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Abstract

Photoswitchable fluorescent proteins (PS-FPs) open grand new opportunities in biological 

imaging. Through optical manipulation of FP emission, we demonstrate that dual-laser modulated 

synchronously amplified fluorescence image recovery (DM-SAFIRe) improves signal contrast in 

high background through unambiguous demodulation and is linear in relative fluorophore 

abundance at different points in the cell. The unique bright-to-dark state interconversion rates of 

each PS-FP not only enables discrimination of different, yet spectrally indistinguishable FPs, but 

also allows signal rejection of diffusing relative to bound forms of the same PS-FP, rsFastLime. 

Adding to the sensitivity gains realized from rejecting non-modulatable background, the selective 

signal recovery of immobilized vs. diffusing intracellular rsFastLime suggests that DM-SAFIRe 

can detect weak protein-protein interactions that are normally obscured by large fractions of 

unbound fluorescent proteins.

Graphical abstract

Fluorescent proteins (FPs) are widely used to visualize and understand biological processes 

in live cells, tissues, and whole organisms.1–4 While offering good brightness, their 

detectability is too-often limited by low copy numbers and high autofluorescent 

background.4–6 Consequently, as fundamental limits exist on molecular brightness, imaging 

sensitivity is most readily improved through background reduction.4–12 Practically, this can 

be achieved by using red-fluorescent proteins6 to minimize autofluorescence or, more 

recently, by optically controlling emission intensity using either photoswitchable7,12,13 or 

modulatable fluorophores.11,13,14
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Although useful, photoswitch-based techniques to date have required incorporation of pure 

dye signals7 to generate reference waveforms, or are slow due to being limited by the long 

natural lifetime of the “off” state.12 Frequency domain imaging (FDI) uses digital signal 

processing to better-extract modulated signals, but is still limited by background from 

secondary excitation needed to recover the emissive photoswitch form.13 To circumvent 

these limitations, we developed molecular modulation schemes that encode external 

modulation waveforms only on the desired fluorophore signals, thereby eliminating the need 

for internal reference dyes and enabling faster demodulated signal recovery. These 

synchronously amplified fluorescence image recovery (SAFIRe)11,14 methods take 

advantage of select organic,15 inorganic,14,16 and fluorescent protein labels9,10 whose 

fluorescence intensity can be modulated through a dual-laser excitation scheme. While the 

primary laser excites all fluorescent molecules indiscriminately, a longer wavelength 

secondary laser regenerates fluorescence signals only of the SAFIRe-enabled fluorophores 

by selectively depopulating their transient dark states. Modulating this secondary laser 

thereby modulates only fluorescence of interest at a specific frequency. Demodulation-based 

SAFIRe thus enhances sensitivity by drastically reducing different yet spectrally 

indistinguishable background to yield >10-fold contrast improvements.9,10

Fluorophores used in SAFIRe exhibit transient dark states whose populations can be 

modulated by long-wavelength secondary excitation with any frequency that is slower than 

the characteristic dark state decay. Because the molecular populations can be recovered prior 

to completion of a modulation cycle, the externally applied modulation frequency is directly 

encoded on the collected fluorescence to generate a linear overall signal recovery scheme 

that drastically improves contrast without generating any additional background. 

Importantly, even very low-yield dark states can be utilized in this scheme, as optically 

induced ground state recovery yields fluorescent amplification. Most directly comparable 

with optical lock-in detection (OLID),7,8 OLID relies on photo-switchable fluorescent 

proteins (PS-FPs), which are repeatedly cycled between cis(bright) and trans(dark) 

chromophore states through reversible bleaching upon alternating exposure to two high-

energy lasers. Initially demonstrated with the well-characterized PS-FP Dronpa,17 repetitive 

photoconversion between the ground and long-lived dark states can be effected with 

fluorescence excitation near 503 nm and dark state excitation at ~400 nm (Figure 1A). In 

OLID, even though both excitation sources generate background in the lower-energy 

fluorescence detection window, correlation of pure PS-FP photoswitching traces with each 

pixel-based intensity trajectory improves fluorescence imaging by enhancing bulk contrast 

over background.7 The correlation with reference signals, however, is non-linear with 

respect to fluorophore concentration,7,8 and could lead to difficulties in image quantification.

