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Super-resolution vibrational imaging based on

photoswitchable Raman probe
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Super-resolution vibrational microscopy is promising to increase the degree of multiplexing of nanometer-scale
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biological imaging because of the narrower spectral linewidth of molecular vibration compared to fluorescence.
However, current techniques of super-resolution vibrational microscopy suffer from various limitations includ-
ing the need for cell fixation, high power loading, or complicated detection schemes. Here, we present reversible
saturable optical Raman transitions (RESORT) microscopy, which overcomes these limitations by using photo-
switchable stimulated Raman scattering (SRS). We first describe a bright photoswitchable Raman probe
(DAE620) and validate its signal activation and depletion characteristics when exposed to low-power (microwatt
level) continuous-wave laser light. By harnessing the SRS signal depletion of DAE620 through a donut-shaped
beam, we demonstrate super-resolution vibrational imaging of mammalian cells with excellent chemical spe-
cificity and spatial resolution beyond the optical diffraction limit. Our results indicate RESORT microscopy to be
an effective tool with high potential for multiplexed super-resolution imaging of live cells.

INTRODUCTION
Far-field super-resolution fluorescence microscopy has enabled the
visualization of intracellular structures in biological systems with
nanometer-scale resolution, overcoming the diffraction limit of
light microscopy (1, 2). Furthermore, techniques of multicolor
super-resolution fluorescence imaging have been developed (3, 4),
although it is difficult to greatly increase the number of resolvable
colors because of the large bandwidth of the fluorescence signals
(5). In contrast, Raman scattering, which probes molecular vibra-
tional states, can generate sharp spectral signatures with about 50
times narrower linewidth than that of fluorescence (6—8). Hence,
extending Raman microscopy beyond the diffraction limit seems
a promising approach to increase the degree of multiplexing for
far-field super-resolution light microscopy.

Among recent advances in coherent anti-Stokes Raman scatter-
ing (CARS) microscopy and stimulated Raman scattering (SRS) mi-
croscopy (9-12), several works of high-resolution or super-
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resolution vibrational imaging have been reported, although these
still have various limitations (13-24). The method of generating a
smaller diffraction-limited point spread function (PSF) by shorten-
ing the wavelength of SRS light from the near-infrared region to the
visible region (13) is associated with cytotoxicity. Moreover, the
combination of expansion microscopy with SRS detection (14-16)
is not compatible with biological imaging of live samples. In regard
to methods based on high-order nonlinearity of Raman scattering
processes (17-23), extremely high instantaneous light power is re-
quired, which can cause severe photodamage. In addition, when a
shorter pulse time duration is exploited to provide higher instanta-
neous power, the broader spectral bandwidth derived from the
Fourier transform limit decreases the spectral resolution of vibra-
tional imaging. In regard to the method using the combination of
stimulated Raman excited fluorescence (SREF) and stimulated
emission depletion (STED) (24), a frequency-modulated scheme
of SREF excitation and detection is needed to obtain sufficient
signal depletion, and this increases the complexity of the system.
In addition, efficient SREF excitation requires critical matching
between the CARS wavelength of the two-color pulse laser system
and the absorption wavelength of the probe molecule, which in-
creases the difficulty of molecular design of the probes.

Here, we propose reversible saturable optical Raman transitions
(RESORT) microscopy as optical far-field super-resolution Raman
microscopy that can realize vibrational imaging beyond the optical
diffraction limit with low-intensity photoswitching lasers and a rel-
atively simple system configuration. We chose SRS as the basic
Raman imaging technology as it can provide high vibrational con-
trast of intracellular structures without a nonresonant background
(9-12). Then, we developed a bright diarylethene (DAE)-based
Raman probe named DAE620, the SRS signal of which in the fin-
gerprint region can be activated or depleted sufficiently and directly
by additional low-power continuous-wave (CW) laser light. The
photoswitchable Raman response of DAE620 shows high fatigue
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resistance and a fast photoswitching speed. On the basis of the ef-
fective SRS signal depletion of DAE620 by a donut-shaped beam, we
show that RESORT microscopy of HeLa cells provides vibrational
biological contrasts with excellent chemical specificity and high
spatial resolution beyond the optical diffraction limit. We believe
that RESORT microscopy promises to be a useful supplementary
tool for achieving highly multiplexed super-resolution imaging of
biological systems, especially living cells.

