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Summary

Structured illumination in Single Molecule Localization Microscopy provides new information on the position
of molecules and thus improves the localization precision compared to standard localization methods. Here, we
used a time-shifted sinusoidal excitation pattern to modulate the fluorescence signal of the molecules whose
position information is carried by the phase and recovered by synchronous demodulation. We designed two
flexible fast demodulation systems located upstream of the camera, allowing us to overcome the limiting camera
acquisition frequency and thus to maximize the collection of photons in the demodulation process. The
temporally modulated fluorescence signal was then sampled synchronously on the same image, repeatedly
during acquisition. This microscopy, called ModLoc, allows to experimentally improve the localization
precision by a factor of 2.4 in one direction, compared to classical Gaussian fitting methods. A temporal study
and an experimental demonstration both show that the short lifetimes of the molecules in blinking regimes
impose a modulation frequency in the kilohertz range, which is beyond the reach of current cameras. A
demodulation system operating at these frequencies would thus be necessary to take full advantage of this new
localization approach.

1.Introduction

Single Molecule Localization Microscopy (SMLM) (1-3) is a fluorescence imaging method that bypasses the
diffraction limit and thus allows spatial resolutions of the order of 20-50 nm, compared to several hundred
nanometers for standard imaging methods. This approach of fluorescence imaging relies on the detection and
localization of single molecules (i.e. the only ones to emit in a focal volume) that emit randomly over time. The
molecules present in the sample are then in a regime called blinking regime which can be obtained from
different modalities such as the (DNA)-PAINT (for Points Accumulation for Imaging in Nanoscale
Topography)(4-7), the (d)-STORM (for (direct)-Stochastic Optical Reconstruction Microscopy) (3,8)or PALM
(Photo-Activated Localization Microscopy) (1,2). The localization of a fluorescent probe is characterized by its
accuracy and by its precision of localization. The precision depends essentially on the model used to localize the

*Author for correspondence (sandrine leveque-fort@université-paris-saclay.fr)



fluorescent probe. Under standard SMLM conditions, the use of large numerical aperture objective (9) has
shown that a single molecule image (PSF) adjustment could be performed using a simple 2-D Gaussian function.
Based on this model, analytical formulas have been proposed to estimate the localization precision associated
with the maximum likelihood estimator (10,11) which shows its strong dependency on the spatial properties of
the PSE. Other alternative localization methods based on the use of the spatial properties of illumination have
also been developed to perform single molecule tracking (12,13) of single polystyrene bead in a travelling
interference pattern, thanks to a photodiode and a lock-in detection. This concept has been revisited recently for
SMLM imaging in order to improve lateral precision (14-16) or axial precision (17). These new approaches rely
on the variation of the fluorescence signal of a fluorescent probe when it is illuminated with a moving structured
illumination. The localization is obtained from the phase measurement given by the lock-in detection of the
modulated fluorescence signal. This microscopy, called ModLoc in the following, is a wide field approach. The
time-modulated excitation is identical for all emitters in the field of view (FOV), contrary to MINFLUX (18) for
which the sequence of excitations is optimized for a position in the FOV.

Retrieving the position of a fluorescent probe from a moving illumination pattern can be performed with a
sinusoidal illumination pattern commonly used in Structured Illumination Microscopy (SIM) (19-21). This
pattern is shifted in time at constant speed to modulate the fluorescence signal of single emitter. The range of
modulation frequencies is determined by the demodulation strategy which allows the determination of the
position of the fluorescent probe within the pattern. A sequential images acquisition strategy is limited by the
maximum acquisition rate of the camera. Alternatively, a dedicated demodulation system placed in front of the
camera enables fast demodulation frequencies that can be optimized with the blinking kinetics of the emitters.
In this context, here we propose a new implementation in the lateral direction of our fast demodulation ModLoc
strategy previously used along the axial direction. We show that it allows an experimental improvement of the
transverse localization precision by a factor of 2.4 compared to classical Gaussian fitting methods. We also
present an analysis of single molecule emission time which motivates the development of a frequency flexible
lock-in detection. This allows ModLoc to take into account the random temporal behaviour of fluorescent probes
in order to be compatible with all SMLM strategies.

