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Abstract: Fluorescence resonance energy transfer is utilized to engineer donor photophysics for facile
signal amplification and selective fluorescence recovery from high background. This is generalized such
that many different fluorophores can be used in optical modulation schemes to drastically improve
fluorescence imaging sensitivity. Dynamic, simultaneous, and direct excitation of the acceptor brightens
and optically modulates higher energy donor emission. The externally imposed modulation waveform enables
selective donor fluorescence extraction through demodulation. By incorporating an acceptor with significant,
spectrally shifted, dark-state population, necessary excitation intensities are quite low and agree well with
simulated enhancements. Enhancement versus modulation frequency directly yields dark-state lifetimes
in a simple ensemble measurement. Using the long-lived Cy5 dark state in conjunction with Cy3 donors,
we demonstrate image extraction from a large background to yield .10-fold sensitivity improvements through
synchronously amplified fluorescence image recovery (SAFIRe).

Introduction

Fluorescent imaging is often plagued by high background that
obscuressignalsofinterest,1,2commonlylimitingbothintracellular3,4

and deep tissue applications.5-7 Recently, saturated8,9 or
stimulated transitions,10,11 structured light illumination,12,13 and
reversible fluorophore photobleaching5,6,14-17 have enabled
signal modulation and recovery schemes to be adapted to

fluorescence imaging, resulting in resolution and sensitivity
gains. In parallel, we demonstrated a more dynamic and lower
background modulation scheme by optically reversing transient
blinking in engineered fluorophores through long-wavelength
depopulation of Ag nanodot dark states.18 In contrast to
reversible but thermally stable and high-energy absorbing
photoswitches,14 modulated optical depopulation of trap states
through coillumination at wavelengths longer than that of the
collected fluorescence enables more dynamic synchronously
amplified fluorescence image recovery (SAFIRe), and a more
general and higher sensitivity dynamic route to fluorescent signal
recovery.19 Because the modulated secondary laser excitation
is lower energy than is the collected fluorescence, only the signal
of interest is modulated, independent of background. Further,
signals are directly extracted via Fourier transform-based
demodulation of the known, externally applied modulation
waveform, such that exogenously incorporated internal standards
for waveform elucidation14,16 are unnecessary.18,19 Although
dynamic dark-state optical depopulation has distinct signal
recovery advantages, fluorescent systems must have inherent
transitions into dark states that can be manipulated at wave-
lengths longer than that of the emitted fluorescence, limiting
the pool of useful fluorophores.19 For such systems with long-
wavelength transient absorptions leading to photoinduced dark-
state decay, lower energy secondary coexcitation enables
increased fluorophore emission without increasing background
fluorescence. Further, while such transitions may enable sen-
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sitivity increases via demodulation, the required dark-state
transitions may limit fluorophore brightness by decreasing
fluorescence quantum yield and sustainable emission rates.
While SAFIRe advantageously utilizes dark-state transitions to
improve imaging sensitivity,19 blinking behavior remains det-
rimental to most imaging applications,20-23 with poorly defined
and controlled transient trap states24-27 still limiting most
applications.

Circumventing the need for long dark-state residence and
long-wavelength dark-state transient absorption, we build on
the concept of acceptor saturation (satFRET) for FRET ef-
ficiency measurements28-31 to generalize the modulation and
specific detection of a wide array of donor fluorophores.
Combining any fluorophore as the donor in a FRET pair
quenches its emission while simultaneously providing an
opportunity for longer-than-donor-fluorescence-wavelength ex-
citation to coexcite the acceptor. As schematized in Figure 1A,

donor excitation alone results in efficient energy transfer, thereby
quenching donor emission. Simultaneous acceptor excitation at
wavelengths longer than much of the donor emission, however,
inhibits FRET-based quenching to dynamically increase donor
fluorescence quantum yield. This general enhancement scheme
is shown in Figure 1B and results from a shift of the acceptor
excited-state absorption relative to that in the ground state,
thereby decreasing the rate of FRET from the excited donor
relative to the rate of fluorescence. Such FRET rate decreases
will result when the acceptor excited-state absorption spectrum
exhibits limited overlap with the donor emission, reducing the
dipole-dipole coupling between donor and excited acceptor as
compared to the acceptor ground state. Herein we implement
and demonstrate the utility of this concept, showing that such
direct acceptor excitation (and modulation of the secondary
excitation source) dynamically decreases the FRET rate to
simultaneously increase the donor fluorescence quantum yield.
Demodulation recovers only those species whose FRET is
modulated, selectively recovering desired fluorophore signals
from high backgrounds. This provides a new, general, and
selective fluorescence amplification scheme applicable to fluo-
rescent image recovery in high background environments. In
contrast to optically enhancing fluorophore emission by optically
exciting brightness-limiting, long-lived, moderate-yield dark
states,19 FRET is nearly ideal for synchronous amplification of
target fluorescence, giving both significant enhancement and
modulation depth with excellent brightness and dynamic range.