RESULTS

RESORT microscopy based on photoswitchable SRS

Among the methods of far-field super-resolution fluorescence mi-
croscopy (I, 2), the direct regulation of PSF is most compatible with
SRS imaging, considering the sensitivity and nonlinear excitation of
SRS. Distinct from STED microscopy, reversible saturable optical
fluorescence transitions (RESOLFT) microscopy based on photo-
switchable fluorescence probes enables PSF modification under
low power (25). Recently, photoswitchable SRS spectroscopy and
microscopy (26-28) have been demonstrated by exploiting photo-
chromic molecules that can be photoswitched between two distinct
isomers by applying ultraviolet (UV) or visible light, turning the
Raman signal on or off. Inspired by RESOLFT microscopy, we
propose the concept of RESORT microscopy, in which an addition-
al CW laser light including a donut-shaped beam is introduced to
regulate the SRS detection of a photoswitchable Raman
probe (Fig. 1).

Specifically, picosecond narrowband pump and Stokes pulses of
SRS are provided using a Ti:sapphire laser (Coherent, Mira 900D)
and a homebuilt ytterbium-doped fiber laser system, respectively,
for the SRS signal readout. A UV laser and a visible laser provide
CW light at 375 and 640 nm, respectively, for the signal on/off
control of the photoswitchable Raman probe. In particular, the
640-nm visible CW light is reflected using a spatial light modulator
(SLM) at a small incidence angle to introduce phase modulation. A
half-wave plate (HWP) and a polarizer are used to make the polar-
ization of 640-nm light linear and the angle of polarization matched
with the axis of SLM, guaranteeing the sufficient phase modulation
depth by SLM. Then, all laser beams are combined using dichroic

mirrors and led to a point-by-point scanning microscope composed
of broadband achromatic optical elements and water immersion ob-
jective lenses [Olympus, numerical aperture (NA) = 1.2]. After
passing through the sample, the pump pulses are filtered out
from the transmitted light and detected to generate SRS signals.

For RESORT imaging, azimuthal 2 phase modulation by SLM
is applied to generate a donut-shaped focal spot of 640-nm CW
light at the sample plane. The smaller beam size of UV CW light
compared to the size of the entrance pupil of the focusing objective
is used to make the focal spot size of UV light comparable with the
size of the PSF of normal SRS. After the competition of signal acti-
vation by UV light and signal depletion by visible light, only the
photoswitchable molecules at the very center of the donut-shaped
beam focus can maintain the on state of the Raman signal and be
detected by SRS. As a result, the PSF of RESORT imaging can have a
narrower full width at half maximum (FWHM) than that of normal
SRS imaging, enabling super-resolution vibrational imaging beyond
the optical diffraction limit.

Photophysical and SRS properties of existing
photoswitchable dyes

Next, we set out to develop a photoswitchable Raman probe suitable
for RESORT microscopy based on the DAE scaffold (29), a repre-
sentative photochromic dye, as it has recently been reported that
some DAE derivatives show changes in their SRS spectra upon pho-
toirradiation (26, 27). For this purpose, we started by examining the
effect of absorption wavelength on the SRS intensity of the closed
form by comparing commercially available DAE derivatives, 1,2-
dicyano-1,2-bis(2,4,5-trimethyl-3-thienyl)ethene (CMTE) and
1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-
cyclopentene (DMPT-PFCP), whose closed forms have maximum
absorption wavelengths at 531 and 579 nm, respectively (fig. S1, A
and B). These DAEs exhibit photoswitching between the open form
with UV absorption and the closed form with visible absorption,
accompanied with distinct changes in the SRS spectra (fig. S1C).
According to the results of molecular orbital calculation, the SRS
peaks of CMTE at 1496 cm™' and DMPT-PECP at 1493 cm™"
were assigned to stretching across the thiophene and indole rings
(fig. S2 and movies S1 and S2). The SRS signal intensity ratio
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640 nm 375 nm
cw CwW

HWP = I - I
I
J
I
Polarizer

DM DM

2Dscan L2

‘ Signal activation
F1 .

UV-CW .

F2
‘ Vis-CW o Signal depletion O
o8 ' ==
Sample oA 45;3050%@ Vis [ UV
o=
cocoocoo
‘ Pump @
- / } Signal readout
L1 Stokes

Fig. 1. RESORT microscopy for super-resolution vibrational imaging. CW, continuous-wave laser; HWP, half-wave plate; SLM, spatial light modulator; DM, dichroic
mirror; YDFL, ytterbium-doped fiber laser system; L, lens; OB, objective; F, filter; PD, photodiode; UV, ultraviolet; Vis, visible.
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between the open and closed forms at the abovementioned wave
numbers was only four- to fivefold for either CMTE or DMPT-
PFCP. The signal intensity of DMPT-PFCP with absorption at a
longer wavelength was higher than that of CMTE; this can be pre-
sumably explained by the electronic pre-resonance (epr) effect (fig.
S1D) (6). As a higher signal-to-noise ratio (SNR) is crucial for
RESORT microscopy to achieve a high spatial resolution and fast
image acquisition, we next set out to develop a photoswitchable
Raman probe with a higher SRS signal intensity by extending the
absorption wavelength.

