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Abstract

Fluorescence modulation for selective recovery of desired fluorescence signals has to date
required careful fluorophore selection combined with repeated optical recovery from long-lived
photoinduced dark states. Adapting an all-optical scheme, modulated Stimulated Emission
Depletion generalizes such modulation schemes by eliminating the need for dark state residence
by directly optically depopulating the emissive state at any externally applied frequency. Using
two overlapped Gaussian laser spots with the depletion beam being intensity-modulated,
fluorescence modulation is readily achieved with a depletion ratio governed by the intensity of the
depleting laser. Selective image recovery of otherwise unmodulatable fluorophore signals is
directly achieved through this all-optical modulation, and common STED-degrading multiphoton-
excited background is readily discriminated against. Both beads and dyes in solution as well as
fluorophores bound within fixed cells are readily imaged in this manner.

l. Introduction

Fluorescence microscopy enables detailed studies of both biological dynamics and structure,
but selective detection, especially in high backgroundl— or intracellular conditions, 5-10
often poses significant challenges. Absorption spectroscopy has addressed sensitivity
concerns through either laser or molecular modulation,11-13 the latter of which preferentially
and repetitively alters the absorption signal of the species of interest relative to
background.12 Either changing the laser intensity at the absorption frequency or spectrally
modulating the molecular resonance relative to the laser results in modulation of the
transmitted laser intensity. Repeated application of this spectral modification at a very
specific frequency moves the desired signal from zero frequency to the externally applied
modulation frequency, while only the greatly reduced background within the very narrow
detection bandwidth contributes to the noise. Fluorescence spectroscopy, however, is often
considered a zero background technique,14-15 as the excitation source is filtered out to leave
only the desired molecular fluorescence. Unfortunately, the incredible complexity of
biological systems presents a wide variety of natural emitters giving non-specific
background that can obscure signals of interest.1=5: 16-19 The challenge, then, is to
preferentially recover the desired signal, minimizing contribution from the background.

Building on photoswitch-based optical lock-in detection (OLID)3 that cross-correlates
exogenous reference dye signals to extract reversibly photoswitched fluorescence, we
designed methods of encoding any external modulation waveform on the fluorescence of
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specific emitters without introduction of a reference dye signal.20-21 In contrast to OLID,
the secondary laser in Synchronously Amplified Fluorescence Recovery (SAFIRe) is lower
energy than that of the collected fluorescence, thereby generating no additional background
and more readily distinguishing fluorescence of interest from that of background
emitters.29-21 Such fluorescence modulation enables selective fluorescence recovery
through demodulation (or selective detection) at the applied external modulation frequency,
completely analogous to molecular modulation schemes.29-21 In SAFIRe, the optical
depopulation of transient fluorophore dark states with a secondary laser operating at lower
energy than that of the detected fluorescence selectively and dynamically increases
fluorophore emission, without altering the background. Demodulation at the applied
modulation frequency then selectively recovers the weak target fluorescence, independent of
background, by selectively detecting only the signal of interest.

Such selective fluorescence signal recovery using optical modulation has been successfully
demonstrated with Ag nanodots, through optically-induced dark state depopulation.20
Occurring under near-IR illumination, ~10-usec-lived metastable dark states are more
rapidly depopulated than by natural decay, thereby optically enhancing fluorescence at
higher energy than that of the secondary illumination. Recent efforts have extended these
lessons in Ag nanodot modulation to a series of xanthene dyes,2! and most recently by
optically inhibiting FRET between donor and acceptor through acceptor saturation.22 The
modulation frequency is limited by the lifetimes of the states involved, making long-lived
photoswitches3 or chemically induced transitions23 possible alternative schemes for slower
signal recovery applications.

Circumventing the need for a dark state for modulation, all-optical methods of directly
decreasing fluorescence intensity from the emissive level have recently been utilized for
super-resolution imaging,24-32 studying effects of fluorescence quenching on solvent-
sensitive fluorophores,33 and for detecting gain in the depletion laser from weakly emissive
fluorophores.34 Complementary to fluorescence modulation experiments,20-22 secondary
laser induced partial and repetitive optical depletion of the fluorescent state should also lead
to strongly modulated fluorescence.32 Thus, by implementing Stimulated Emission
Depletion (STED) for fluorophore modulation, one should be able to repetitively suppress
fluorescence at any desired modulation frequency. Herein, we demonstrate an all-optical
approach to fluorescence image recovery by modulating the depletion laser intensity at any
arbitrary frequency. By optically depleting the excited singlet population faster than the
radiative rate, fluorescence is directly modulated, thereby enabling recovery of STED-
modulated fluorescence. In this case, signal improvement relies on higher STED efficiency
of the introduced fluorophore relative to background emitters.