Experimental Methods

Fluorescently labeled DNA hairpin-forming oligonucleotides (5′-
TAT CCG TCC CCC ACG GAT A-3′, with either 6-Fam
(6-carboxyfluorescein) and TAMRA (tetramethylrhodamine) or Cy3
and Cy5 attached to the 3′ and 5′ ends, respectively) were obtained
from Integrated DNA Technology (IDT) and were prepared by
dissolving in deionized water (18 MΩ). Donor-only labeled hairpins
were also obtained and studied as controls. Hairpin formation was
optimized by heating to 70 °C for 15 min followed by cooling to
room temperature. FRET hairpin solutions were studied on a
microscope (Olympus IX 71) using a 60X water-immersion
objective (Olympus 1.2 NA). Image stacks were collected with an
EM-CCD (Andor Ixon 897) at frame rates synchronized to but 10
times faster than the modulation frequency. Fourier transforms of
the resulting time traces from each pixel versus time were used to
extract the modulation frequency component. The corresponding
Fourier amplitude at the modulation frequency of each pixel was
used to recover the demodulated image. Intensity trajectories were
collected in a confocal arrangement using a multimode fiber as a
pinhole. The emission was detected with an avalanche photodiode
(Perkin-Elmer) and recorded using a Becker-Hickl photon counting
module (SPC 630). Appropriate band-pass filters centered near the
emission wavelength of the specific dye were used to efficiently
block both the primary excitation and the lower energy secondary
laser excitation. Continuous wave primary laser excitation was used
near the typical excitation maximum of the dye using a tunable
Ar+ laser (Coherent). A 561 nm solid state (Coherent) or 633 nm
helium neon (Spectra Physics) laser was used as the secondary
excitation for TAMRA or Cy5, respectively. For experiments
utilizing dual-laser excitation, lasers were overlapped using a
dichroic mirror prior to entering the microscope and at the sample
plane. Modulation of the secondary laser was performed with a
mechanical chopper (Stanford Research Systems).

Corresponding to the known and measured photophysics of the
6-Fam-TAMRA32-35 and Cy3-Cy536-39 systems with FRET-
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Figure 1. Schematic of a 19-base hairpin exhibiting FRET with donor
and acceptor fluorophores. (A) Typical FRET process when only the donor
is excited, leading to highly quenched donor fluorescence. (B) Inhibited
FRET and increased donor fluorescence quantum yield resulting from
simultaneous acceptor direct excitation that inhibits FRET through creating
a higher steady-state acceptor excited-state population (with spectrally shifted
absorption), thereby increasing and enabling modulation of donor fluorescence.
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coupled excited states, a 6-level model was constructed depicting
the relevant states (Figure 2A). Rates for excitation and relaxation
combined with dark-state transitions were utilized to yield steady-
state populations of all levels when illuminated with known primary
and secondary excitation intensities. Included in the model are donor
ground (D) and excited (D*) states, as well as acceptor ground
(A), excited (A*), and dark states (Ad). Subscripts Exc and Fl denote
excitation and fluorescence, respectively. Solving the set of dif-
ferential equations governing transitions among states yields the
relative time-dependent populations (Figure 2B). Excitation rates
are defined as simply absorption cross section (σ) multiplied by
the excitation intensity (I), and fluorescence rates are determined
by the inverse of the fluorescence lifetime. Steady-state populations
under donor excitation alone and with simultaneous direct excitation
of the acceptor are readily calculated. Sequential exposure to the
secondary excitation at varying frequencies was used to calculate

the dependence of the enhancement on the modulation frequency.
If long-lived dark states are present, high modulation frequencies
provide insufficient time for steady-state populations to be estab-
lished, thereby limiting modulation depth at higher frequencies. In
all cases, enhancement (i.e., modulation depth) is determined by
the ratio of fluorescence under dual laser illumination to that with
primary illumination alone. Acceptor saturation increases the donor
fluorescence quantum yield by inhibiting (slowing down) the rate
of FRET.