Design of bright photoswitchable Raman probe for
RESORT imaging

Considering the near-infrared pump light used in our SRS system
(30, 31), we speculated that it would be possible to obtain a suffi-
ciently strong SRS signal enhancement due to the epr effect when
the molecular absorption of the closed form resides in the red
region. Among the previously reported DAE derivatives, we
focused on asymmetric DAEs consisting of a thiophene ring at
one side and an indole ring at the other side as a candidate scaffold
with molecular absorption in the red region and superior fatigue
resistance performance (fig. S3) (29). By modifying a reported
asymmetric DAE so that the closed form does not show absorption
over 840 nm, which would lead to undesirable one-photon absorp-
tion by the SRS light, we synthesized an asymmetric DAE designat-
ed as DAE620 (Fig. 2A). The open form of DAE620 exhibits
absorption in the UV region with a maximum wavelength at 354
nm. Upon UV light irradiation, the open form switches to the pho-
tostationary state (PSS) in which it mainly existed as a closed form
(89% from the peak absorbance) with the appearance of red absorp-
tion with a maximum wavelength at 623 nm (Fig. 2B).

Next, we measured the SRS spectrum of DAE620 (Fig. 2C).
Under 375-nm CW light irradiation, the closed form of DAE620
exhibits two strong peaks at 1503 and 1557 cm™", two medium
peaks at 1470 and 1580 cm™', and a small peak at 1630 cm™" in
the fingerprint region. On the basis of molecular orbital calcula-
tions, the two representative peaks at 1503 and 1557 cm™" were as-
signed to stretching of the thiophene ring and stretching across the
thiophene and indole rings, respectively (fig. S2 and movies S3 and
S4). The linewidth of the sharp Raman peak at 1503 cm™" is evalu-
ated as about 15 cm ™', showing high chemical specificity, which is
beneficial for multiplexing. Under 640-nm CW light irradiation, the
DAE620 molecules all switch to open form and the five Raman
peaks mentioned above disappear. The SRS signal intensity at
1503 cm™" exhibits more than 25-fold change upon photoswitch-
ing, demonstrating that sufficient control of the Raman signal is
achieved by the additional CW light. The relative Raman intensity
versus 5-ethynyl-2'-deoxyuridine (EdU) (RIE) value (32) of the
closed form of DAE620 was calculated to be 9.78, which is higher
than those of CMTE (RIE: 1.43) and DMPT-PFCP (RIE: 2.95) (fig.
S1D and table S1). RIE was calculated from Raman signal intensities
and concentrations of the sample and EAU. The higher SRS signal
intensity of DAE620 is considered to be a consequence of the epr
effect due to the longer absorption wavelength. This point is sup-
ported by the fact that shorter pump wavelength leads to stronger
DAEG620 signal (fig. S4). We also examined the SRS spectrum of
DAE620 in the silent region, as it has a nitrile group in its structure
(fig. S5). As expected, the closed form of DAE620 exhibits a single
sharp peak at 2217 cm ™", but with lower signal intensity than that at
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1503 cm™" in the fingerprint region. When comparing the SRS
signal intensity between the open and closed forms, the signal acti-
vation upon photoswitching was limited to threefold probably
owing to the limited electronic-vibrational coupling strength of
the C=N triple bond. Moreover, either the closed or the open
form of DAE exhibits a vibration-independent spectral background
in the silent region, which could be problematic for potential mul-
tiplexing. Thus, we focused on the peak at 1503 cm ™' of DAE620 as
the target peak for the following experiments, considering the signal
intensity of two isomers and the spectral background at the Raman
off-resonance frequency.