ll. Experimental

Alexa 594 hydrazine and crimson beads (Invitrogen) were used as received. Alexa 594
solutions were prepared by dissolution in deionized water (18 MQ) followed by dilution to
experimental concentrations. 200-nm and 20-nm crimson beads were each diluted 10-fold in
an aqueous saturated poly(vinyl alcohol) (PVA) solution, followed by spin coating onto a
coverslip at 1000 rpm. All dual laser experiments were performed on a microscope
(Olympus IX71) using a 60x water immersion objective (Olympus 1.2 NA). All solution
data was taken by focusing 25 microns into solution. Signal was collected in a confocal
arrangement with a 50-um multimode fiber serving as the pinhole and directing the emission
to a photon-counting avalanche photodiode (APD, Perkin Elmer). Intensity trajectories were
recorded using a National Instruments counting board controlled with Labview to time-
stamp individual photon arrival times. All laser excitation was performed with ~6-ps pulses
from a Ti:sapphire laser (745 nm, Coherent Mira 900) and a synchronously pumped optical
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parametric oscillator (OPO, Coherent). The 1070-nm OPO output was doubled in BBO to
provide the primary 535 nm excitation, while the Ti:sapphire output (at 745 nm) provided
the depletion beam. The transverse mode was improved through coupling into a fiber or into
a spatial filter prior to aligning into the microscope.

The two beams were overlapped spatially and temporally in the microscope after combining
on a dichroic mirror. The depletion beam is delayed <100 ps after primary excitation.
Continuous-wave primary (543 nm He-Ne) and modulated secondary (765 nm Ti:sapphire)
laser excitation was also utilized to recover fluorescent images with STED modulation.
Appropriate band pass filters were used to efficiently block both the primary excitation and
the lower energy depletion laser, with an additional short-pass filter being used to fully
block the higher power depletion beam. Mechanical choppers and an electro-optic
modulator (Conoptics) were used to modulate the incident laser beams, with recorded time
traces being oversampled (binned 10-fold faster than the modulation frequency) to show
modulated fluorescence traces. Such square-wave modulation results in the fundamental and
odd harmonics being observed in the frequency spectra. When CCD collection was used,
frame rates were synchronized to the modulation frequency, but were also collected at 10
times higher frequency in an epifluorescence geometry with a larger (defocused) primary
laser excitation area and a smaller, focused depletion laser spot. Images were processed by
Fourier transformation of the time trace of individual pixel intensities to reveal the
frequency components. The corresponding amplitude at the modulation frequency of each
pixel was used to recover the demodulated image.20-22

NIH 3T3 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). Cells were passaged and plated into
35mm glass-bottom dishes. Two days later, cells were fixed, permeabilized, and actin was
labeled with AlexaFluor594-phalloidin (Invitrogen). Briefly, cells were rinsed with
phosphate-buffered saline (PBS) and fixed with 3.7% formaldehyde for 10 minutes at room
temperature. After washing 3 times with PBS, cells were permeabilized with 0.1% Triton
X-100 for 5 minutes at room temperature. Cells were washed again 3 times with PBS. A
dilution of 1:40 was made of the AlexaFluor594-phalloidin methanolic stock to PBS. Cells
were stained with the diluted solution for 20 minutes at room temperature in the dark. Cells
were washed 3 times with PBS to remove excess AlexaFluor594-phalloidin.