Results and Discussion

To demonstrate donor fluorescence enhancement, we utilized
the hairpin with 6-Fam (6-carboxyfluorescein) on the 5′ end
and TAMRA (tetramethylrhodamine) on the 3′ end. 6-Fam on
this oligo strand without the TAMRA exhibits no modulation
upon 561 nm coillumination at any of the intensities investi-
gated. Attaching TAMRA to the 3′ end, however, yields
moderate 6-Fam fluorescence enhancement upon concurrent
direct laser excitation of the acceptor (Figure 3A). FRET
inhibition relies on the acceptor excited state being occupied
for a significant percentage of donor excitation cycles and any
acceptor transient absorption being significantly shifted away
from that of the ground state absorption. Consequently, as with
satFRET-based efficiency measurements,28-31 modeling simple
steady-state populations of the FRET-coupled dyes suggests that
very high continuous wave excitation intensities are needed to
reach even moderate enhancements from low steady-state
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Figure 2. (A) Schematic model enabling donor fluorescence enhancement and modulation through dual laser excitation. Bold arrows show the transitions
giving enhanced fluorescence. The arrow connecting D*Ad to DAd is the primary enhancement pathway in the Cy3-Cy5 system, whereas the D*A* to DA*
transition also contributes significantly to the enhanced emission for 6-Fam-TAMRA, when no long-lived dark state is present. (B) Rate equations corresponding
to population and depopulation of all 6 levels as diagrammed in Figure 2A. The photophysical parameters used for determining transitions between states
for Cy3-Cy536-39 were λD ) 496 nm, λA ) 633 nm, Φdark ) 0.0003, τD ) 3.5 ns, τA ) 3.0 ns, EFRET ) 0.47, τdark- ) 500 µs, εD(496 nm) ) 30,000 M-1

cm-1, εA(633 nm) ) 250,000 M-1 cm-1. The photophysical parameters used for determining transitions between states for 6-Fam-TAMRA32-35 were λD )
476 nm, λA ) 561 nm, Φdark ) 0.001, τD ) 3.5 ns, τA ) 3.0 ns, EFRET ) 0.90, τdark- ) 10 µs, εD(476 nm) ) 60,000 M-1 cm-1, εA(561 nm) ) 50,000 M-1

cm-1.
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acceptor excited-state occupation (Figure 3A, red curve).
Calculated enhancements were performed at the same constant
primary (10 kW/cm2) and varied secondary laser intensities used
in the experiments. The resulting calculated enhancement is
plotted with the experimental data. At these high laser intensities,
the reported photophysical parameters for 6-Fam and TAMRA
incorporated in our model clearly predict donor fluorescence
enhancement to reach ∼60% as the secondary excitation
intensity reaches 100 kW/cm2. Just over a quarter of the
enhancement would arise from singlet saturation, with the other
three-quarters arising from the steady-state population of the
∼10-µs-lived40 dark state. Although the transient absorption of
TAMRA has not, to our knowledge, been reported, studies on
various rhodamines suggest that excited-state absorption shifts
very far to the blue,35,41,42 which would preclude the rhodamine
excited state from acting as a FRET acceptor, thereby providing
the necessary modulation of donor emission. Measured en-
hancement values at varied 561 nm excitation nicely mirror the
predicted intensity-dependent enhancements (Figure 3A). These
observations, coupled with the excellent agreement with the rate-
based model of FRET inhibition using only experimentally
determined values,32-34 clearly demonstrate that donor fluo-
rescence enhancement results from significant steady-state
excited acceptor populations (Figure 3A). Any spectral shift or
decrease in acceptor absorption cross section resulting from
excited-state occupation is likely to reduce FRET rates relative
to those with optimized acceptor ground state overlap with donor
emission (∼90% for 6-Fam-TAMRA). Therefore, rapid optical
modulation of this emission should also occur when a significant
steady-state acceptor excited-state population difference is
achieved for single- versus dual-laser excitation.