Photoswitching kinetics of DAE620 under SRS microscopy
To verify the compatibility of DAE620 with RESORT imaging, we
first confirmed the photoswitching fatigue resistance of DAE620 in
solution (Fig. 2D and fig. S6). Both the SRS signal intensity and the
absorbance of two isomers were preserved over multiple cycles. We
also confirmed similar fatigue resistance of DAE620 in spin-coated
electron beam (EB) resist ZEP520A (fig. S7; see Methods). Further-
more, we measured the photoswitching speed of DAE620 (Fig. 2E;
see Methods). DAE620 molecules were first placed in a PSS by ap-
plying 375- or 640-nm CW light and then were photoswitched by
immediately switching the condition of light irradiation. The time
constant (1) of photoswitching by 30 pW 375-nm CW light was
evaluated as T = 515 ns and that by 47 yW 640-nm CW light was
evaluated as T = 437 ns. Such fast photoswitching (t < 1 us) under
low-power CW light irradiation is highly compatible with a point-
scan microscope. Although we observed that two-photon absorp-
tion by pump and Stokes pulses also caused photoconversion
from the closed form to the open form with disappearance of the
SRS signal, as previously reported (27), the time constant of photo-
switching in the absence of CW light was evaluated as T = 1762 ns
(Fig. 2E), indicating that the photoswitching by one-photon absorp-
tion is dominant even when the CW light power is very low.
Considering that the competition between signal activation by
UV light and signal depletion by visible light is directly related to
the signal output in RESORT imaging, we measure the SRS
spectra of DAE620 when 375- and 640-nm CW lights were simul-
taneously applied. When the 375-nm CW light power was set cons-
tant as 30 uW, the peak intensity at 1503 cm™" was gradually
depleted by applying higher-power 640-nm CW light (Fig. 2, F
and G). Meanwhile, no additional spectral background appeared
in the fingerprint region. The normalized SRS signal intensity
reached 0.44 when 30 pyW 375-nm and 94 pW 640-nm CW lights
were applied. Eventually, when 752 pW 640-nm light was applied,
the normalized SRS signal intensity reached an almost saturated
value of 0.11, a little higher than that with only 640-nm CW light.
These results demonstrate that sufficient Raman signal depletion
can be directly realized through photoswitching under microwatt-
level CW power, without the need for high instantaneous light
power or a complicated frequency-modulated detection scheme.

RESORT imaging with DAE620 in cells

To confirm whether the photoswitching properties of DAE620 are
preserved in cells, we performed SRS imaging of HeLa cells stained
with DAE620 (Fig. 3A). The spectral characterization of the stained
cells shows results similar to those of the in vitro measurement (fig.
S8), despite some additional spectral background derived from
cross-phase modulation (XPM) and intrinsic Raman signals of
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Fig. 2. In vitro photoswitching properties of DAE620. (A) Structures of the open and closed forms of DAE620. (B) Absorption spectra of open form, closed form, and
PSS of 32 uM DAE620 in dimethyl sulfoxide (DMSO). (C) SRS spectra of 6.5 mM DAE620 in DMSO under different conditions of CW light irradiation. Note that the residual
spectral background at the low wave number side derives from the solvent, DMSO. (D) Evaluation of photoswitching fatigue of the SRS signal of 6.5 mM DAE620 in DMSO.
(E) Evaluation of photoswitching speed of 6.5 mM DAE620 in DMSO. (F) SRS spectra of 6.5 mM DAE620 in DMSO under irradiation with 30 uW 375-nm CW light and
different powers of 640-nm CW light. (G) Normalized SRS intensity at 1503 cm™" extracted from (F). a.u., arbitrary units.

cells in the fingerprint region. When applying 375-nm light, we ob-
served SRS signal activation at the Raman on-resonance wave
number (1503 cm™"), but not at the Raman off-resonance wave
number (1523 cm™"). In contrast, when 640-nm CW light was
applied, the SRS signal was switched off. These photoswitching
cycles were repeatable. These results suggested that the photo-
switching properties and chemical specificity of DAE620 are well
preserved even in the intracellular environment. Furthermore, we
confirmed ex vivo applicability of DAE620 by applying it to Droso-
phila fat body tissue. We observed that DAE620 tends to localize to
lipid droplets in the fat body tissue. Again, the SRS signal of
DAEG620 was successfully photoswitched by alternately applying
375- and 640-nm CW light (fig. S9). These results indicate the po-
tential utility of DAE620 for RESORT imaging of live tissues.

