/nm (blue vertical line in
Figure 3a), we plot in Figure 3b the normalized fluorescence
quantum yieldYf/Yf0 under the two potentials (red and blue
curves, respectively, left axis) as a function of electron-
transfer ratek12

(0)/k10. Same as in Figure 3a, the increasing
electron-transfer rate decreases the fluorescence quantum

k21 ) k12 e∆G/kBT (3)
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Yf )
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)
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k10
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Figure 2. Normalized electron-transfer ratek12/A at 310 K (solid
curve) as a function of the electron-transfer free energy∆G defined
in Figure 1d. The parameters used for the calculation are described
in the text. Also shown as the dashed curves are the contributions
from the first three terms in eq 2, whose peak values correspond
to ∆G + λm + nhωc ) 0 , with n ) 0, 1, and 2, respectively.

Nano Lett., Vol. 7, No. 10, 2007 2983



efficiency. The voltage sensitivity, represented by the
fractional change,∆Yf/Yf, in the fluorescence quantum yield
under these two potentials, is also shown (black curve, right
axis), with the denominatorYf being the initial fluorescence
quantum yield (i.e., under the resting potential). Contrary to
the fluorescence quantum yield, voltage sensitivity increases
with increasing electron-transfer rate. Therefore, there exists
a compromise between voltage sensitivity and fluorescence
quantum yield, with larger voltage sensitivity∆Yf/Yf corre-
sponding to an electron-transfer rate that lowers fluorescence
quantum yieldYf/Yf0. However, a range ofk12

(0)/k10 values
that yield reasonably large values for both quantities can be
identified from Figure 3b. For example, a voltage sensitivity
∆Yf/Yf of 22% can be achieved with a fluorescence quantum
yield of 0.3 (assumingYf0 ) 1, i.e.,kf ) k10). Such voltage
sensitivity is already comparable to the highest values for
currently existing fast voltage-sensitive dyes.10 If an electron-
transfer pair with a larger dipole moment change (than 60
Debye) is chosen, the voltage sensitivity can be further
enhanced. In addition, because the voltage sensitivity∆Yf/
Yf describes the change in fluorescence quantum yield, it
allows all the emitted photons to be collected for the detection
of membrane voltage changes. This is drastically different
from the existing fluorescent voltage-sensitive dyes in which
large voltage sensitivity occurs only near the edges of the
fluorescence spectra.10 Therefore, together with the high-
fluorescence quantum yield, the fluorescence probes based
on electron transfer can lead to photon counts in optical
measurements hundreds of times larger and increase the often
shot-noise-limited signal-to-noise ratio by more than 1 order
of magnitude.1,7 Because of the typical rates of electron
transfer (105-1012 s-1) and fluorescence emission (105-
109 s-1), the response time of this type of fluorescence probes
can easily be in the submicrosecond range.

The electron-transfer distance is a key parameter control-
ling the voltage response of fluorescence, and its inhomo-
geneity may significantly affect the voltage sensitivity. The
electron-transfer distanced not only determines the change

in the dipole moment∆µb but also the zero-field free energy
change25 ∆G0, electronic coupling constant26 V, and the
reorganization energyλm. For a given donor-acceptor pair,
∆µb is approximately proportional tod, ∆G0 is distance-
dependent25 through Columbic interaction-e2/εd, V is
proportional to exp(-d/2R0),26 and the distance-dependence
of λm can be evaluated with the classical dielectric continuum
model developed by Marcus.14,16 Here ε is the dielectric
constant of the surrounding media andR0 the characteristic
distance depending on the chemical nature of the spacer.26

Knowing these relations, we can evaluate the effect of
inhomogeneity ind on the voltage sensitivity.

Figure 4 shows the dependence of the voltage sensitivity
on electron-transfer rate, withd following a Gaussian-like
distribution centered at 1.25 nm with different widthsσ. The
distribution of the electron-transfer distanced is assumed to
follow P(d) ) C exp{-(d - d0)2/σ2d0

2}, whered > 0, d0 )

Figure 3. (a) Normalized fluorescence quantum yieldYf/Yf0 as functions of the electric field for an electron-transfer process with∆G0 )
-360 meV and dipole-moment change|∆µb| ) 60 Debye. Different curves are for differentk12

(0)/k10 values, withk12
(0) being the zero-field

value of the electron-transfer ratek12. The vertical red and blue lines represent the resting and peak membrane potentials (-14 and 6
mV/nm), respectively, during neuronal activities. (b) Left axis, normalized fluorescence quantum yieldYf/Yf0 under an electric field of-14
mV/nm (red curve) and 6 mV/nm (blue curve) as functions ofk12

(0)/k10. Right axis, the fractional change in the fluorescence quantum yield,
i.e., the voltage sensitivity∆Yf/Yf as a function ofk12

(0)/k10. The temperature for both figures is 310 K.

