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ABSTRACT: Light sheet fluorescence microscopy enables high
resolution imaging of thick biological samples. By restricting the
fluorescence excitation to a single plane, rapid wide-field image
acquisition is possible with minimal sample exposure. Although
light sheet microscopy is able to resolve sub-cellular features at
depth in model organisms, elevated levels of endogenous auto-
fluorescence often preclude acceptable contrast and may obscure
features of interest in general samples. Here we demonstrate how
photoswitchable fluorophores can be exploited to boost contrast in
light sheet microscopy. The novel detection method enables high
specificity while maintaining the optical sectioning capability of
the light sheet microscope. Our experiments reveal structures
hidden well below the ambient fluorescent background level by
enhancing the contrast by two orders of magnitude.

KEYWORDS: light sheet microscopy, photo-switching, optical
lock-in detection, auto-fluorescence, intensity evolution

Even if the light sheet microscope’s history can be traced
back to the beginning of the previous century?, its adapta-
tion for fluorescence imaging?*, and consequent rapid
evolution is relatively recent>®3, Light sheet fluorescence
microscopy has found wide-spread use in developmental
biology by virtue of its ability to image thick three-
dimensional specimens with high resolution and minimal
sample irradiation. The associated low likelihood of photo-
toxicity and premature photo-bleaching enables time-lapse
studies over prolonged periods of time. Yet, as with other
forms of fluorescence microscopy, elevated levels of en-
dogenous auto-fluorescence often hamper contrast and may
even prevent the identification of structures of interest.
Hyper-spectral image acquisition followed by computa-
tional separation may be used when the emission spectra of
the auto-fluorescence are sufficiently different from those
of interest#%, However powerful, such methods cannot
distinguish spectra that are too similar. Here we demon-
strate that, with minimal modifications, a light sheet micro-
scope can be made robust to elevated levels of background
fluorescence by relying on the switching dynamics of pho-
toswitchable dyes. This enables us to distinguish fluoro-
phores with identical spectra, including those caused by
activation laser excitation.

Unlike regular fluorophores, photoswitchable dyes can be
reversibly cycled between fluorescent and dark states by

illumination with activation light, typically using short
wavelengths in the violet or ultra-violet bands'6-8. This
unique characteristic is best known for its use in super-
resolution imaging, including in the context of light sheet
fluorescence microscopy®®2L, Perhaps less well known is
that the properties of such dyes can also be leveraged to
improve image contrast. Modulating the state of the pho-
toswitchable dye at a given frequency and evaluating its
emission against an internal reference or model makes it
possible to distinguish it from non-switching dyes??2°, The
optical lock-in detection (OLID) method has been used for
example to highlight neurons in a live Xenopus embryo
against the auto-fluorescence background of its muscle
cells®. Although the sensitivity of this technique is shown
to be excellent for wide-field microscopy, we found that
applying the same principles to light sheet microscopy
leads to sub-optimal contrast due to the loss of its optical
sectioning capability. In this manuscript we propose an
alternative, yet straightforward, detection scheme that
maintains the optical sectioning capability while dramati-
cally enhancing contrast in light sheet microscopy.

Modulation of photoswitchable fluorophores is achieved
with a fluorescence excitation laser (dotted blue line, Fig.
1a) that continuously irradiates the sample plane, and an
activation laser that periodically switches the fluorophores
on (violet line in Fig. 1a). A digitally-scanned light sheet
microscope®, is adapted to acquire a short frame sequence
with co-aligned activation and excitation lasers followed by
a short sequence with only the excitation laser. The fluo-
rescence emitted by the photoswitchable dye is proportion-
al to the density of the fluorophores in the activated state
(green curve in Fig. 1a). During the first phase, the activa-
tion phase, the fraction of activated fluorophores converges
exponentially towards a steady state, after which in a sec-
ond phase the fluorophores are deactivated by the excita-
tion laser. Although in principle a few cycles are sufficient
for our purpose, this process is reversible and, if needed,
can be repeated for hundreds of cycles®.

