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ABSTRACT.

Nonlinear optical effects modify the point spread function (PSF) in laser scanning microscopy and
have been utilized to enhance the spatial resolution in three-dimensions. In this paper, we propose
the use of visible-wavelength two-photon excitation to activate negatively switching reversibly
photo-switchable fluorescent proteins (RSFPs) to introduce nonlinear relationships between the
distribution of excitation light and the fluorescence emission. Single-photon excitation following
the two-photon induced photo-activation provides a PSF corresponding to the cube of the
excitation intensity distribution and achieves imaging properties equivalent to that using third-
order nonlinear optical effects. We experimentally confirmed several species of negatively
switching RSFPs can be activated by two-photon excitation in the wavelength range of 530-560
nm. We applied the cubic PSF imaging to the observation of HeLa cells stained by Skylan-NS to
confirm the improvement of the spatial resolution and the image contrast in confocal scanning

microscopy.
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Introduction

Nonlinear optical effects induced by focused laser light localize within an area smaller than the
focus spot because of the nonlinear relationships between excitation and the optical effects. Laser
scanning microscopy utilizing nonlinear optical effects, such as SHG microscopy!, multiphoton
excitation microscopy?, and coherent Raman microscopy®* can provide a spatial resolution in
three-dimensions and suppress the out-of-focus signal that degrades the image contrast. Therefore,
the nonlinear optical microscopy has been utilized for high-contrast volumetric imaging of cell
and tissue structures in thick specimens. In addition, using a short-wavelength light, the nonlinear
optical microscopy can realize a spatial resolution beyond the diffraction limit of visible light,
which has been demonstrated in biological imaging>”’.

There have been several attempts to create such nonlinear relationships without nonlinear optical
effects, in particular, to improve the spatial resolution of confocal fluorescence microscopy. The
methods are based on the use of fluorescent probes which have two states with different
capabilities of fluorescence emission. Those probes exhibit nonlinear relationships between
excitation and emission intensity via photo-switching between fluorescence-on and -off states by
light absorption. The fluorescence emission of such probes is generated by two-step photon
absorption: the first absorption switches the off state to the on state (activation), and the second
absorption excites probes in the on state, after which they can emit fluorescence. The two
absorptions do not need to overlap in time, therefore, the resulting emission distribution for such
probes is the square of the intensity distribution of the irradiation laser spot when the wavelengths
for activation and excitation are the same, even though the absorption process is linear. Such a
fluorescent probe has been first realized by combining two fluorescent molecules. One of them

acts as a donor and the other as an accepter of Forster resonance energy transfer (FRET)®!!. The
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use of photo-induced charge separation between the two molecules was also proposed!?. Another
type of probe with on- and off- fluorescence states are reversibly photo-switchable fluorescent
proteins (RSFPs). The nonlinear fluorescence response of RSFPs has been utilized in laser
scanning microscopy where it improved spatial resolution'3. Moreover, near-infrared (NIR) two-
photon excitation has been applied to RSFPs, where the distribution of activation efficiency is
quadratically dependent on the intensity distribution of the laser spot. Therefore, the distribution
of the fluorescence emission is proportional to the third power of the intensity distribution of laser
spots. The property of NIR two-photon activation (NIR2PA) has been studied'*'> and also applied
to laser scanning microscopy in order to improve the image contrast and the imaging depth'®!7.
In this paper, we developed a super-resolution imaging technique by showing the possibility of
combining multi-photon activation of negatively switching RSFPs, using visible-wavelength light,
and confocal detection. We refer to this technique as vVMAC (visible-wavelength multi-photon
activation confocal) microscopy. The use of visible-wavelength two-photon excitation’ localizes
the activation of negatively switching RSFPs within a volume smaller than the laser spot. By
detecting the activated RSFPs using one-photon excitation confocal microscopy, we can achieve
super-resolution imaging by evoking the fluorescence emission with a 3rd order nonlinear
dependency on the intensity distribution of irradiation laser spots. We first report and discuss the
photo-activation of RSFPs by using visible-wavelength two-photon excitation and then

demonstrate how it can be applied to super-resolution imaging of biological samples.
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Activating RSFPs by visible-wavelength two-photon excitation