[1l. Results and Discussion

Adapting the STED concept, but with two well-overlapped, Gaussian-shaped beams, STED
decreases fluorescence of the entire excited volume due to stimulated emission. As the
secondary laser is of longer wavelength than is the collected fluorescence, the STED
experiment becomes directly analogous to SAFIRe,29-22 ysing the fluorescent level as the
“dark” state analog of previous efforts (Figure 1). Essential for modulation, when the
depletion laser is on, fluorescence is reliably suppressed, but the modulation depth tolerance
enables working with lower intensities than necessary for super-resolution imaging.39
Because the depletion laser decreases fluorescence, its modulation directly modulates the
detected fluorescence, enabling facile demodulation-based image recovery in either confocal
or wide-field imaging. As the timing requirements of STED are dictated by the fluorescence
lifetime, this all-optical approach to SAFIRe further generalizes fluorescence image
modulation, with potential utility in fast confocal sample scanning. Further, dye selection
becomes more straightforward than for either SAFIRe20-21 or Optical Lock-In
Detection(OLID)3 that require either long wavelength dark state transient absorbance or
photoswitching donors in FRET pairs, respectively. For STED, photostability and high
STED efficiency are the primary concerns.
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Commonly used in STED imaging, both Alexa 59422 and crimson fluorescent beads2%: 32
show excellent fluorescence suppression with low background to yield high-resolution
images. The fluorescence of either fluorophore can be suppressed under both continuous
wave (cw)?? and pulsed excitation.32 While the experimental setup using CW lasers is
relatively simple and avoids two-photon excited background, average intensities of the
depletion laser are lower using pulsed lasers to achieve the same modulation depth. Using
Alexa 594, the incident intensity of the depletion laser was about 40% of that used with
crimson beads to reach the same suppression of fluorescence signal. In accord with the ratio
of fluorescence lifetime to interpulse period, ~80 MHz pulsed excitation requires ~3—4-fold
lower intensities than with cw excitation.32

The 200-nm crimson beads spun cast in PVA were used to demonstrate the synchronous
fluorescence image recovery using STED demodulation. The primary laser was a 543 nm
He-Ne laser with 300 uW defocused to an area with diameter of ~8 um, fwhm. The
depletion (secondary) laser was a cw Ti:sapphire (Coherent Mira 900, 765nm, 30 mW). The
secondary laser was chopped at 4Hz, enabling synchronous CCD detection at 40Hz frame
rates. Figure 2A shows a raw epifluorescence image, in which the fluorescent beads were
distributed throughout the excitation region. Each pixel intensity vs. time is Fourier
transformed and the set of pixel amplitudes at 4Hz generate the demodulated image (Fig.
2B). Only the region illuminated by both lasers is recovered in Figure 2B, corresponding to
the much smaller depletion laser-illuminated area (black circle in Fig. 2A). Comparing
Figures 2A and 2B, the recovered image exhibited relatively weak raw fluorescence
intensity. Nearby beads with two- to three-fold stronger intensity are not recovered in the
demodulated image as they are not illuminated by the depletion laser. The time trace at the
center of the recovered image is shown in Figure 2C, with a ~30% modulation depth.

PVA-immobilized crimson beads are useful in demonstrating the image recovery, but not
necessarily relevant to most biological applications. Alexa594, however, is both an excellent
STED fluorophore?? and is commonly used in solution and for cellular labeling.2° Allowing
reduced average laser intensities, STED modulation of Alexa594 in aqueous solution was
performed with spatially and temporally overlapped 80 MHz, ~6ps pulsed primary (700 W/
cm?) and depletion (200 kW/cm?) lasers. For image modulation, the primary laser was
defocused (2 um fwhm). Since only the region in which the depletion laser is tightly focused
yields depleted fluorescence, the out-of-focus fluorescence signals are also rejected, giving
the ability to recover optical sections upon demodulation. The depletion laser was modulated
at 6 Hz and the frame rate of the CCD camera was set to 60 Hz. A series of 3000 frames
were recorded. Figure 3A shows one individual frame of the raw image, which shows the
size of the defocused primary laser. After Fourier transformation of the time traces at each
individual pixel and extracting the amplitude of the 6-Hz component, the demodulated
image shows fluorescence only from the smaller, focused depletion laser-illuminated spot
(Figure 3B).