The OLID method correlates the fluorescence intensity
sequence recorded at each pixel with that of a small refer-
ence area that is known to contain only photoswitchable
dye. The cross-correlation values can be expected to be
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zero for pixels that correspond to a sample region free of
photoswitching dye, while the values approach 1 for the
case that only photoswitchable dye is present. The OLID
image is represented by the positive per-pixel cross-
correlation values.

By normalizing both the reference and the sequence for
each pixel, even a very weak signal can be amplified and
detected while largely removing the impact of variable or
inhomogeneous illumination. Although this method has
been demonstrated to significantly enhance contrast in a
wide-field microscope set-up, it should be noted that selec-
tive, and thus inhomogeneous, illumination is the primary
advantage of the light sheet microscope. Furthermore, the
availability of a reliable reference in the sample volume
complicates its practical use in light sheet microscopy.

The homogenization of the illumination is avoided by
methods such as quantitative optical lock-in detection
(qOLID)#®, and Synchronously Amplified Fluorescence
Image Recovery (SAFIRe)?4?8, The former models the
fluorescence emission as a combination of exponential
transitions and determines the concentrations based on its
variance and covariance. Instead, SAFIRe determines the
amplitude of the harmonic component at the switching
frequency. This has the advantage that it does not require
the estimation of any model parameters and is thus truly
reference free. Both methods effectively remove the influ-
ence of relatively constant autofluorescence emission;
however, neither model accounts for autofluorescence
excited by the periodically switching activation laser. Such
emission would result in a periodic square-wave modula-
tion as seen in Figure 1c, which would be confused with
photoswitching (Fig. 1b). In general, a measurement will be
an a priori unknown combination of switching and non-
switching signals.
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Figure 1. Imaging principle and effect of the activation light
sheet on different emitters. (a) Illumination sequences of the
imaging process. The excitation intensity is constant as indicated
by the dotted blue line. The solid violet line indicates the activa-
tion laser intensity, which is switched on in the first phase and
switched off during the second phase of each cycle. The thick
green line indicates the fluorescence emission, proportional to the
number of activated fluorophores. The intensities are scaled inde-
pendently for clarity. (b-c) Simulated fluorescence emission from
two different points in the same sample. (b) Fluorescence emis-
sion of photoswitchable fluorophore against a non-switching
background. (c) In general, the intensity measured in absence of
photoswitching may exhibit a square wave modulation due to
autofluorescence excited by the activation laser.

Due to the relatively low, sample friendly, powers typically
used in light sheet microscopy, the reversible transitions
between the on and off state do not saturate exponentially.
Instead of correlating each sequence with a model or refer-
ence signal, we introduce an alternative algorithm that
tracks the fluorescence signal evolution within the activa-
tion phase and the deactivation phase separately. The emis-
sion from photoswitchable dyes should increase during the
activation phase, and decrease again during the deactiva-
tion phase after switching off the activation laser. Con-
versely, non-switching (auto)-fluorescence or scattered
laser light would result in a nearly constant intensity meas-
urement within each phase. A gradual long-term variation
can still be expected due to e.g. photo-bleaching. We there-
fore determine what we refer to as the Intensity Evolution
as the difference of the slope of the per-pixel intensity in
the activation phase and that in the deactivation phase (see
Supplementary Information S1, Fig. S1). Although the
mean intensity in both phases may be different due to auto-
fluorescence or laser scattering, the slope should tend to
zero, and hence also the Intensity Evolution. On the other
hand, photoswitching manifests itself as a positive intensity
slope during the activation phase and a negative slope dur-
ing the deactivation phase, thus combining to a large Inten-
sity Evolution value.

In what follows we demonstrate how the Intensity Evolu-
tion successfully achieves high contrast imaging in the
presence of elevated levels of fluorescent background. To
that end we constructed a digitally scanned light sheet
microscope with photoswitching capability. The proposed
method is shown to be highly specific and robust to modu-
lations of the auto-fluorescence. Finally, we discuss how
the novel algorithm maintains the optical sectioning capa-
bility, a central pillar of light sheet microscopy.