Figure 1 shows a schematic of the principle of the resolution improvement in vMAC microscopy
(Figure 1(a) and (d)) and comparisons with confocal microscopy by NIR2PA and one-photon
excitation (1PE) (Figure 1(b) and 1(e)) and conventional 1PE confocal microscopy (Figure 1(c)
and 1(f)). In vMAC microscopy, RSFPs are set to the off state initially and activated by visible-
wavelength two-photon absorption. Then, RSFPs at the on-state are excited by one-photon
absorption at a visible wavelength. In confocal microscopy, as a result, the fluorescence
distribution is given as the product of the square of the intensity distribution of the activation laser
spot and that of the excitation laser spot, resulting in the highly-localized fluorescence emission in
the laser spot, which is similar to inducing a 3rd order nonlinearity in the excitation-emission
relation.

The effective PSFs were calculated to compare the spatial resolutions between the imaging
modes as shown in Figure 1 (d) — (f). The effective PSF of vMAC microscopy was calculated by
the product of three components: the square of the intensity distribution of the activation laser
focus, the intensity distribution of the excitation laser focus, and the detection PSF convolved with
the sensitivity distribution of the detector. The intensity distributions and the detection PSF were
calculated by using vectorial diffraction theory'8. We assumed circular or random polarization in
the calculation. We described the detail of the calculation including those for other imaging modes
in the supporting information. Figure 1 (d) — (f) indicate that the spatial resolution of vVMAC
microscopy is higher than those of 1PE confocal and NIR2PA with 1PE confocal microscopy,
respectively. Although NIR2PA includes nonlinear excitation (similar to vVMAC microscopy), the

improvement of the spatial resolution is limited due to the long wavelengths used for activation.
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Figure 1. Energy diagrams of reversibly photo-switchable fluorescent protein (RSFP) under (a)
visible-wavelength two-photon activation (v2PA) and one-photon excitation for visible-
wavelength multi-photon activation confocal (VMAC), and (b) NIR two-photon activation
(NIR2PA) and one-photon excitation (1PE). (c¢) An energy diagram of conventional fluorescent
protein under one-photon excitation. (d)-(f) Simulated distribution of activation, fluorescence

emission, and effective PSF of the three types of confocal microscopies, respectively.

To confirm that visible-wavelength two-photon excitation can activate RSFPs, we measured the
relationship between the irradiation intensity of visible-wavelength pulsed light and switching
efficiency. We used a wavelength-tunable pulsed laser beam to investigate the capability of two-
photon activation with different wavelengths. We irradiated four different wavelengths of 530,
540, 550, and 560 nm on four different species of negatively switching RSFPs: rsEGFP2!?, Skylan-
NS?°, Dronpa?!, and rsGamillus-S?? in our experiments. Those RSFPs can be activated by one-

photon absorption of UV or violet light, such as 405 nm laser.
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We estimated the switching efficiency from fluorescence intensity measured by a confocal
microscope with 488 nm laser for excitation. The confocal microscope was also equipped with an
optical parametric oscillator (OPO) pumped by a NIR femtosecond pulsed laser as a light source
for visible-wavelength activation. The two laser beams are focused at the same position and
temporally modulated to realize the fluorescence measurement after activation of RSFPs with
different intensities of the pulsed light. In our measurement, we used fixed HeLa cells expressing
the RSFPs in their actin filament, where activated RSFPs can then remain at the same locations
during irradiation and detection. Initially, the RSFPs in the sample were set to the off state by
widefield illumination using blue light with a wavelength range of 460-495 nm because the RSFPs
spontaneously and gradually switch to the on state?*?*. To avoid repeating measurements at the
same position, we measured fluorescence intensities at positions separated by at least 1 Airy Unit
of the 488 nm laser focus. Since the cell samples are not homogeneous, the fluorescence signal
reflects not only the amount of photo-activation by pulsed laser but also the distribution of RSFPs.
In order to obtain the distribution of probe concentration and to calculate the switching efficiency,
we measured the fluorescence intensities of the same points after activating by widefield
irradiation of UV light with a range of 330-385 nm. In addition, we also estimated the fluorescence
intensity from RSFPs at the off state. Since the RSFPs at the off state still emit weak fluorescence,
the fluorescence signal obtained by the 488 nm laser after activation also contains the signal from
off-state RSFPs. We measured the fluorescence intensity of the off-state RSFPs following light
irradiation using blue light, then subtracted that from the signal after activation to compensate for
the effect of the off-state RSFPs when estimating the switching efficiency. Please see the