As the timing requirements of STED are comparable to the fluorescence lifetime, the
depletion laser can in principle be modulated at very high frequencies. To demonstrate this
capability, the depletion laser was chopped at 20 Hz, 200 Hz and 2000 Hz. The fluorescence
signal from Alexa 594 solution was collected with an APD and recorded in Labview.
Binning at rates 10-fold higher than the modulation enables facile demodulation of Alexa
emission (Fig. 4). At 20 Hz, the modulation of fluorescence intensity is clearly observed,
varying between 220,000 to 340,000 counts/s for the depletion laser being on and off,
respectively. Although the high modulation frequencies can be difficult to see in the raw
intensity trajectories due to only moderate count rates, the modulation frequency
components are readily revealed at all three modulation frequencies after Fourier
transformation (Fig. 4D).
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Often problematic for STED-based imaging, the high intensity depletion laser commonly
generates undesired fluorescence via multiphoton excitation.* This two-photon excitation
cannot be descriminated from the STED modulated signal. While the STED process
suppresses the fluorescence, the two-photon excitation increases the total fluorescence
intensity. Thus, in modulated STED, unwanted two-photon excitation of Alexa 594 similarly
decreases the STED modulation depth, canceling out part of the fluorescence suppression by
the depletion laser (Figure 5). The contribution of two-photon excitation does not change
with the intensity of the primary laser. At lower primary excitation intensities, the desired
depleted fluorescence just offsets and cancels out the out-of-phase two-photon excited
fluorescence, causing an initial decrease in demodulated amplitude. Increasing the primary
laser intensity increases the modulation amplitude without increasing background from the
depletion laser alone, thereby enabling the STED component to dominate only at high
primary laser intensities.

As the STED-offsetting two-photon-excited fluorescence cannot be spectrally discriminated
from the depleted emission, this obscures both superresolution and signal recovery schemes.
To minimize such signals in STED microscopy, one often must stretch the depletion laser
pulse width to minimize undesirable two-photon excitation, complicating the experimental
setup. Modulation, however, offers a more straightforward solution. Because the STED-
modulated fluorescence intensity is linearly dependent on both the primary and the depletion
laser intensities, only the STED-modulated fluorescence will be observed at the sum and
difference frequencies. Using the sum or difference frequency components to construct the
fluorescence image, the recovered image can be free from background induced by the
primary or depletion lasers alone. Therefore, whether from background-generating
fluorophores or from the STED dye of interest, two photon-excited fluorescence can be
completely discriminated against through dual modulation.

In this manner, only those signals depending on both laser intensities are recovered, ensuring
that no two-photon-induced fluorescence obscures the signals. Modulation of both primary
(45 Hz, 40 W/cm?) and depletion (~8 Hz, 550 kW/cm?) lasers directly encodes both
modulation frequencies on the collected Alexa 594 fluorescence (Fig. 6A, B). The frequency
components at the sum and difference of the individual laser modulation frequencies contain
only the fluorescence dependent on both beams exciting the sample. Such signal
discrimination directly enables Alexa594 fluorescence recovery in solution (Fig. 7). After
Fourier transform, the frequency components at the sum (Fig. 7B) and difference (not
shown) frequencies reveal that only the focus of the depletion laser was imaged,
demonstrating the capability of fluorescence recovery using dual modulation. Importantly,
in contrast to the depletion-only modulation frequency (Fig. 5 & 6), the dual modulation
frequency components at the sum and difference frequencies (Fig. 6) increase linearly with
primary laser power, thereby discriminating against any depletion laser-induced two-photon
signal or other signal-degrading background.

The intensity required for STED modulation/demodulation is relatively high, making
confocal scanning a more suitable approach for cellular imaging. The capability of image
recovery using modulated STED was demonstrated using Alexa594-labeled phalloidin
within fixed NIH3T3 cells (Fig. 8). While the high primary laser intensity is favorable for
reducing the impact of contrast-degrading two-photon-excitation, the possiblity of causing
fast bleaching during the confocal scanning limits primary laser intensity. Both dual
modulation (as demonstrated above) and appropriate combination of primary and depletion
laser intensities can enhance modulation depth while minimizing both bleaching during
scanning and contrast-degrading two-photon-excitation. The primary and secondary laser
intensities of 40 W/cm?2 and 150 kW/cm?, respectively, were used for the confocal scanning
of the NIH3T3 cells. According to the results in Figure 5A, this combination provides
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reasonable modulation depth and enables facile image recovery at the depletion laser
modulation frequency when using the simpler depletion-only modulation, revealing
positions of actin within the cells. Under these conditions, no significant bleaching was
observed during the cell scanning. A sample scanning arrangement was used to maintain
alignment and overlap of both laser spots during imaging. In each position, a series of
modulated fluorescence signals were collected and demodulated via Fourier transform.
Time-stamped photon arrival times are collected at each pixel, enabling both total counts
and frequency components to be determined at every pixel in the image (Figure 8A).
Comparison of the average and demodulated images shows that the background is reduced
and the resolution in image 8B is also slightly improved, as would be expected from the
linear intensity dependence of the demodulated STED fluorescence on both the primary and
depletion lasers. This two-photon process has a slightly improved resolution over linear
fluorescence microscopy. Although no effort was made to obtain sub-diffraction resolutions,
one would expect the resolution to improve by ~1.4 due to sequential two-laser excitation.
Line profiles (Figure 8C) further demonstrate this modest improvement, even with the large
step size used (200 nm). The clear advantages of background removal and feature
narrowing, however, result from dual laser illumination and image recovery.
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Figure 1.