RESULTS AND DISCUSSION

We evaluate the performance of the Intensity Evolution
method and compare it to conventional light sheet micros-
copy, OLID, and SAFIRe. Figure 2 shows images of a
sample containing both non-switching and reversibly pho-
toswitching fluorescent microspheres immobilized in aga-
rose. The latter are prepared by coating functionalized
micro-spheres with the photoswitchable fluorescent protein
rsEGFP as detailed in the Supplementary Information S3.3.
This protein can be reversibly activated using low power
irradiation at a wavelength of 405 nm, while fluorescence
excitation with a wavelength of 491 nm causes deactivation
at a relatively slow rate®.

A time sequence of 10 cycles was recorded for a selected
plane in the sample, and evaluated using three different
contrast enhancement methods. Figure 2a shows the time-
averaged intensity per pixel as would be obtained by a
conventional light sheet microscope. Figure 2b shows the
same data after OLID. It can be noted that, while the non-
switching microsphere on the right hand side is well sup-
pressed, the four photo-switchable microspheres become
prominent. At the same time, as an indication of its sensi-
tivity to weak signals, an out-of-focus structure clouds the
bottom left of the image. Figure 2c shows the less noisy
image obtained by the SAFIRe method. Although this
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method suppresses the background and results in high con-
trast, the non-switching microsphere indicated by the white
arrow is incorrectly recognized as photoswitching. This can
be explained by a relatively weak fluorescence excitation
of the non-switching microspheres by the activation laser,
which produces a square wave modulation that is mistaken
for photoswitching. Figure 2d demonstrates how the Inten-
sity Evolution combines contrast enhancement with speci-
ficity towards the photoswitching response of rsSEGFP. The
four photoswitching microspheres appear bright, while the
signal of the non-switching sphere is well suppressed.

Figure 2. Comparison of different modulation contrast en-
hancement algorithms with microspheres (z 1 pm), either
conventional fluorescent or coated with the reversibly pho-
toswitching rsEGFP. (a) The time-averaged intensity image as for
a conventional light sheet microscope. All but one emitter shows
photoswitching behavior except for the right-most microsphere
indicated by an arrow. (b) Optical lock-in detection (OLID) im-
age. (c) Fourier component amplitude (SAFIRe), (d) Intensity
Evolution. For clarity, all images are scaled to the maximum
intensity value.

Figure 3 shows an optical section of a sample containing
HaCaT (aneuploid immortal keratinocyte) cells expressing
EGFP, and E. coli bacteria expressing the photoswitchable
rsEGFP. As the fluorescence spectra are practically identi-
cal, a conventional light sheet image cannot distinguish
between the emission of both green fluorophores (Fig. 3a).
However, the Intensity Evolution, determined from the
same data, correctly highlights only the bacteria in the
sample. Figure 3b shows a superposition of the Intensity
Evolution on the conventional image in magenta as a refer-
ence. It now becomes clear that the point-like emitter near
the top right of the cell membrane is indeed a bacterium
expressing the photoswitchable fluorophore. A diagonal
cross section of the intensity evolution image shows that
the non-switching fluorescence of the cell is effectively
blocked, while a high contrast peak is visible at the position
of the bacterium (Fig. 3c, thin green line), highlighting the
specificity of the method.

We demonstrate the robustness of the method for the case
of a dominant fluorescent background that drowns out the
fluorescence of the photoswitchable dye of interest. Figure
4 compares the results for a sample of microspheres coated
with photoswitchable rsEGFP that are suspended in agarose
gel with the very high concentration of 2 uM of Alexa488
to simulate an extreme auto-fluorescence background.
Figure 4a shows a slice of the suspension as seen by a con-
ventional light sheet microscope. Without deeper analysis,
the nearly uniform high intensity hides any evidence of
embedded microspheres. However, as seen in Figure 4c,
the per-phase Intensity Evolution of 20 cycles reveals the
presence of microspheres labeled with rsEGFP.
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Figure 3. Optical section of an HaCaT (aneuploid immortal
keratinocyte) cell expressing regular EGFP and an E. coli
bacterium expressing rsEGFP. (a) A conventional time-
averaged image. (b) The Intensity Evolution super-imposed on the
conventional image in magenta. Although both the bacterium and
keratinocyte emit fluorescence with a nearly identical green spec-
trum, the Intensity Evolution highlights the bacterium. (c) A cross
section of the conventional image (thick magenta line) and the
intensity evolution image (thin green line), diagonally through the
cell and bacterium from the yellow until the red marker overlaid
in panel (a) and (b). Both are normalized to their maximum value.