Figure 4. Voltage sensitivity∆Yf/Yf decreases as a result of
inhomogeneity in the donor-acceptor distanced. The distanced
is assumed to follow a Gaussian-like distributionP(d) ) C exp-
{-(d - d0)2/σ2d0

2}, d > 0 whered0 ) 1.25 nm, andC is the
normalization constant. Thex-axis is the zero-field electron-transfer
rate withd ) d0, the most probable value. Different curves are for
different σ values.
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1.25 nm, andC is the normalization constant. The over-
all voltage sensitivity is calculated by averaging over the
various electron-transfer distances:〈∆Yf/Yf〉avg ) ∫0

+∞ ds
[P(s)∆Yf(s)]/∫0

+∞ ds [P(s)Yf(s)], where Yf(s) is the fluores-
cence quantum yield of the dyes with an electron-transfer
distance ofs under the resting neuronal potential. The curve
for σ ) 0 is identical to the one in Figure 3b. However,
with increasingσ, the voltage sensitivity is significantly
reduced, suggesting that rigid spacers should be preferred
between the electron donor-acceptor pair for maximal
voltage sensitivity. For this calculation, the parameters are
taken asε ) 2.0 (that of hexanes),R0 ) 1.1 (for saturated
hydrocarbon spacer26), and the distance-dependence ofλm

is small and therefore neglected.14,16

The voltage-sensitive dyes based on electron transfer
proposed herein are significantly different from those
“charge-shift” dyes7,10,27,28based on electrochromism or the
Stark-shift mechanism29 despite some superficial similarities
between them. For both the electron-transfer dyes and the
“charge-shift” dyes, the distances of electron transfer or
“charge-shift” need to be large for the dyes to achieve high
voltage sensitivity. In the electrochromism case, electric
fields shift the energy of the absorption and fluorescence
spectra, leading to considerable field effect only near the
edges of the spectra.10 As a result, only a small portion of
emitted photons are useful for voltage detection. In addition,
a large charge-shift distance to increase voltage sensitivity
at the same time leads to diminishing transition dipole
moment and therefore low absorption cross section and
fluorescence quantum yield.30 In the electron-transfer case,
electric fields vary the overall intensity of the fluorescence,
making all the emitted photons useful for voltage detection.
Because the electronic transition responsible for fluorescence
is decoupled from the voltage-sensing electron-transfer
process, it yields a better compromise between field sensitiv-
ity and fluorescence quantum yield (Figure 3b). This allows
the fluorescence probes to have large voltage sensitivity, high
fluorescence quantum yield, and fast time response and
therefore may offer exciting opportunities in multisite
imaging of neuronal activity with submillisecond time
resolution, submicrometer spatial resolution, and large signal-
to-noise ratios.

The electron-transfer mechanism in principle is applicable
to all chromophores and therefore allows for great flexibility
in the design of the electron-transfer-based dyes. On one
hand, the fluorescence emitters can be chosen with optimal
parameters for specific purposes such as one- or two-photon
absorption cross section, fluorescence quantum yield, fluo-
rescence lifetime, emission wavelength, photostability, and
phototoxicity, etc., without sacrificing the electric-field
response. On the other hand, because it is not photoexcited,
the nonemitter in the donor-acceptor pair need only satisfy
the preferred free energy change and electron-transfer rate.
Candidates of particular interest for the emitters are deriva-
tives of perylenetetracarboxdiimides31-33 and fluorescent
proteins.1,34-36 Well-known for their remarkable photosta-
bility, large absorption cross section, and often near-unity
fluorescence quantum yield, perylene dyes with low HOMO

levels are good electron acceptors when paired with many
chromophores.26,37-39 In addition, limited live cell studies
show they may also have low toxicity.40 Fluorescent proteins,
on the other hand, can be genetically coded with high cell
specificity1,34-36 and are therefore preferred in some cases
over synthetic optical probes. The electron-transfer process
can be introduced to modulate the fluorescence intensity of
the proteins through introducing either a chromophore to
form an electron-transfer pair with them41,42 or an electron-
transfer pair to form a FRET pair with the fluorescent
proteins following known hybrid approaches.43,44
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