Shou et al., Sci. Adv. 9, eade9118 (2023) 16 June 2023

Next, to demonstrate the effectiveness of RESORT microscopy,
we observed fixed HeLa cells stained with DAE620, which showed
small aggregates inside the cells. In the case of normal SRS imaging
where only 375-nm CW light is applied in addition to pump and
Stokes light, the FWHM of a small aggregate was 532 nm
(Fig. 3B). Considering the diffraction-limited resolution of 342
nm when using 888-nm pump light, we can calculate the object
FWHM as approximately 408 nm. In contrast, when an additional
donut-shaped beam of 640-nm CW light was applied for signal de-
pletion, the FWHM of the same region by RESORT imaging was
435 nm. By means of deconvolution calculation, we can evaluate
the spatial resolution of RESORT microscopy as approximately
151 nm (see Methods), indicating twofold improvement of spatial
resolution beyond the optical diffraction limit. In another field of
view (FOV), we find three aggregates distributed very closely (fig.
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Fig. 3. Cellular imaging of HelLa cells stained with DAE620. (A) Photoswitchable SRS imaging of fixed Hela cells stained with DAE620. (B) Normal SRS imaging and
RESORT imaging of fixed HeLa cells. Insets show a magnified view of the area indicated by green boxes. (C) Cross section along yellow dashed lines in (B). Scale bars, 10 um
(A), 5 um (B), and 1 pm [insets of (B)]. Pump: 39 mW, Stokes: 52 mW, 375CW: 14 uW, 640CW: 92 pW, pixel dwell time: 227 ps [(B) and (C)].

S$10). By exploiting RESORT imaging, each of them is observed with
sharper edges, and they can be distinguished from each other more
clearly thanks to the improved PSF.

RESORT imaging with DAE620 in spin-coated EB resist

To further validate the resolution enhancement by RESORT, we
prepared a synthetic sample using EB resist ZEP520A doped with
DAE620 and conducted RESORT imaging of the edge of the
resist pattern by changing the power of visible light (fig. S11A).
The intensity profiles indicate that spatial resolution improves as
the visible light power increases (fig. S11B). The FWHM and inten-
sity of PSF derived by fitting the intensity profiles with the error
function (fig. S11, C and D) suggest that the spatial resolution can
be enhanced to ~100-nm range by increasing the power of the
donut beam.

RESORT imaging of mitochondria in cells by DAE620-Mito

To showcase the ability of RESORT to observe important subcellu-
lar organelles (33, 34), we focused on mitochondria as a target struc-
ture and introduced triphenylphosphonium (Mito-tag) into
DAEG620 via a butyl linker to prepare DAE620-Mito (Fig. 4A).
Despite the slightly longer maximum absorption wavelength of
the closed form of DAE620-Mito (644 nm) than that of DAE620
(623 nm) because of N-alkylation of DAE620, the SRS measure-
ment of DAE620-Mito shows good consistency with the results

Shou et al., Sci. Adv. 9, eade9118 (2023) 16 June 2023

obtained using DAE620 both in vitro and in cellulo (figs. S12 and
S$13). Furthermore, we confirmed that the SRS signal of DAE620-
Mito colocalized well with the fluorescence signal of MitoTracker
Green, verifying the mitochondrial targeting of DAE620-
Mito (Fig. 4B).

Then, we performed RESORT imaging of fixed HeLa cells
stained with DAE620-Mito (Fig. 4, C to F). With normal SRS
imaging, the two ends of a folded mitochondrion appear fused
(Fig. 4, C and E, position 1). In contrast, with the improved
spatial resolution of RESORT imaging, the two ends are seen to
be separated, providing a more accurate characterization of the or-
ganelle organization. In another position in the same FOV, normal
SRS imaging under the diffraction limit gives a flat-topped mito-
chondrial profile without detailed textures (Fig. 4, C and F, position
2). In contrast, RESORT imaging breaks the diffraction limit and
shows detailed contrast with a lower signal intensity. Moreover, fea-
tures of holes (indicated by the black arrows in the magnified view
of position 2) can be observed by RESORT imaging. However, such
features are difficult to be characterized clearly by normal SRS mi-
croscopy. These results show that super-resolution vibrational
imaging by RESORT can reveal rich nanoscale information
beyond the diffraction limit in biological samples. As a control,
when imaging at a Raman off-resonance wave number by tuning
the Stokes wavelength to only 2 nm (corresponding to 20 cm™" of
wave number tuning), no clear contrast was observed because of
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chemical specificity of vibrational imaging (Fig. 4D), except slight
background presumably because of XPM. The results suggest that
super-resolution vibrational imaging by RESORT microscopy pre-
serves the advantage of the narrow linewidth of Raman signatures,
which will be helpful for achieving a high degree of multiplexing.