Closer inspection of that data of Figure 4a shows that the
intensity at the position of the top left microsphere is oscil-
latory and actually 0.03 times lower than that of the sur-
rounding areas. In contrast, the intensity at the micro-
spheres is 14 times larger than the background in the Inten-
sity Evolution shown in Figure 4c, a more than 400-fold
improvement.
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Figure 4. Microspheres labeled with the reversibly switchable
protein rsEGFP suspended in 0.5% agarose gel with a high
concentration (2 pM) of Alexa488 dye. (a) The conventional
light sheet image calculated as a per-pixel time-integration. The
image is almost uniform due to the high concentration of
Alexad88 dye. (b) The average intensity in a 3x3-pixel area is
plotted as a function of time. This signal corresponds to the posi-
tion indicated by the blue cross-hair in (a); however, the conven-
tional image has insufficient contrast (-3%) to discern it clearly.
(c) The Intensity Evolution, revealing the photoswitchable micro-
spheres.

We investigate the optical sectioning capability of the In-
tensity Evolution. To that end we recorded a stack of image
sequences at different depths, z, in the sample. Figure 5a-c
show axial sections of a point-like photoswitchable emitter,
for conventional light sheet microscopy (a), and processed
by the optical lock-in (b), and Intensity Evolution (c), re-
spectively.
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Figure 5. A volume acquired around a photoswitchable emit-
ter. An axial section is shown without processing (a), and after
processing using OLID (b), and with the Intensity Evolution (c).
(d) The intensity along a z-axis of the conventional light sheet
image (dotted black), the optical lock-in light sheet image (dashed
red), as well as the average of a 3x3 pixel area around the z-axis
(thick solid red), and the Intensity Evolution (solid green). For
clarity, all plots and images are normalized to the maximum
intensity.

To facilitate comparison, cross sections at x=y=0 are plot-
ted in Figure 5d. It can be seen that the conventional light
sheet provides good sectioning with a full-width-at-half-
maximum (FWHM) of 2.8 um however, the intensity does
not reach near-zero values because the light sheet is con-
siderably larger than the depth-of-focus to accommodate a
large field-of-view. It is clear from Figure 5b that the high
sensitivity of the optical lock-in correlation has the side
effect of introducing noise in dark out-of-focus areas of the
sample. Also a severe reduction in the optical sectioning
capability of the light sheet microscope as can be seen in
Figure 5d (dashed red), where the FWHM of the optical
lock-in cross section is 5.5 um, twice that of the conven-
tional light sheet cross section. While the selective illumi-
nation of the lightsheet is concentrated near the focal plane,
some residual light may reach molecules on both sides of
the focal plane. The normalization in the Pearson's product
of the optical lock-in algorithm effectively compensates for
the reduced excitation in those out-of-focus areas of the
sample, thereby reducing the spatial selectivity of the light
sheet microscope. The compensation also increases the
noise level at planes where the emitter is not in focus; how-
ever, that has no appreciable effect on the section width as
can be seen by reducing the noise influence by averaging
over a 3x3 pixel area around the axis (Fig. 5d, solid red).
The signal obtained using the Intensity Evolution is de-
pendent on both the activation and the excitation intensity
at a given location in the sample. The combined effect can
be noticed as the marked contrast improvement seen in

Figure 5c and Figure 5d (solid green). The Intensity Evolu-
tion confines the photoswitching to a region near the origin
with a FWHM of 2.1 um, about 25% less than that of the
conventional light sheet image.