The reversibly PS-FP rsFastLime (Dronpa/V157G)18 combines a large fluorescence 

quantum yield (0.6)19 with efficient forward and reverse photoisomerization of a high-

energy absorbing dark state.17–19 For widefield imaging with a CCD, the high contrast at 

low modulation frequencies makes rsFastLime nearly ideal for photo–switch-based imaging. 

We measured the bright and dark state lifetimes by analyzing the transient response of 

rsFastLime to cw 488 nm (primary) excitation and modulated 405 nm (secondary) co-

illumination (Figure 1B). Exponential fits to the fluorescence decays yielded the rates into 

(kon) and out of (koff) the dark state.11 Coupled with the known absorption cross section 
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(σ488),18,19 the slopes of the decay and growth rates vs. primary excitation intensity (Fig. 

1C) yielded a dark state quantum yield of Φdark = 0.0035, while the intercept of growth rate 

vs. secondary excitation intensity (Fig. 1D) gives σ405*ΦRev = 1.6 × 10−18 cm2. Thus, while 

still offering bright emission, the dark state quantum yield of rsFastLime is ~10 times larger 

than in Dronpa,18,19 and should lead to improved contrast upon photoswitching. Although 

PS-FPs dark states are much longer-lived and are depopulated only with high-energy 

excitation, the forward and reverse photoisomerization rates can be controlled by the 

primary and secondary laser intensities. Thus, PS-FPs can be used in SAFIRe-like 

modulation schemes, with the caveat that, like OLID, both signal and background will be 

modulated.

To generate a direct comparison for fluorescence image recovery, we employed both OLID 

and SAFIRe with dual high-energy lasers using rsFastLime. Although autofluorescent 

background is induced upon secondary laser illumination, OLID uses short bursts of high 

energy secondary excitation to regenerate the emissive state, while SAFIRe allows for either 

secondary-only or both primary and secondary modulation (i.e. single-laser modulation, SM, 

and dual-laser modulation, DM, respectively), typically using 50% duty cycles. While 

background is independently modulated at both primary and secondary modulation 

frequencies, only the rsFastLime emission is affected by the product of both lasers (see 

Supporting Information). Thus, secondary-only modulation and DM-SAFIRe offer direct 

recovery of rsFastLime fluorescence. With DM, only rsFastLime signals are modulated at 

the sum and difference of the primary and secondary modulation frequencies, completely 

excluding autofluorescent background from these side-band signals (Figure 2). Even though 

405nm can weakly excite emission from the bright state as well, the side band signals at the 

sum and difference of 488nm and 405nm modulation frequencies appear without signals 

from 405nm-only excitation.

For imaging live cells, we co-transfected adherent NIH 3T3 mouse fibroblast cells with 

untargeted EGFP and rsFastLime fused to a mitochondrial targeting sequence. Upon 

modulating 488 nm and 405 nm lasers at different frequencies, we reconstructed the SAFIRe 

images from an image sequence by plotting the amplitude at each sum or difference of the 

two modulation frequencies. Secondary-only single modulation (SM) SAFIRe images were 

also recovered from the amplitude at the 405 nm laser modulation frequency. Both single 

and dual-laser modulation reveal the mitochondria devoid of EGFP background, but single-

laser modulation shows higher autofluorescent background compared to DM (Figure 3A).

Compared to SAFIRe, OLID utilizes a slightly different excitation scheme involving cross-

correlation of each pixel with a bright, “pure” dye reference signal that must be identified 

within each sample. To facilitate image recovery, OLID analysis was recently automated by 

using the brightest feature within an image sequence as the internal reference.8 Because 

OLID reconstruction multiplies each individual pixel intensity trajectory by that of the 

reference pixel trajectory, and each is normalized by its respective standard deviation of 

intensity values,7,8 OLID scales nonlinearly with the number of fluorophores at each 

position in the image, thus distorting the true contrast among emissive species. Further, in 

high background environments or if the position of the reference signal is not well-defined, 

OLID automation can select the wrong reference point, thereby drastically reducing contrast 
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(Figure 3B, OLID-1). Unlike OLID, SM- and DM-SAFIRe are linear and represent true 

relative fluorophore amounts.