supporting information for the details of this procedure.
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Figure 2 shows the optical setup for the measurement of switching efficiency. We used an OPO
(Inspire HF100, Spectra-Physics) pumped by a NIR femtosecond pulsed laser (Mai-Tai, Spectra-
Physics) to activate the fluorescent proteins. The pulse width and repetition rate of the resultant
visible pulsed laser are 200 fs and 80 MHz, respectively. An acousto-optic modulator (AOM,
AOM-402AF1, IntraAction) was used to temporally modulate the pulsed laser light. For the 1PE
light source, we used a continuous wave (CW) laser with a wavelength of 488 nm (LuxXpulse
488-200, Omicron) which can be electrically modulated. After being expanded and collimated by
the beam expanders, the laser beams were focused at the same position on the sample by a silicone-
oil immersion objective lens (UPlanSApo, x60 NA 1.30, Olympus). Laser spots were scanned on
samples by a single-axis galvanometric mirror (M2ST, GSI Lumonics) in the x direction and a
three-axis piezo stage (P-561.3CD, Physik Instrumente) in the y and z directions, respectively. The
piezo stage was placed on a sample stage of an inverted microscope (IX-71, Olympus), equipped
with a mercury lamp, a blue excitation filter set (U-MNIB3, Olympus), and a UV excitation filter
set (U-MWU?2, Olympus) for widefield illumination. The fluorescence signal from samples was
collected by the same objective lens and focused on a pinhole placed in front of a photomultiplier
tube (PMT, H7422-40, Hamamatsu) for fluorescence detection. The fluorescence signal was
separated from the irradiation light by the combination of a short-pass filter (FF01-533/SP-25,
Semrock), a notch filter (NF03-488E-25, Semrock), a long-pass filter (FEL0500, Thorlabs), and a

short-pass filter (FF01-546/SP, Semrock).
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Figure 2. Optical setup. OPO, AOM, SP, LP, PMT, and AU represents Optical Parametric
Oscillator, acousto-optic modulator, short-pass filter, long-pass filter, photo-multiplier tube, and

Airy Unit, respectively.

Figure 3 shows the switching efficiency under irradiation of visible-wavelength pulsed laser
light for activation of the four different RSFPs, which were measured as the fluorescence signal
obtained at different activation intensities. The intensities of the widefield illuminations were set
at 1.2 W/cm? and 9.2 W/cm? for UV and blue, respectively. The exposure time of the widefield
illuminations was set at 5 s and 30 s for UV and blue, respectively. The intensities of the lasers
were set in a range of 0.1-10 MW/cm? for the pulsed laser, and at 1.32 kW/cm? for the 488 nm

laser, respectively. The exposure time of the lasers at each pixel was set to 0.5 ms for each.
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We investigated the capability of two-photon activation by the pulsed laser with wavelengths of
530, 540, 550, and 560 nm. As shown in Figure 3, the switching efficiency of the four RSFPs was
found to exhibit a second-order nonlinear response to the activation intensity of the pulsed laser,
depending on the wavelength. This result indicates that the activation is induced by two-photon
excitation of these RSFPs. In some results, the slope of the curve is smaller than 2 at low and high
activation intensities, which is due to the small amount of activated protein and saturation of
activation, respectively. In the measurement using Skylan-NS, Dronpa, and rsGamillus-S, we
found that pulsed laser irradiation at shorter wavelengths (e.g. 530 or 540) did not increase the
fluorescence signal by the following 488 nm excitation, which is presumably due to
photobleaching by 1PE of visible pulsed laser light, as discussed later. The results also show that
the shortest wavelength of the pulsed laser which enables to obtain 2nd order nonlinearity of the
switching efficiency against puled laser intensity is different for each RSFP.