In conclusion, photoswitchable fluorophores can signifi-
cantly enhance light sheet microscopy contrast in the pres-
ence of a strong background, crucially, while maintaining
the optical sectioning capability. This novel method was
able to increase the contrast by a factor of 400 in the pres-
ence of high levels of background fluorescence, and has the
potential to reveal biological features in highly autofluores-
cent samples. Moreover, it has now become possible to
distinguish photoswitchable fluorophores from fluoro-
phores with practically identical spectra. This enables co-
localization studies without the need to switch filters or
excitation laser wavelength.

ASSOCIATED CONTENT

Supporting Information

A description of the optical set up, image calculation, and sample
preparation can be found in the Supporting Information below.
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ABSTRACT

Light sheet fluorescence microscopy enables high resolution imaging of thick biological samples. By restricting the fluorescence
excitation to a single plane, rapid wide-field image acquisition is possible with minimal sample exposure. Although light
sheet microscopy is able to resolve sub-cellular features at depth in model organisms, elevated levels of endogenous auto-
fluorescence often preclude acceptable contrast and may obscure features of interest in general samples. Here we demonstrate
how photoswitchable fluorophores can be exploited to boost contrast in light sheet microscopy. The novel detection method
enables high specificity while maintaining the optical sectioning capability of the light sheet microscope. Our experiments reveal
structures hidden well below the ambient fluorescent background level by enhancing the contrast by two orders of magnitude.

S1 Intensity Evolution image calculation

The Intensity Evolution is calculated on a per pixel basis as 17
the difference between the slopes in the activation phases and
those in deactivation phases (see Fig. S1). The slopes within
each phase are determined independently from a linear root-
mean-square minimizing fit of the measured intensity time 0 : : : : :
series. 0 5 10 15 20 25
a t [a.u.]

\//

10 15 20 25
t[a.u.]

| [a.u.]

Y

The Intensity Evolution algorithm is relatively straightfor-
ward to implement. The following listing gives an example
implementation in GNU Octave of both the optical lock-in
detection method, calcOLID, and the Intensity Evolution
method, calcIntEv. It starts with an example demonstrat-
ing the algorithm implementation and displays the output
images next to the conventional light sheet image. Both the
activation and the deactivation phase are maintained for 5 b
frames and 10 cycles with a photo-switching point-emitter at

| [a.u.]

the center of a two-dimensional region of interest.

function supplementaryCode ()
% Obtain the data
[rawData, reference, nbOnFrames, nbOffFrames]=getData() ;

% Process using different methods

conventionalImg = calcConventional (rawData);

0lidImg = calcOLID (rawData, reference);

ieImg = calcIntEv(rawData, nbOnFrames, nbOffFrames);

% Display

figure;

colormap (hot) ;

ax(l) = subplot(2,3,1);

imagesc (conventionallImg); title('Conventional');
axis equal tight off;

ax(2) = subplot(2,3,2);

imagesc(olidImg); title('OLID");

axis equal tight off;

ax(3) = subplot(2,3,3);

Figure S1| Intensity evolution comparison of
conventional fluorescence emission and that of
photoswitchable molecules against an auto-fluorescent
background. Five acquisitions are shown during the
activation phase (405 nm laser on) and the deactivation phase
(405 nm laser off) for three cycles. The per-phase linear fits
are shown in blue for the activation phases and in green for
the deactivation phases. Disregarding photo-bleaching, the
excitation of auto-fluorescence does not change at the
constant irradiation during the activation or deactivation
phases (a). However, the fluorescence emission of
photoswitchable fluorophores does show clear upward and
downward trends within the respective phases (b).
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imagesc (ieImg); title('Intensity Evolution');
axis equal tight off;

subplot (2,3, [4:6]);

plot ([reference(:), ...

squeeze (rawData (1+floor (end/2),1+floor (end/2),:))1);

xlabel ('frame number');
ylabel ('I [a.u.]");
legend ({'OLID reference', 'actual emission'});

linkaxes (ax) ;