2-Principle

Let us consider a moving sinusoidal excitation pattern in the transverse direction x with a shifting angular
frequency Q1 and a pitch A. The excitation pattern is given by

I(X,t)=10(1+mcos(2/1—nx+ Qt)) (1)

with [, being the average light intensity over the whole field and m is the contrast of the illumination pattern.
In the linear regime, i.e. out of saturation, the fluorescence signal of a molecule is proportional to the light
intensity it receives. The photon flux N(x,t) detected from a fluorescent emitter located illuminated by the
excitation field of the equation ( 1) placed at position x is given by

N(x,t) = No(1+ mecos(P(x)+ Qt)) (2)
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Figure 1 : Principle of the single molecule localization by temporal signal modulation a. Temporal modulation of different
single probes in a structured illumination. b. Normalized intensity of the different probes shown in a as a function of time.
¢. Scheme of a frame-by-frame demodulation of 3 single molecules using the camera frame rate as the demodulation
frequency. One of these molecules stops emitting before the end of the modulation and cannot be used for the reconstruction.
d. Scheme of the demodulated signal of 3 single molecules in a single camera frame. All the molecules are used for the super
resolved image reconstruction.

With @ (x) = zfx and N, being average detected photons flux associated to an illumination intensity I,. The
time-modulated signal then carries information about the position of the molecule within its phase @ (x). Figure
la schematized the temporal variation of intensity of different fluorescent molecules located in a sinusoidal
excitation field. The variation of the different signals is then presented in Figure 1b. It can be seen that the
molecules located at different positions in the field have different phases. These phases can then be obtained by
demodulation with only 3 or 4 sampling points of the signal. The Cramer Rao lower bounds (CRLB), which
gives access to the theoretical localization precision accessible to this method, can then be calculated from this
model. In the case of a 4-point demodulation, without background noise signal and for a maximum excitation
contrast, the theoretical localization precision takes the simple form:

fy= (3)

4m2g2
N(1+7270)

Note that the spatial properties of the excitation pattern are reported in the location precision. Thus, the
localization precision worsens upon increasing the spatial period. The CRLB for different values of the pattern

parameters can be compute numerically and the details of calculation are presented in the Supplementary Note
1.

The temporal characteristics of the fluorescence signal imposes specific constraints on the demodulation
strategies. Different studies (14,16) proposed a frame-by-frame demodulation method. The latter, presented in



Figure 1c, is based on the acquisition of an image corresponding to each position of the excitation pattern. This
demodulation strategy is limited by the acquisition frequency of the camera used, which can vary depending
on the size of the observed field and the type of detector used (sCMOS or EMCCD). However, this sequential
approach restricts the application to SMLM imaging. In the blinking regime, molecules start and stop emitting
at random times during the acquisition. Therefore, the frames corresponding to the appearance and extinction
of the fluorescence signal cannot be taken into account in the demodulation signal in order not to bias the result.
Thus, the frame-by-frame demodulation induces a loss of photons degrading the accuracy of localization that
could be achieved initially. In addition, a part of the molecules do not emit for long enough periods to be
localized, as shown in Figure 1c. These molecules cannot be taken into account in the reconstruction of the super-
resolved image. To minimize the proportion of molecules that must be discarded, the average ON-time must be
much longer than the acquisition time needed for localization. This significantly hinder this sequential strategy
which becomes time consuming.