In order to compare the v2PA with NIR2PA, the response of the switching efficiency of the
RSFPs was measured using an 800 nm pulsed laser for the activation. 800 nm pulsed laser was
directly introduced into the microscope optics without going through the OPO. In this experiment,
the pulse width and the repetition rate of the pulsed laser are 100 fs and 80 MHz, respectively. The
switching efficiency of rsEGFP2, Skylan-NS, and Dronpa showed quadratic responses to the
irradiation intensity even at 800 nm. The switching efficiency of NIR2PA at the same activation
intensity was slightly higher than that of v2PA, which could be attributed to the larger activation

volume compared to v2PA.

10
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Figure 3. Switching efficiency of rsEGFP2, Skylan-NS, Dronpa, and rsGamillus-S with the pulsed

laser at wavelengths of 530, 540, 550, 560, and 800 nm, respectively. At certain wavelengths for

each RSFPs, we did not see the fluorescence signal contributed by activation from the pulsed laser

irradiation. The efficiency response curves of rsGamillus-S with 530 nm and 540 nm pulsed

irradiation could not be plotted in log-log scale because many negative values are obtained,

presumably due to photo-bleaching by one-photon excitation by the pulsed laser made the intensity

lower than the “off” 488 nm image.
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Demonstration of super-resolution imaging by vMAC microscopy

To evaluate the capability of visible-wavelength multi-photon activation for super-resolution
imaging, we observed cell samples by vMAC microscopy. The optical setup of vVMAC microscopy
was the same as that for measuring the switching efficiency and is shown in Figure 2. We adopted
Skylan-NS as the fluorescent probe for the imaging as it provided the most fluorescence signal out
of the four RSFPs that we measured. The activation wavelength of 560 nm was adopted since the
range of switching efficiency where 2nd order nonlinearity appeared was larger than that of 550
nm activation.

Figure 4 shows the imaging procedure in VMAC microscopy. At each pixel of an image, the
sample is irradiated by the 488 nm CW laser light for 8 ms to deactivate Skylan-NS in the focus
spot (i.e. ensure the sample is in the off-state). After an interval of 0.05 ms for avoiding a temporal
overlap of deactivation and activation, the 560 nm pulsed laser was illuminated for 2 ms for
activation. Then, the 488 nm CW laser light was irradiated for 2 ms to excite fluorescence after an
interval of 0.05 ms. This activation-excitation cycle was repeated three times in order to obtain
enough signal for imaging.

In our experiment, the intensities of 560 nm pulsed and 488 nm CW light were 1 MW/cm? and
13 kW/cm?, respectively. The intensity of the pulsed laser was set to a value high enough to induce
two-photon activation but not saturate. The intensity of the 488 nm laser was set to an intensity at
which Skylan-NS did not show obvious photobleaching after imaging. An exposure time of 8 ms
was required to switch most Skylan-NS in a single spot to the off state by 488 nm laser light. The
fluorescence signal measured while irradiating 488 nm light for 2 ms was used to construct the
images. As mentioned above, the fluorescence signal includes signals from both on- and off-state

RSFPs, which contribute to 3rd order nonlinear and linear fluorescence imaging, respectively. To

12
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extract the 3rd order nonlinear image, we obtained a linear fluorescence signal at the irradiation of
488 nm light. Then the linear signal was subtracted from the fluorescence signal after activation
by 560 nm to reconstruct super-resolved fluorescence images.