Returns the Conventional image

Inputs:
rawData: the same set of frames used for the OLID
and Intensity Evolution calculations.

function conventionallImg = calcConventional (rawData)

% Calculate the mean of all frames
conventionalImg = mean (rawData, 3);

end

o0 0P

o 0P
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o

Returns the OLID image

Inputs:
rawData: a set of frames
reference: vector with per frame intensity of
a reference photo-switcher

function olidImg = calcOLID (rawData, reference)

o° o o° o o

\© o

s

inputSize = size(rawData);
outputSize = inputSize(1l:2);
nbFrames = inputSize(3);

% Calculate the mean and std outside the loop
refMean = mean (reference);

refsStd = std(reference);

dataMean = mean (rawData, 3);

datasStd = std(rawData,1,3);

% Calculate the cross-correlation

% page 2, doi: 10.1073/pnas.0808882105

0lidImg = zeros (outputSize);
for framelIdx = l:nbFrames,
integrand = (reference (frameldx)-refMean) ...
(rawbata(:, :, framelIdx)-dataMean)./...

(refStd.+dataStd) ;
0lidImg = olidImg + integrand;
end

0lidImg = max(0,0lidImg) ;

Returns the Intensity Evolution image

Inputs:
rawData: a set of frames
nbOnFrames: frames per cycle activation was ON
nbOffFrames: frames per cycle activation was OFF

function ieImg = calcIntEv (rawData, nbOnFrames, nbOffFrames)

inputSize = size(rawData);

outputSize = inputSize(1:2);

nbFrames = inputSize(3);

nbFramesPerCycle = nbOnFrames+nbOffFrames;
nbCycles = nbFrames/nbFramesPerCycle;

ieImg = zeros (outputSize);
for cycleIdx = 1l:nbCycles,
% Split in ON and OFF phase

onFrames = rawData(:,:, [l:nbOnFrames]+...
nbFramesPerCyclex (cycleIdx-1));
offFrames = rawData(:,:, ...

nbOnFrames+[1:nbOffFrames]+. ..
nbFramesPerCyclex (cycleIdx-1));

ieImg = ielImg +
(calcSlopes (onFrames)-calcSlopes (offFrames));
end

ieImg = max(0,ielImg);
end
% Calculates the per-pixel slope of the data
function slopes = calcSlopes (data)

% Convert data to matrix amenable to dot product
inputSize = size(data);
nbFrames = inputSize(3);
data = reshape (data, [],nbFrames);
% Calculate slopes of linear fit as dot product
unitySlope = [0: (nbFrames-1)].'-((nbFrames-1)/2);
slopes = dataxunitySlope./sum(unitySlope."2);
% Convert back to image format
slopes = reshape (slopes,inputSize(1:2));

Returns a simulated data set for evaluation

function [rawData,reference,nbOnFrames,nbOffFrames]=getData ()
nbCycles = 10;

nbOnFrames = 5;
nbOffFrames = 5;
frameSize = [25 25];

% Create a synthetic reference signal
actRate = 1/3;
deactRate = 1/3;

initial = 0;

reference = [];

for cyclelIdx = l:nbCycles,
act = 1 - (l-initial)*exp(-actRatex[l:nbOnFrames]) ;
deact = act (end) xexp (-deactRatex[1l:nbOffFrames]);
reference = [reference act deact];
initial = deact (end);

end

% Simulate a photo switching emitter at the center of

°

3 an auto-fluorescent region of equal average intensity
rawData = mean (reference) *...

ones ([frameSize, (nbOnFrames+nbOffFrames)xnbCycles]);
% place photo-switcher in the center
rawData (1+floor (end/2),1+floor (end/2),:) = reference;

3 and calculate photon noise and detector noise
rawData = poissrnd(rawData.*1000)./1000;
end

Prior to the image calculation, the recorded image frames
are registered to prevent any errors due to sample drift using
the algorithm described by Guizar-Sicairos et al.'. Sub-pixel
image registration is performed on each two-dimensional slice
of a three-dimensional data set. The first frame of all but the
first z-slice is registered with the time-averaged registered
image of the proceeding z-slice. All consecutive frames are
registered to the average of the previous frames in that z-slice.