As population of the acceptor excited state transiently shifts
acceptor absorption to most likely decrease spectral overlap with
donor emission from that optimized for ground state overlap,
FRET is inhibited. Therefore, increasing the excited steady-
state population of the acceptor should further significantly

increase enhancement. Consequently, to generate enhancement
at more modest excitation intensities, we replaced 6-Fam and
TAMRA with Cy3 and Cy5, respectively. Cyanine dyes and
Cy5 in particular are well-known to have long-lived dark states
with complicated photophysics arising from both a nonfluores-
cent isomer and an energy-transfer-accepting triplet state.36-39,43

Transient absorption studies demonstrate that triplet-triplet
absorption (625 nm max) has significant spectral overlap with
the primary ground state singlet-singlet excitation (647 nm),
while the longer-lived nonfluorescent isomer absorption is
significantly red-shifted (690 nm).37 The similar triplet absorp-
tion spectrum enables this short-lived (∼10 µs) state to act
effectively as a nonradiative acceptor of energy transfer from
the donor. The longer-lived (∼500 µs) cis Cy5 dark state,
however, is also formed in high yield but exhibits a stronger
and significantly red-shifted transient absorption that drastically
slows energy transfer due to poor spectral overlap with donor
emission. It is the steady-state occupation of this state that we
use to actually inhibit FRET at low excitation intensities.38,43,44

Governed by the high yield and long lifetime of the cis isomer,
dual-laser excitation (496 nm primary, 633 nm secondary) of
the Cy3-Cy5-labeled hairpin within a 1 µM aqueous solution
(Figure 3B), yields similar enhancements to those of 6-FAM-
TAMRA pairs, but at an order of magnitude lower primary and
secondary excitation intensities (Figure 3). Maximum enhance-
ments of Cy3-Cy5 easily approach 90%, again at relatively low
excitation intensities (1 kW/cm2 primary, 30 kW/cm2 secondary).
As with the 6-Fam-TAMRA system, no Cy3 enhancement is
observed without the Cy5 acceptor simultaneously being present.
The low intensities at which significant enhancement is observed
suggests a large steady-state population of the well-known, long-
lived Cy5 dark state.37 Incorporating a few hundred microsec-
lived FRET-inhibiting acceptor dark state37,45 into the rate model
yields a large steady-state dark-state population that faithfully
models the observed low-intensity Cy3 fluorescence enhance-
ment (Figure 3B). Using the known Cy5 triplet lifetime (∼3
µs),39 however, does not yield significant enhancements at these
excitation intensities. Further, in contrast to most single molecule
experiments, the steady-state triplet population in our fully
aerated solutions is much lower than that of the longer-lived
spectrally shifted cis-Cy5 isomer.37 The strong agreement
between the model and the experimental data demonstrates that
the long dark-state residence greatly increases the probability
of simultaneous excited-state population, thereby enhancing Cy3
emission at very low secondary excitation intensities via FRET
inhibition.

Although clearly a FRET-inhibiting steady-state buildup of
excited-state dark-state population occurs, sensitivity gains
require the rapid establishment of different steady-state popula-
tions under fast switching between single and dual laser
illumination. Such synchronously amplified fluorescence image
recovery (SAFIRe)18,19 would then enable encoding the fluo-
rescence with the externally applied modulating waveform.
Although the high, steady-state acceptor excited-state population
enables low incident laser intensities for high contrast fluores-
cence modulation, the long-lived dark-state decay should also
limit attainable modulation frequencies. In fact, the frequency-
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Figure 3. (A) Predicted enhancement of a 6-Fam-TAMRA-labeled hairpin
undergoing FRET (EFRET measured at ∼90%) with constant cw 476 nm
(10 kW/cm2) excitation and varied cw 561 nm intensity using a dark-state
quantum yield of 10-3 and dark-state lifetime of 10 µs. Measured
enhancement from a 125nM aqueous solution (9) with 476 nm (10 kW/
cm2) and varied 561 nm secondary excitation. (B) Predicted enhancement
(red) of a Cy3-Cy5 hairpin exhibiting FRET (EFRET ≈ 47%) with constant
cw 496 nm (1 kW/cm2) excitation and varied cw 633 nm intensity using
an acceptor dark-state quantum yield of 3 × 10-4 and dark-state lifetime
of 500 µs.37 (9) Measured enhancement with constant 496 nm (1 kW/cm2)
excitation and varied cw 633 nm secondary intensity. Maximum expected
enhancements are given by (1-EFRET)-1, suggesting values of 10 and 2 for
the systems in A and B, respectively.
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dependent modulation depth should yield a bulk measurement
of acceptor dark-state decay.