A solution to perform demodulation at high frequencies independent of the limited camera acquisition rate
consist in introduce a fast frequency demodulation system before the camera and demodulate the fluorescence
signal within the same frame. As shown in figure 1le, the signal from the same probe is divided into 4 PSFs
having 4 different intensities according to the 4 pattern positions. This demodulation system can be obtained by
using mirrors on a piezo electrical mount or electro-optical elements. The different experimental configurations
and the performances of the methods will be discussed below. Figure 2 shows the interest of the interest of
modulating the fluorescence intensity to localize single molecules. The theoretical localization precision was
calculated for different number of emitted photons, and pattern contrasts and different background noise. The
variation of the CRLB as a function of the number of photons emitted by a single molecule and direct comparison
with the gaussian fitting are shown in figure 2a. It can be noted that the theoretical localization precision rapidly
drops below 2 nm for the standard photon number used in SMLM (more than 1000 detected photons per
molecule). The enhancement is nearly independent in respect to the number of detected photons and only
slightly sensitive to the presence of noise. The localization precision can be enhanced by a factor up to 3 with
ModLoc approach. The curves in Figures 2b and 2c show the influence on the localization precision of the
illumination pitch and contrast respectively, the CRLB calculation of the standard Gaussian method is
represented by a black curve. We can see that the spatial pitch plays a central role in the localization precision
of the method. When the spatial pitch decreases, the localization precision of ModLoc tends towards the
localization accuracy of the Gaussian fitting. As the spatial period increases, the position information encoded
in the phase of the fluorescence signal is no longer precise enough and the position information encoded in the
PSF fitting becomes the main source of information as expected from the limit case of a uniform illumination.
We note for instance that for a pitch of approximately 600 nm easily accessible with high numerical aperture
objectives, the localization precision is enhanced by a factor 2. The contrast in the modulation of the illumination
pattern is central. In the absence of background noise, a contrast of 0.5 divides by approximately two the
theoretical localization precision of ModLoc. As expected, this precision is given by the Gaussian fitting as the
contrast decreases to zero and the illumination becomes homogeneous. These performances can be achieved by
a demodulation obtained with sequential acquisition. However, the temporal aspect of the fluorescence
emission in single molecule localization microscopy must be considered in order to make the most of this
detection strategy. A minimum of 3 samples of the modulated intensity are necessary to get the position of the
single probe. As the emitter can emit or go in a dark state at any time, the molecule must be present on a
minimum of 5 frames to be considered. This condition allows us to be sure that the molecule is continuously
active over 3 frames. Figure 2d shows a simulation for the number of molecules fulfilling this condition as a
function of the integration time of the camera (for a readout time of 1.25 ms). Simulations reveal that the frame-
by-frame demodulation strategy leads to a loss of more than 30 percent of the detected molecules for an
integration time of 5 ms, which decreases the quality of the final super resolved image, and as previously
observed for sequential spectral unmixing.
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Figure 2 : Theoretical performances of localization by modulation/demodulation of the fluorescence signal and
comparison with the classical Gaussian fitting method. a. Cramer Rao lower bounds (CRLB) as a function of the number
of detected photons for different background noises. The pattern contrast is set to 1 and the spatial pitch is set to 240 nm.
The comparison of the CRLB for the modulation/demodulation method and the Gaussian fitting as the function of the
number of photons for different background noises is also represented in the graph. b. CRLB as a function of the spatial
pitch for different values of the pattern contrast. Calculation are performed for 2500 detected photons and no background
noise. ¢. CRLB as a function of the of the pattern contrast for different background noises. Spatial pitch is 240 nm and the
number of detected photons is 2500. d. Percentage of molecule rejected for the modulation analysis as a function of the
integration time (for a readout time of 1.25 ms). The molecules are rejected if they are not present at least on 5 successive
frames.

3- Experimental set-up

Experimentally, the illumination pattern was obtained by two-wave interference. Figure 3 presents the
experimental setup to produce a shifting illumination pattern as well as its operating principle. A laser source
(Genesis MX 607/639 STM, Coherent) is divided into two beams with a 50-50 beamsplitter cube. Each beam then
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Figure 3 : Experimental set-up for the modulation/demodulation of the single molecule fluorescence signal. a. The fringe
pattern can be easily adjusted thanks to a knife edge mirror placed on a x/y translation stage, impacting the position of the
focus beam in the back focal plane and the pattern frequency on the sample plane. b. The laser source is fibered to increase
the stability, it is divided into two beam paths thanks to a 50-50 cube beamsplitter. In each path, an electro-optical modulator
allows to introduce a time variation of the positions of the fringe pattern. Two A/2 plates and a glan Thompson polarizer
allows to optimise the contrast of the pattern. c. The detection system is composed of a mirror placed on a piezo-electric x/y
tip-tilt, which introduces a shift of the image position in synchronization with the position of the excitation pattern. Four
shifted replica are thus registered on a single camera frame to sample the modulation emission. d. Example of PSF acquired
by the camera on 40 nm fluorescent beads. e. Enhancement factor provided by ModLoc calculated by comparing the
precision obtained with the classical Gaussian MLE and ModLoc for a demodulation with a piezo electric mirror for various
background noise values. The background noise for ModLoc is higher in this configuration thus the enhancement factor is
reduced when background increases.

passes through an electro-optical phase modulator (EO-PM-NR-C1, Thorlabs) used to tune the optical phase
between the two beams. The beams are then set parallel using a knife edge mirror and are focused in the back
focal plane of the objective. The two beams are collimated on the sample and interfere in the object plane of the
objective. The spatial pitch of the interference pattern can be adjusted by changing the position of the two beams
in the back focal plane by moving the knife edge mirror mounted on a translation stage, as shown in Figure 3a.
The contrast of the fringe pattern can be maximized by modifying the orientation of two half-wave plates
combined with a polarizer to adjust the intensity of each beam in the sample.

Two demodulation modules with different assets are used to perform the lock-in detection.