S2 Optical set-up and acquisition

Intermittent A = 405 nm activation illumination and synchro-
nized acquisition was achieved by adapting a conventional
digitally-scanned light sheet fluorescence microscope. A wa-
ter dipping objective (HCX APO L 40 x /0.80 W U-V-I, Le-
ica Microsystems GmbH, Germany) in combination with an
infinity-corrected tube lens (ITL200, Thorlabs GmbH, Ger-
many) images the sample’s focal plane onto the SCMOS cam-
era (Orca Flash 4.0 v2, Hamamatsu Photonics, Japan). An
emission filter (525/45nm tech spec fluorescence filter #86-
984, Edmund Optics Inc., USA) restricts transmission to a
band around the peak of the green fluorescence emission.

A long working distance objective (PLAN APO ELWD
20 x /0.42 WD= 20 mm, Edmund Optics, USA) was used to
illuminate the focal plane orthogonally through a microscope
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Puer Pexe At ne nen  ng ff
Figure2 106 uW 19mW 50ms 10 10 10
Figure3 42puW 38mW 75ms 25 5 5
Figure4 204 uW 7.6mW 80ms 20 5 5
Figure5 42uW 3.0mW 75ms 10 5 5

Table S1 | Acquisition parameters.

cover glass enclosed, water-filled sample chamber. A spatial
light modulator (LCOS X10468-01, Hamamatsu, Japan) in
the light path is used to correct for aberrations and control the
effective numerical aperture of the beams that form the light
sheet over a programmable field-of-view. Both lasers (iBeam
smart 405 and 488, TOPTICA Photonics AG, Germany) are
focussed with an effective numerical aperture of 0.25 at a
point in the focal plane. Consequently, galvanometer scanning
mirrors (GVS012/M, Thorlabs GmbH, Germany), positioned
conjugate to the back aperture of the illumination objective,
are used to rapidly swipe the beam axis so that the field-
of-view is illuminated homogeneously during the time of a
single image acquisition. LabVIEW software was written to
synchronize the activation laser, the galvanometer scanner,
and the camera acquisition.

Table S1 lists the acquisition parameters used to produce
all images. The columns list the activation power, P,, and
excitation power, P,,., measured at the objective, the integra-
tion time of the camera, Az, the number of cycles, n., and the
number of frames per cycle during which the activation was
on, ey, and off, n, rr, respectively.

S3 Sample preparation

S3.1 Preparation of HaCaT-EGFP cells

HaCaT cells, a spontaneously immortalized human ker-
atinocyte cell line widely used for studies of skin biology
and differentiation, were previously transfected by incuba-
tion with a recombinant EGFP-expressing LZR-based am-
photropic retrovirus supernatant generated by transient trans-
fection in 293T cells’. Before imaging in the light sheet
microscope, the adherent cells were detached using trypsin
and brought into suspension, after which 5 mL of prewarmed
media (serum in the media inactivated trypsin) is added to
the plate. One million cells were counted and resuspended in
50 pL of media DMEM containing 10% Fetal Bovine Serum
(FBS). Next, we mixed the cells with 50 uL of 1% low melt-
ing agarose (SeaPlaque Agarose Cat. 50100, Lonza Group,
Switzerland) at 37°C.

S3.2 Expression of rsEGFP in bacteria

Escherichia coli bacteria were prepared as described previ-
ously in the literature®, with minor modifications to the proto-
col. The E. coli DH10f cultures expressing reversibly switch-
able enhanced green fluorescent protein (rsEGFP) (Abberior
GmbH, Germany) in the cytosol were grown in LB broth con-
taining 0.1 mg/mL ampicillin and IPTG as inducing agent,

with gentle shaking at 200 rpm, at 37 °C for 24 hours. The
bacteria were harvested after 5 min of centrifugation at 3500 g,
washed twice in PBS and resuspended in the same buffer.