The x-y and x-z images of the cells obtained in both vMAC and linear confocal modes are shown
in Figure 5(a), (b), (f), and (g). Figure 5(c) and (d) show the line profiles of the image of thin
structures. In Figure 5(a) and (f), we applied a green color scale to the negative values to show the
effect of over subtraction. The values are within the noise level and were seen in a small number
of pixels, showing the subtraction process did not produce significant artifacts. The FWHM of the
result of Gaussian fitting was about 136 nm and 226 nm. In theory, FWHMs of the simulated
image of an actin filament (Figure S5 in the supporting information) in the x-y direction were 135
nm and 210 nm for vMAC and linear confocal microscopy, respectively, which are similar to the
results in the experiments. Figure 5(e) shows the comparison of the line profiles of the image of
two filaments within a distance of about 200 nm, which is in between the theoretical resolution of
the vVMAC and conventional confocal microscopy. The fiber-like structures were resolved in
vMAC microscopy but not in linear confocal microscopy as expected from the theoretical
investigation. The resolution improvement was also clearly seen in the z direction. Figure 5(h)
shows the line profile of the image of a thin filament structure for z-direction by vMAC microscopy,
and Figure 5(1) shows the comparison of the line profile of the same position in the image obtained
by conventional confocal microscopy. The FWHM of the line profile in vMAC microscopy was
about 325 nm, which is similar to the theoretical resolution of 314 nm estimated from the simulated
image of VMAC microscopy shown in Figure S5 in the supporting information. The line profiles
also revealed the high image contrast for the reduced background signal in vMAC microscopy,

compared with conventional confocal microscopy.

13
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drawn in the images. The line profiles in (c), (d), and (h) were taken across thin structures in the
image to estimate the practical measured FWHM. The line profiles are normalized by their
respective maximum values. The line profiles in (e) and (1) were taken at the same positions of the
image (a)(b) and (f)(g), respectively. Pixel size was 39 nm, 39 nm, and 58 nm in x, y, and z

direction, respectively.

Conclusion and Discussion

In this research, we demonstrated the activation of negatively switching RSFPs using visible-
wavelength two-photon excitation. The switching efficiency of Skylan-NS, Dronpa, rsEGFP2, and
rsGamillus-S under pulsed excitation at 560 nm was proportional to the square of the activation
intensity, which indicated that the activation of RSFPs occurred by the two-photon process. The
intracellular imaging by vMAC microscopy showed the improvement of spatial resolution in 3D,
which confirmed the capability of vMAC microscopy for super-resolution imaging.

The switching efficiencies of the RSFPs by v2PA are dependent on the wavelength of the
activation light. Irradiation of pulsed light with a relatively shorter wavelength did not increase
fluorescence under excitation by 488 nm light. However, even in such cases, we found that
photobleaching occurred under high-intensity irradiation of activation light. This would be caused
by one-photon absorption of the pulsed laser after two-photon activation. Since those activation
wavelengths are close to the bandgap of activated RSFPs, the strong pulsed laser light would be
absorbed and rapidly bleached the RSFPs. In addition, the absorption spectra of the four RSFPs
(Figure S6) support the above discussion. In the measurement of RSFPs with a longer peak
wavelength of the absorption spectra, photobleaching occurred at the longer wavelength.

Compared to NIR2PA, the switching efficiency in v2PA can be estimated to be smaller because