Experimentally and within our rate model, enhancement
resulting from Cy5 dark-state steady-state population buildup
and decay was investigated for alternating single and dual laser
excitation at a range of modulation frequencies. The enhance-
ment was characterized via both the modulation depth of the
observed time trace (i.e., the ratio of dual-laser excited donor
fluorescence to that from primary laser excitation alone) and
the amplitude at the modulation frequency in the Fourier
transform of the time trace (Figure 4A, inset). A clear and steady
decrease in the modulation depth (i.e., enhancement) was
observed with increasing secondary laser chopping frequency.
Nearing 4 kHz modulation frequency, the enhancement de-
creased to ∼10%, indicating that the inverse modulation
frequency is approaching the time necessary to build up or relax
the dark-state populations that give observed steady-state
enhancements. Incorporating the time-dependent response of the
steady-state populations, our FRET rate model faithfully
reproduces the observed modulation-frequency-dependent modu-
lation depth. At too high a modulation frequency, the long-
lived Cy5 steady-state population cannot re-establish its limiting
value, thereby decreasing modulation depth with increasing
frequency. Primarily because of the dark-state decay, the
observed enhancement range enables independent estimation of
the dark-state lifetime. The dark-state dynamics of cyanine dyes
are reported to significantly vary depending on the environment
and upon conjugation to DNA.39,46 Close agreement between
the model and the observed frequency-dependent enhancement
data was obtained, however, through modeling the dark-state
lifetime as being ∼3-fold longer than that reported for uncon-
jugated Cy5 in methanol (Figure 4A).37 Changing other
experimental parameters (e.g., dark-state quantum yield, excita-
tion rates) only shifts the enhancement curve, without affecting
dynamic range. The frequency dependence of the modulation
depth, therefore, appears to be an excellent gauge of acceptor
dark-state decay in bulk, with the long (∼500 µs) lifetime again
indicating that the spectrally red-shifted cis-Cy5 observed in
transient absorption studies37 gives rise to the modulation of
the donor emission. These parameters were consistent in both

intensity-dependent (Figure 3) and modulation-frequency-de-
pendent (Figure 4) enhancement simulations.

In contrast to the large steady-state dark-state population of
Cy5 that enables higher enhancements at lower excitation
intensities, the same enhancement versus modulation frequency
plot for the 6-Fam-TAMRA FRET pair exhibits an essentially
flat frequency response (Figure 4B). As contrast at a given
modulation frequency is limited by the time to reach at least a
moderate population in the dark state and the lifetime of the
dark state, the relatively fast dark-state decay of TAMRA (∼10
µs) leads to no observable change in the measured or modeled
enhancement across a wide range of secondary laser modulation
frequencies (0.3-4 kHz). This flat modulation frequency
response of the FRET enhancement further confirms the role
of the acceptor excited state in donor modulation. For both
FRET pairs, the modulated waveform is directly encoded in
the fluorescence signal, and the enhancement frequency response
directly reports on the lifetime and population of the acceptor
excited state and its role in dynamically inhibiting FRET to
directly modulate donor fluorescence (Figure 4B).