S3.3 Coating of microspheres with

switchable fluorescent protein
Purified His-tagged rsEGFP ( 0.2 mg/mL) were incubated
with 6 mg/mL HisPur Ni-NTA (nitrilotriacetic acid) magnetic
beads (&1 um, Thermo Scientific) in 400 pL PBS during 1 h
at room temperature. The coated beads were collected with a
magnet and the supernatant was discarded. The beads were
washed 3x with PBS.

reversibly

S$3.4 Sample mounting

All samples were embedded in 0.5% agarose gel in phosphate-
buffered saline (PBS). A mixture of commercially available
green fluorescent microspheres (&1 um, G0100, Duke Scien-
tific) and the rsEGFP coated microspheres were sucked into an
approximately 8 mm long and 0.8 mm-outer-diameter (FEP)
tube (Bohlender GmbH, Germany) with the help of a micro-
pipette. Biological samples were sucked with agarose into a
0.8 mm-inner-diameter glass capillary (BR708757, Blaubrand
micropipettes, intraMark, 200 puL, Sigma-Aldrich Chemie
GmbH, Germany), and lowered out the bottom end just be-
fore imaging. The samples were positioned in the water-filled
sample chamber using motorized stages (PLS-85, PI miCos
GmbH, Germany, and T-LSMO025A and T-RSW60C, Zaber
Technologies Inc., Canada).

S4 Evaluation of signal to background
contrast

Light sheet microscopy is typically used on living organisms
for which sample irradiation is kept to the minimum level re-
quired to yield what is deemed acceptable signal-to-noise. In
the low-power regime the transitions of the reversible switch-
able fluorophore are approximately linear, making the Inten-
sity Evolution the method of choice. However, the relatively
low transition rates do lead to a limited modulation depth
which may impact the image signal obtained.

In this section we investigate how the contrast of a photo-
switchable source varies with respect to a constant background
of equal average brightness. Such a sample would appear of
uniform intensity in a conventional fluorescence image. The
noise level depends on one hand on the activation level, and
on the other hand on the label density, brightness, and the
detection efficiency of the microscope. We thus separated
both variables and simulated various transition rates as well
as shot-noise for different photon counts at the saturation
level of the fluorophores, ny,. The intensity of the activation
laser is assumed to be set so that the activation rate and de-
activation rate are matched. Figure S2 shows the reference
photo-switching intensity and the associated contrast for ac-
tivation rates of 0.1, 0.5, and 1 per frame, for a maximum of
20 cycles with fluorophore activation during the first 5 frames
of each cycle, followed by 5 frames without activation. The
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contrast is calculated using only the first 5 cycles, the first 10,
or all 20. As can be seen from Figure S2(b,d,f), usage of more
cycles improves the contrast both for OLID (red lines) and for
Intensity Evolution (green lines).

It can be noted that the signal-to-background ratio (SBR)
of Intensity Evolution increases as the photon count increases
and the noise decreases with respect to the signal. In contrast,
the OLID value converges as the signal to noise increases with
photon count. By comparing the plots in Figure S2(b,d,f), it
can be noticed that, to some extent, the transition rate affects
the Intensity Evolution method when changed from 0.1 to
1 per frame. Careful choice of the integration time so that
the transitions do not saturate but cover a large extent of the
modulation depth can ensure consistently high contrast. It
should be noted however that both methods yield a contrast
of 10 dB over the wide range of settings tested here.

1
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Figure S2| Contrast evaluation. (a,c,e) Simulated
fluorescence emission of a photoswitchable emitter when
switched between activation and deactivation at a transition
rate of 0.1, 0.5, and 1 per frame, respectively. (b,d,f) The
contrast ratio between the value obtained for photo-switching
and that for non-switching fluorescence emission as a function
of the number of photons that would be received from at
saturation (I = 1 in left hand panels), calculated using the first
5, 10, and 20 cycles.
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