Encouraged by these results, we further tried live-cell RESORT
imaging (Fig. 4, G to I). In normal SRS imaging, two mitochondria
look connected (Fig. 4, G and I). In contrast, RESORT imaging
clearly revealed a gap between these mitochondria, suggesting
that the improvement of spatial resolution by RESORT is main-
tained in live-cell imaging. Similar to the case in imaging of fixed
cells, no clear contrast can be distinguished at a Raman off-reso-
nance wave number (Fig. 4H), again supporting the chemical spe-
cificity. RESORT imaging, which uses low-power CW light, should
be beneficial in reducing potential damage due to phototoxicity
during super-resolution vibrational imaging of live cells.

DISCUSSION

Inspired by the RESOLFT method, we propose RESORT microsco-
py as super-resolution Raman microscopy, which modifies the PSF
of SRS based on photoswitchable Raman probes. We synthesized a
bright photoswitchable Raman probe DAE620, whose Raman
signal can be controlled sufficiently and directly by introducing
an additional microwatt-level CW laser light. Furthermore, by tar-
geting DAE620 to mitochondria and harnessing the photoswitch-
ing-based signal activation/depletion, we succeeded in the super-
resolution vibrational imaging of mitochondria in HeLa cells by
RESORT microscopy with high chemical specificity and a spatial
resolution twofold beyond the diffraction limit.

Compared to the combination of expansion microscopy with
SRS detection (14-16), RESORT does not require cell fixation and
processing and, thus, is compatible with live-cell imaging. Com-
pared to some super-resolution methods based on high-order non-
linearity of Raman scattering processes (17-23), which enable label-
free super-resolution imaging, RESORT imaging relies on the label-
ing of photoswitchable probes, which permit the observation of spe-
cific subcellular targets. Advantageously, signal depletion based on
photoswitchable probes in RESORT can be achieved with a low-
power CW light at microwatt level, which reduces the potential pho-
totoxicity and thus should be more compatible with live cells. As for
the method combining SREF and STED (24), which has greater de-
tection sensitivity than our RESORT, the signal depletion of SREF
requires a complicated frequency-modulated detection scheme. In
contrast, RESORT can achieve sufficient signal depletion directly
with the general SRS system configuration. In addition, the photo-
switching can occur as long as the CW laser lines match the absorp-
tion spectrum of the photoswitchable molecules and does not
require critical wavelength matching, which is necessary for SREF
excitation. The spatial resolution of RESORT is limited by the SNR
of the SRS signal. As the PSF gets smaller, the volume of the SRS
signal decreases, leading to a lower SNR.

Because the linewidth of Raman scattering is generally about 50
times narrower than that of fluorescence excitation and emission,
RESORT microscopy offers high chemical specificity with the po-
tential for highly multiplexed super-resolution imaging. Compared
to the reported photoswitchable Raman probes based on DAEs (26,
27), DAE620 shows a much lower residual signal of the open form,
which would again be beneficial for potential multiplexed RESORT
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imaging, considering that not all molecules are converted to the
closed form upon UV light irradiation (Fig. 2B). To achieve multi-
plexed super-resolution vibrational imaging, we need to expand the
availability of photoswitchable Raman probes that show SRS signal
activation/depletion at different wave numbers. Although the pho-
toswitching response of the nitrile triple bond of DAE620 in the
silent region is limited, we should be able to expand the pallet in
the silent region if we can optimize the electronic-vibrational cou-
pling strength of the nitrile bond by appropriate chemical modifi-
cation. Alternatively, it remains possible to achieve multiplexing in
the fingerprint region (6) by exploiting and optimizing other kinds
of photoswitchable molecules with different scaffold structures.
With such strategies to expand the range of photoswitchable vibra-
tional palettes, we anticipate that RESORT microscopy will open up
a wide variety of applications, including super-multiplex biologi-
cal imaging.