Schematic of fluorescence modulation with the depletion laser. In the absence of signal-
degrading, depletion laser-induced two-photon excited fluorescence, co-illumination with
the depletion laser (right) suppresses fluorescence relative to no depletion laser co-
illumination (left).
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Figure 2.

The range of the image A and B: 16.7 um x 16.7 um. A. Raw image of an individual frame
of 200-nm crimson beads immobilized in a PVA film imaged with Andor iXon CCD camera
at 40 Hz. The primary laser is a defocused cw 543 nm He-Ne laser (5 kW/cm?2, ~8 um
fwhm). The black circle indicates depletion laser position (765 nm CW Ti-sapphire laser,
1.2 MW/cm?2, modulated at 4 Hz, ~1.6 um fwhm). B. Demodulated image showing the
extraction of the signal from the pixels that are simultaneously exposed to both lasers. C.
Fluorescence trajectory from the central region exposed to both lasers. D. Fourier transform
of the time trace in C. The modulation depth is ~30% as the constant offset on the CCD is
~1000 counts/pixel/frame.
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Modulated Alexa 594 fluorescence in solution. The range of the images: 8 um x 8 um. A.
Raw image of an individual frame of Alexa 594 solution fluorescence with defocused 535
nm pulsed excitation (~700 W/cm?) and tightly focused 745 nm pulsed co-illuminating
depletion laser (200 kW/cm?) modulated at 6 Hz, coupled with synchronous CCD detection
at 60 Hz. B. Demodulated image showing the extraction of the smaller region yielding
signal from the pixels that are simultaneously exposed to both lasers.
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Figure 4.

Fluorescence of Alexa 594 solution collected with an APD in single-photon counting mode
with constant 535 nm pulsed excitation and 745 nm pulsed depletion modulated at (A) 20,
(B) 200 and (C) 2000 Hz. The intensities of the 535 nm and 745 nm pulsed lasers are 105
W/cm? and 150 kW/cm?, respectively. (D) Fourier transform of the emission in (A—C), each
binned an order of magnitude faster than the modulation.
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component initially decreases, then increases as the signal-degrading two-photon excited
fluorescence from the depletion laser is overcome by the STED signal. B. The DC (non-
modulated) total fluorescence signal increases linearly with increasing primary laser
intensity. Fluorescence from both primary and two-photon excited secondary laser excitation
give rise to the signal in B. The STED component in A is seen to be out of phase, and offset
by the degrading two-photon signal, when demodulated.
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Figure 6.

Dual modulation STED. (A) The fluorescence emission of Alexa 594 solution with the
depletion laser at 550 kW/cm? modulated at 8 Hz and with the primary laser at 40 W/cm?
modulated at 45 Hz. (B) The sum and difference frequency side bands from dual modulation
in the Fourier transform of the emission in (A). (C) The frequency components of Alexa 594
solution at the dual modulation difference (37 Hz, triangle) and sum (53Hz, diamond)
frequencies as a function of primary laser power. The primary laser is at 535 nm modulated
at 45 Hz and the depletion laser is at 745 nm modulated at 8 Hz.
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Figure 7.

Raw and demodulated images of Alexa 594 solution with modulation of both primary and
secondary lasers. Primary laser is pulsed and defocused, with wavelength of 535 nm and
power of ~700 W/cm2uW, modulated at 5 Hz. The depletion laser is a tightly focused 745
nm laser with ~ 200 kW/cm? power, modulated at 6 Hz. The range of the images: 8 um x 8
um. A) One of the raw frames of Alexa 594 solution in dual modulation. B) Demodulated
image at 11 Hz.
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Figure 8.
Confocal scanning of NIH 3T3 cells using STED demodulation. A. The primary laser is 40
W/cm? at 535 nm. The depletion laser is 150 kW/cm? at 745 nm. Modulation frequency is

50 Hz. The range of the images: 30 um x 30 um. A. The averaged 3T3 image. B. The
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demodulated 3T3 image. C is the line profile of averaged and demodulated images aty =5

um.
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