of the following reasons. The wavelength for v2PA is close to the absorption wavelength of the
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RSFPs in the on-state, resulting in deactivation by one-photon absorption immediately after
activation and less fluorescence emission in confocal imaging using 488 nm. NIR2PA can also
deactivate the RSFPs, however, the efficiency can be smaller since it is induced by two-photon
absorption. The other reason is the difference in the activation volume as mentioned in the above
section. We calculated the amount of fluorescence emission using two-photon activation at
wavelengths of 530 nm, 560 nm, and 800 nm under confocal imaging using 488 nm for excitation.
To estimate the signal amount, we firstly calculated the intensity distribution of fluorescence
emission as shown in the middle column of Figure 1 (d), (e), and (f) with assuming a uniformly
distributed sample was activated. After normalizing by their respective peak intensity, we
accumulated the intensity over the calculated area. The signal amount using 800 nm activation was
1.79 and 1.98 times larger than 530 and 560 nm, respectively. Even if the difference in effective
focal volume is taken into account, the required activation intensity in v2PA is comparable with
NIR2PA. Considering that shorter wavelength two-photon excitation generally induces more

photobleaching?*-2¢

, V2PA is considered to be more damaging than NIR2PA.

Since the resolution improvement in our technique only relies on the nonlinearity of the
fluorescence emission against the intensity distribution of the laser spots, the required
configuration of the optics is simple. The observation does not suffer from out of focus signal, and
therefore the resultant image exhibits a high image contrast similar to two-photon excitation
microscopy. Therefore, our technique is suitable for three-dimensional imaging of a relatively
thick specimen with high spatial resolution, which can be an advantage compared to other super-

resolution imaging techniques. Moreover, since only simple image processing is required to

improve the spatial resolution, real-time super-resolution imaging is available. However, although

17
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vMAC microscopy is a nonlinear imaging technique, it is not suitable for imaging deep parts of
tissue samples because of the use of visible laser light for fluorescence activation and excitation.

Three-photon excitation (3PE) also shows fluorescence intensity proportional to the cube of the
excitation intensity. 3PE uses long wavelengths around 900, 1300, or 1700 nm wavelength
according to the color of the fluorescent probes®’. Although the longer excitation wavelength in
2PE enables the observation of deep parts of a specimen, the spatial resolution is lower. 3PE using
a relatively shorter wavelength, such as 900 nm, can only reach a resolution similar to one-photon
excitation using visible wavelength?®. In vMAC microscopy, the sequential excitation of two-
photon activation and one-photon excitation offers the 3™ order imaging property with an
irradiation laser power similar to NIR two-photon excitation, which is typically smaller than
intensities required for 3PE. However, vMAC imaging requires a longer imaging time than 3PE
imaging due to the sequential excitation. In the current implementation, live cell imaging by
vMAC microscopy is limited by sample motion. Although our observation of actin filaments
showed no significant motion artifacts, observations of fast-moving samples by VMAC
microscopy may suffer from motion artifacts.

The use of v2PA might cause significant phototoxicity since it utilizes absorption in the DUV
region. However, in our experiment, we found that the photobleaching during 488 nm exposure
was dominant and required to set the measurement condition not to bleach the RSFPs. In order to
avoid the photobleaching by 488 nm, it was required to use a low excitation intensity with a long
exposure time, which made the imaging speed of vVMAC microscopy slow. The development of
RSFPs which shows tolerance to photo-bleaching will be required to shorten the exposure for
switching off. To improve the temporal resolution, parallelization via multifocus scanning

techniques?® ¢ is available.

18
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A higher-order nonlinear image can be achieved by the use of saturation in visible multiphoton
activation. Since saturated two-photon excitation inherently has 4th order nonlinearity®°, the
combination of saturation of visible-wavelength multiphoton activation and one-photon excitation
offers a higher-order nonlinearity in the illumination-signal relation that can further improve the

spatial resolution in 3D.
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The calculation of effective PSFs, the estimation of switching efficiency, the procedure of the
switching efficiency measurements, the simulation of the image of actin filaments, and the
absorption spectra of the reversibly photo-switchable fluorescent proteins (RSFPs) that were
used in the switching efficiency measurements are included in the Supporting Information.
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A brief synopsis:

Visible-wavelength two-photon excitation has been utilized for photoactivation of reversibly
photo-switchable fluorescent proteins. Combined with successive one-photon excitation and
confocal detection, super-resolution fluorescence imaging of living cells was achieved by

nonlinear point-spread function engineering.
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