The implementation of SAFIRe with the FRET-based system
should allow for the extraction of specifically targeted signals.
Exciting a 1 µM Cy3-Cy5 hairpin solution with defocused
primary (496 nm) and more tightly focused and modulated
secondary (633 nm) excitation enabled periodic enhancement
of Cy3 fluorescence via simultaneous population of the Cy5
excited state. Synchronous ccd detection recovers only the
modulated Cy3 fluorescence that arises only within the focus
of both lasers. Although a large fluorescent background is
observed on individual images, whole image demodulation for
each ccd pixel removes out-of-focus, high background fluores-
cence to uniquely recover the much smaller secondary laser
illumination area (Figure 5). Although capable of much higher
modulation frequencies (e.g., Figure 4), the secondary laser was
modulated at 4 Hz to allow 10-fold faster synchronous ccd
images to be recorded, triggered from the secondary laser
chopping frequency. For the low excitation intensities used, the
time trace of the brightest pixel within the dual laser-illuminated
area shows no evident 4 Hz modulation as any modulated signal
is swamped by the very high, unmodulated, out of focus
background fluorescence (Figure 5C). The Fourier transform
of each pixel intensity versus time reveals that the secondary
laser chopping frequency was indeed encoded only on the dual
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Figure 4. (A) Cy3 fluorescence enhancement within the Cy3-Cy5 hairpin (1 µM, aqueous), calculated from the 50-µs-binned time trace modulation depth,
versus modulation frequency (red 2, varied from 500 to 3900 Hz). Cy3 emission was excited with primary 496 nm cw (500 W/cm2) and 633 nm cw
secondary (10 kW/cm2) lasers. Modeled dependence of the enhancement on the modulation frequency (9) using an acceptor dark-state quantum yield of 3
× 10-4 and dark-state lifetime of 500 µs.37 Inset: Integrated area of the modulation frequency component in the Fourier transform of the time trace versus
the modulation frequency. (B) In contrast, 6-Fam-TAMRA enhancement versus modulation frequency shows a flat response due to the much-shorter-lived
excited state. Both experimental (red 2, varied from 500 to 3900 Hz; primary 476 nm, 10 kW/cm2; secondary 561 nm, 25 kW/cm2) and calculated frequency
responses (9) are plotted, showing excellent agreement. The inset shows the Fourier transform amplitude versus modulation frequency. Normalized separately,
the spread in data reflects the lower enhancement of 6-Fam-TAMRA relative to that of Cy3-Cy5 (panel A).
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laser-illuminated fluorescent signal (Figure 5D). Demodulation
of every pixel within the entire ccd image by recording the
amplitude at 4 Hz recovers the image corresponding to only
dual laser modulation, nearly completely removing the large
background resulting from primary excitation. Although unob-
servable with a signal to background estimated at ∼0.005, the
signal-to-noise within the average image is estimated in the ideal

case to be ∼0.6, based on the amplitude of the 4-Hz signal in
the Fourier transform (Figure 5D) and the measured noise in
detected pixel intensities. Upon demodulation at 4 Hz, signal
(∼41cts) to background (∼4cts) improves to ∼10 for the dual
laser-illuminated pixels, while signal (41 counts) to noise (∼1.8
counts, estimated from the standard deviation in frequency-
dependent intensities) improves to 23. Demodulation thereby
improves signal to background and signal-to-noise by ∼2000-
fold and ∼38-fold, respectively, enabling signal detection from
initially unobservable levels.

Conclusion

In conclusion we have shown that we can generally engineer
optically modulated systems based on energy transfer between
FRET pairs. Given the relatively short fluorescence lifetimes
(a few ns) and the low probability of having simultaneous
occupation of the excited state of both the donor and acceptor,
reasonable enhancement can require high excitation intensities.
Low intensity cw modulation, however, was readily achieved
by employing a long-lived acceptor dark state with significantly
shifted transient absorption to inhibit FRET (thereby dynami-
cally increasing donor fluorescence quantum yield). In this
common FRET pair, modulated fluorescence corresponding to
less than 1% of total background emission was readily extracted
from high background in aqueous solutions. Such large en-
hancement of common FRET fluorophores generalizes the
optical modulation and selective detection of fluorescence
through lower energy coexcitation.18,19 Synchronous detection
(SAFIRe), then enables direct extraction of desired fluorescence
from high background through selective, synchronous signal
amplification.
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Figure 5. (A) Average frame of Cy3-Cy5 hairpin structure in solution
with 496 nm cw defocused excitation (700 W/cm2) and more tightly focused
633 nm cw laser (10 kW/cm2). Secondary excitation was chopped at 4 Hz;
synchronous ccd detection was at 40 Hz. (B) Whole image demodulation
of the series of frames extracts only the modulated component, revealing
pixels simultaneously exposed to both lasers. (C) Representative time trace
of a pixel within the dual-illumination area. Inset showing 1-s interval of
the time trace. (D) Fourier transform of the signal from panel C showing
the modulation frequency encoded on the donor fluorescence and the
advantage of shifting the detection frequency away from the large low
frequency peak. The inset shows the Fourier transform of a single laser-
illuminated pixel.
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