Although the 405-nm duty cycle is higher with SAFIRe, leading to higher background in the 

raw images, both SM-SAFIRe and OLID7,8 can produce images with similar apparent 

contrast improvements (Fig. 3A). The external modulation of SAFIRe with Fourier 

reconstruction, however, ensures both linearity in image recovery and no ambiguity in the 

reference signal.11 In fact, as OLID utilizes short, repeated bursts of 405 nm laser exposure, 

one can simply analyze OLID data by plotting each pixel amplitude at the burst frequency to 

generate a linear, SAFIRe-like image (Fig S1). Dual laser modulation, which recovers signal 

from the sum and difference of primary and secondary modulation frequencies (DM-

SAFIRe), further eliminates contributions arising from the 405nm-induced 

autoflluorescence. This results in an additional two-fold increase in linear signal 

discrimination over both SM-SAFIRe and OLID. Thus, the contrast improvements and 

linearity in signal recovery (from the Fourier transform) provides distinct advantages of 

SAFIRe over other signal recovery schemes, even when using PS-FPs with two high-energy 

lasers for excitation.

The ability to tune SAFIRe modulation frequency relative to the excitation intensity-

dependent dark state population and depopulation rates in PS-FPs (e.g. rsFastLime) affords 

new modes for protein discrimination, unavailable to other signal recovery schemes. Under 

the low 488 nm (< 10 W/cm2) and 405 nm (~4 W/cm2) intensities used here, the timescale 

to establish the steady-state rsFastLime dark state population is significantly longer than the 

diffusional transit time through a focused laser spot. Thus, diffusing molecules do not reside 

sufficiently long within the focal volume to generate either SM-SAFIRe or DM-SAFIRe 

signals. While SM-SAFIRe generates autofluorescent background from high-energy 

secondary excitation, DM-SAFIRe shows neither autofluorescent background nor signals of 

diffusing rsFastLime molecules (Figure 4). In live cells, the estimated diffusion time for 

proteins is ~10 ms (laser spot radius: 0.67 µm), which is significantly shorter than the ~33 

ms dark state lifetime (at 7 W/cm2 488 nm and 3 W/cm2 405 nm, Figure 4). Hence, the 

diffusion rate dependent signal amplitude should allow for distinguishing bound vs. 

diffusing rsFastLime while simultaneously eliminating unmodulatable background.

Upon comparing sideband intensities in DM-SAFIRe within cells expressing either 

untargeted, freely diffusing rsFastLime or targeted mito-rsFastLime, sideband amplitudes 

(i.e. modulation depth) decrease with decreasing excitation volume. The sideband amplitude 

ratio of signals from localized mito-rsFastLime vs. that from freely diffusing rsFastLime 

reaches 1 only in large excitation volumes, in which diffusion rates are not fast relative to 

photophysical rates. This demonstrates that we can use the different modulation frequency 

responses of bound and unbound molecules for selective visualization of targeted 

rsFastLime, with potentially >25-fold selectivity over diffusing, but otherwise identical 

rsFastLime.

Taking advantage of the above relationship between modulation frequency and spot size, we 

preferentially recovered signals from mitochondria-localized rsFastLime relative to 

untargeted rsFastLime in live cells co-expressing the two forms of the same FP (Figure 5). 
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Even with few-µm spot diameters, dual modulation readily increased the signal of molecules 

residing longer within the laser focal volume. While fluorescence correlation spectroscopy 

(FCS), fluorescence recovery after photobleaching (FRAP), and Forster resonance energy 

transfer (FRET) have difficulty in visualizing weak protein-protein interactions in vivo,20–22 

rsFastLime modulation depth should enhance contrast of bound molecules over transiently 

diffusing molecules, especially in very small focal volumes.