METHODS
SRS microscope
A Ti:sapphire laser (Coherent, Mira900D) provides picosecond nar-
rowband pump pulses at a repetition rate of 76 MHz. The central
wavelength of the pump pulses is fixed at 790 nm for imaging in
the C—H stretching region (2800 to 3100 cm™"), at 843.26 nm for
imaging in the silent region (2000 to 2300 cm™"), or at 888.2 nm for
imaging in the fingerprint region (1400 to 1700 cm™"). The Stokes
pulses for SRS imaging are provided by a laser system working at a
repetition rate of 38 MHz. Specifically, a homebuilt polarization-
maintaining ytterbium-doped fiber laser (PM-YDFL) followed by
spectral broadening fiber optics generates broadband seed pulses.
These broadband pulses are introduced into a tunable optical
band-pass filter. After tunable spectral filtering, the narrowband
pulses are further amplified by a two-stage polarization-maintain-
ing ytterbium-doped fiber amplifier (PM-YDFA). As a result, the
central wavelength of the YDFA output can be tuned from 1014
to 1046 nm, corresponding to a wave number range of 300 cm ™.
Fractions of pump light and Stokes light are extracted and launched
to a two-photon absorption photodiode, the signal of which is input
to a feedback circuit to control the cavity of YDFL, so that the pump
laser and the Stokes laser can be subharmonically synchronized
(31). The pump light and Stokes light are spatially combined
using a dichroic mirror, temporally aligned by adjusting the time
delay line, and finally led to an x-y scanner. Two types of x-y scan-
ners are used by switching the optical path with flipping mirrors.
One, consisting of a resonant galvanometric scanner and an ordi-
nary galvanometric scanner, is used to provide two-dimensional
scanning with a fixed pixel dwell time of 71 ns (30, 31). The
other, consisting of two ordinary galvanometric scanners, is used
to provide two-dimensional scanning with an adjustable and rela-
tively longer pixel dwell time. The plane of the scanners is imaged
onto the pupil of a water immersion objective lens (Olympus; 60x,
NA = 1.2). The light is focused on the specimen and the transmitted
light is collected by another objective lens (Olympus; 60x, NA =
1.2). The pump light is filtered out from the transmitted light and
detected using a Si photodiode, the output of which is further de-
modulated by a lock-in amplifier at 38 MHz to generate the
SRS signal.

We evaluated the spatial resolution of normal SRS imaging by
imaging 300-nm-diameter polystyrene beads at a wave number of
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3050 cm ™" (fig. S14). The FWHM of the contrast of a single bead is
378 nm. Through the calculation of deconvolution based on the
Gaussian assumption described below, we can evaluate the spatial
resolution of normal SRS imaging as approximately 347 nm, close
to theoretical diffraction-limited resolution of 319 nm.

Fluorescence microscope

A 488-nm CW laser is used as the light source for fluorescence ex-
citation. A point-scanning microscope including an x-y scanner and
a water immersion objective lens (Olympus; 60x, NA = 1.2) is used
to image the sample. The epifluorescence is spatially filtered by a
confocal pinhole and spectrally filtered to remove laser light.
Then the fluorescence is introduced into a tunable optical band-
pass filter and finally detected by a photomultiplier to generate
the fluorescence signal (8).

Characterization of photoswitching speed

SRS imaging of a solution containing DAE molecules was conduct-
ed at a frame rate of 30 frames/s while irradiating the sample with
pump and Stokes pulses and CW beams, and then the average of all
the pixels of one frame was calculated. Considering the pixel dwell
time of 71 ns (by neglecting the spatial overlap between neighboring
pixels and inconstant motion of the resonant scanner), we assumed
that one frame corresponds to 71 ns.

Calculation of spatial resolution
The theoretical spatial resolution of normal SRS imaging can be cal-
culated by applying the following equation

1

Na )2 Na )2
(o.smp) +(0.61}\5)

where NA is the numerical aperture of the objective, A, is the wave-
length of pump light, As is the wavelength of Stokes light, and Rggs is
the theoretical spatial resolution of normal SRS imaging. On the
basis of the assumption of a Gaussian profile, the FWHM of the
real object R,p,; can be calculated according to the following equa-
tion

Reps =

Robj =V Rnc2 - RSRS2

where R, is the FWHM of the contrast imaged by normal SRS mi-
croscopy and Rggs is the spatial resolution of normal SRS imaging.
On the basis of the assumption of a Gaussian profile, the spatial res-
olution of RESORT imaging can be calculated by means of the fol-
lowing equation

_ 2 2
Rgesort = 1/ Ric” — Robj

where R, is the FWHM of the contrast imaged by RESORT micros-
copy and Rggsorrt is the spatial resolution of RESORT imaging.