Conclusion

Over the past decade PS-FPs have played a key role in developing new imaging schemes for 

high-contrast imaging in live cells. Here, we have demonstrated the implementation of 

SAFIRe and dual modulation for linear contrast improvement in fluorescence imaging.11 

This externally applied modulation waveform is directly encoded on collected fluorescence, 

improving linearity and contrast over existing methods, while enabling extensions to 

discriminate signals from multiple fluorophores and enhancing contrast of immobilized 

species relative to the same proteins diffusing in cells. These potential applications of both 

high-energy photoswitchable fluorescent proteins offer great potential for discriminating 

fluorophores of interest from otherwise the same FPs yet overwhelming background in live 

cell imaging, while simultaneously offering new opportunities for studying weak protein-

protein interactions within live cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Photophysics of the photoswitchable protein rsFastLime (Dronpa-V157G). (A) Schematic of 

transitions between the bright and the dark state manifolds, with ~518-nm fluorescence 

resulting from 488nm excitation. Excitation at 405-nm depopulates the dark state and 

regenerates the bright manifold. (B) Continuous 488 nm and modulated 405 nm excitations 

yield fluorescence time traces showing exponential growth and decay. The growth is a 

function of the 488 nm-induced rate into the dark state (kon), the thermal relaxation rate 

(koff
0), and the 405 nm-induced dark state depopulation rate (I405 σ405

brightΦRev), while the 

decay is a similar function without 405 nm-induced rate. (C) Plotting of the growth and 

decay rates vs the intensity at 488 nm yield the corresponding rate constants into (slope) and 
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out of (intercept) the dark state. The 405 nm intensity is 14.4 W/cm2. (D) The intercepts of 

(C) from various 405 nm laser intensities are linear in both growth and decay plots.
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Figure 2. 
Dual-modulation (DM) enables background-free rsFastLime detection. rsFastLime interacts 

with both 405 nm and 488 nm lasers, while autofluorescence background is excited 

independently by each laser. The Fourier transform shows that only rsFastLime presents 

side-band signals (7 Hz and 11 Hz) when 488 nm is modulated at 9 Hz and 405 nm at 2 Hz.
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Figure 3. 
Comparison of single- and dual-modulation SAFIRe (SM, DM) vs. OLID in live NIH-3T3 

cells co-expressing untargeted EGFP and mitochondria-targeted rsFastLime. (A) (From left 

to right) Raw Image, S/B~1.4; OLID, S/B~6; Demodulated image at 405nm frequency (SM-

SAFIRe), S/B~5; Demodulation at the side-band frequencies (DM-SAFIRe), S/B~9. (B) 

Signal/background (S/B) comparison in the presence of bright non-rsFastLime background. 

(From left to right) Raw live cell image as in (A), S/B~1; OLID using automatic selection of 

brightest feature for reference waveform, S/B~1.6; OLID with manual selection of reference 

point, S/N~5; Demodulation image upon DM-SAFIRe, S/B~9. Scale bars: 10 µm. OLID and 

SM-SAFIRe give similar contrast improvements and DM-SAFIRe gives a further 2-fold 

improvement.
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Figure 4. 
Contrast between localized mito-rsFastLime vs. freely diffusing rsFastLime with varying 

excitation area. (A) Increasing laser spot size (intensity constant at 7 W/cm2 488 nm and 3 

W/cm2 405 nm) increases the diffusion time of untargeted-rsFastLime, allowing diffusing 

rsFastLime to be modulated. Thus, the ratio of immobilized to diffusing molecules 

approaches unity in dual-modulation (DM), while the ratio using single-modulation (SM) 

suffers from higher autofluorescent background. The ratio in SM (~5) is much smaller than 

that achieved with DM (~25) with small excitation area. The major change is when the 
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diffusional transit time of untargeted rsFastLime increases beyond the 33 ms photophysical 

timescale. (B) Left: The immobilized (blue) and diffusing (purple) rsFastLime DM-SAFIRe 

signals using 1.4-µm2 excitation area. Right: The same DM-SAFIRe signals using 140-µm2 

excitation area.

Chen et al. Page 12

J Am Chem Soc. Author manuscript; available in PMC 2016 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Diffusing vs. immobilized rsFastLime in cells co-expressing mito-rsFastLime and 

untargeted-rsFastLime. The ratio of the immobilized to diffusing molecules is ~10. 488 nm 

is 8.8 W/cm2 modulated at 13 Hz, and 405 nm is 2.4 W/cm2 modulated at 2 Hz. Scale bar: 

10 µm.
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