Preparation of synthetic sample of DAE620 in EB resist

To prepare synthetic samples, a cover slip was first baked at 110°C
for 5 min to remove moisture. The surface was made hydrophobic
by spin-coating hexamethyldisilazane and baking. A mixture of EB
resist ZEP520A (ZEON) and 100 mM DAEG620 in anisole (9:1) was
spin-coated on the cover slip at 3000 rpm and baked at 180°C for 5
min. Then, conductive Espacer 300Z (Resonac) was spin-coated and
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baked at 110°C for 10 min to prevent charging. EB irradiation was
performed using EB writer F5112 + VD01 (Advantest) at a dose of
104 pC/cm?® (26 pC/cm? for four times) to draw rectangular patterns
with 20 pm in width and 500 pm in length. After the irradiation, the
Espacer was removed by immersing the sample in deionized water.
The patterns were developed by immersing it in ZED-N50 (ZEON)
for 4 min, followed by rinsing twice in methyl isobutyl ketone for 30
s each. The sample was enclosed in water using another cover slip
with a 120-um-thick spacer. The nonpatterned area was used for
sample evaluation, and the boundary of the EB pattern was used
for evaluating RESORT imaging. The thickness of the resist was es-
timated to be 350 nm by observing the spin-coated resist on a Si
substrate using scanning electron microscopy.

RESORT imaging of synthetic sample

To evaluate the spatial resolution, RESORT imaging of the synthetic
sample was performed at 1503 cm™" (on-resonance) and 1523 cm™"
(off-resonance), and their difference was obtained to subtract the
XPM background. The image was slightly rotated to align the
angle of the measured pattern, and its intensity profile was calculat-
ed by averaging line profiles. To determine the resolution and signal
intensity, the intensity profile was fitted using the error function
based on the assumption of a Gaussian PSF.

Cell preparation for imaging

HeLa cells provided from RIKEN BRC were used for analysis. The
cells were cultured on glass coverslips in a four-well plate containing
Dulbecco's modified Eagle's medium (Invitrogen, 12320032) sup-
plemented with 10% fetal bovine serum (GE Healthcare Bioscienc-
es, SH30079.03). All cell cultures were maintained under a
humidified environment at 37°C and 5% CO,.

Photoswitchable SRS imaging of fixed HelLa cells stained

with DAE620

The cells were stained with 39 uM DAE620 for 3 hours in the culture
medium. Then, the cells were fixed in fixation buffer (BioLegend,
420801) for 10 min. Last, the glass coverslip was washed with phos-
phate-buffered saline (PBS) and assembled into a chamber using an
imaging spacer filled with PBS for imaging.

Photoswitchable SRS imaging of fixed HeLa cells stained with
DAE620-Mito

The cells were stained with 29 uM DAE620-Mito for 4 hours in the
culture medium. Then, the cells were fixed in fixation buffer for 10
min. Last, the glass coverslip was washed with PBS and assembled
into a chamber using an imaging spacer filled with PBS for imaging.
RESORT imaging of fixed HelLa cells stained with DAE620

The cells were stained with 39 uM DAE620 for 3 hours in the culture
medium. Then, the cells were fixed in fixation buffer for 10 min.
Last, the glass coverslip was washed with PBS and assembled into
a chamber using an imaging spacer filled with PBS for imaging.
RESORT imaging of fixed HeLa cells stained with
DAE620-Mito

The cells were stained with 15 uM DAE620-Mito for 3 hours in the
culture medium. Then, the cells were fixed in fixation buffer for 10
min. Last, the glass coverslip was washed with PBS and assembled
into a chamber using an imaging spacer filled with PBS for imaging.
RESORT imaging of live Hela cells stained with DAE620-Mito
The cells were stained with 15 pM DAE620-Mito for 4 hours in the
culture medium. Then, the glass coverslip was washed with PBS and
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assembled into a chamber using an imaging spacer filled with PBS
for imaging.

Colocalization imaging of live Hela cells stained with
DAE620-Mito and MitoTracker Green

The cells were stained with 15 uM DAE620-Mito for 4 hours and
100 nM MitoTracker Green (Invitrogen, M7514) for 30 min in
the culture medium. Then, the glass coverslip was washed with
PBS and assembled into a chamber using an imaging spacer filled
with PBS for imaging.

Tissue preparation

Drosophila melanogaster Canton-S$ fruit flies were maintained on a
standard yeast-based diet containing 4% yeast (Asahi), 6% glucose
(Nisshoku), 4.5% corn flour (Nippon), and 0.8% agar with preser-
vatives [0.4% propionic acid (Wako, 163-04726) and 0.03% butyl p-
hydroxybenzoate (Wako, 028-03685)]. Fat bodies were dissected
from third-instar larvae, mounted on a 35-mm glass-bottomed
dish, and cultured in S2 medium containing 195 pM DAE620 for
3.5 hours. Then, the fat bodies were assembled into a chamber
using an imaging spacer filled with PBS for imaging.
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