A first demodulation module is shown in Figure 3c. This demodulation system is based on the use of a mirror
placed on a piezoelectric support (S 330.2 SL, Physik Instrument) allowing an active deflection of the incident
fluorescent beam. Each position of the illumination pattern is associated to a different position of the mirror
thus spatially separating the temporal information on the same camera frame (camera EMCCD iXon 3 ANDOR).
The mirror is set at a fixed position for a given illumination pattern and quickly changes position as the pattern
shifts to another position. This operation is repeated 3 times for an acquisition time of 50 ms and a demodulation
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Figure 4: Experimental localization precision of ModLoc and comparison with the classical Gaussian fitting method. a.
Localization precision as a function of the number of photons obtained from isolated red fluorescent nanobeads. Spatial
pitch is 240 nm and contrast 0.9. b. Localization of different red fluorescent nanobeads obtained with ModLoc and with the
classical Gaussian Fitting. The average position of each bead is set to zero.

frequency of 60 Hz. The effective PSF of a fluorescent molecule then appears as 4 PSFs forming a diamond shape
and containing the 4 samples of intensity used for demodulation. An example of the experimental PSFs of 40
nm diameter red nanobeads located at the coverslip is shown in Figure 3c. We can then observe the different
intensity distributions of the beads present in the samples at different phases. We note that in this configuration,
the background noise is not divided by the number of intensity samples (4 samples for this setup). This results
in a diminution of the performances of the approaches. A new comparison with the gaussian fitting is shown in
figure 3d for different background values.

4-Results

In order to estimate the localization precision achieved by this ModLoc implementation, we have carried out
several successive acquisitions of the same sample of beads located at the coverslip (22-24). The excitation power
was adjusted to obtain a fluorescence emission intensity in the range of that commonly observed with molecules
in SMLM imaging. Figure 4a shows the variation of the localization precision as a function of the photon number
(blue dots). The localization precision obtained from the standard deviation of the positions on each nanobead.
The red curve represents the theoretical localization precision obtained from the CRLB. The spatial pitch of the
illumination pattern is 240 nm and the contrast is around 0.9 (cf Supplementary figure 2). We note that the
experimental results follow the theoretical expectations, showing the performances of this ModLoc
implementation. Figure 4b shows the localizations obtained by ModLoc (blue dots) and by a Gaussian fitting of
the PSF (green dots). The localization measurements are performed on several 40 nm-diameter red nanobeads
and repeated several times on the same bead. The average position of each nanobead is set to zero by subtracting
the localization mean value calculated from the localization measurements of this nanobead. The localizations
obtained by Gaussian fitting have been performed with the MLE method using the GPUFIT (25) code for an
isotropic 2D Gaussian model. The localizations obtained by ModLoc correspond to the x direction. The
superposition of the two types of localizations allows a direct visualization of the enhancement brought by the
ModLoc method along the x axis. The calculated localization precision associated with the Gaussian method is
8.9 nm while that one associated with the ModLoc method is 3.7 nm, corresponding to an enhancement by a



factor 2.4. It can be noted, however, that the weak aberrations generated by the mirror deflexion at detection
can degrade the Gaussian localization accuracy, and thus increase experimentally the improvement of the
ModLoc method compared to the Gaussian fit.

The localization precision can be measured using 40 nm-diameter red fluorescent nanobeads because it is
possible to repeat the localization on several successive acquisitions. However in SMLM, the fluorescent
molecules are in a blinking regime which prevents this type of measurement. Since ModLoc introduces a
temporal information in the fluorescence signal of single probes with a modulation frequency fy,,4, @ temporal
study of the fluorescence of the probes in SMLM condition appears necessary to estimate the impact of this
frequency. In the blinking regime, the molecules begin to emit at a random time and for a random ON-time Tgy.
This duration depends on the imaging modality used and can generally be modified by adjusting the excitation
power. DNA-PAINT imaging methods, for example, provide long toy because samples are generally excited at
low powers. In this case, the single molecule regime is achieved by changing the emitter concentration in the
sample. In (d)-STORM imaging, the fluorescent probes are already present in the sample and the single molecule
regime is achieved by adjusting the excitation power so that the molecule passes into a dark non-fluorescent
state. Toy can therefore be modified linearly with the power (8). For dense samples, a high excitation power is
necessary to reach the single molecule regime, thus imposing the average toy of the molecules. Figure 5a
represents the average toy of 2 different fluorescent probes in (d)-STORM imaging, Alexa 647 (AF647) and
CF660C. These characteristic times are below 20 ms and impose us acquisition times 7;,, around 30 to 50 ms in
order to collect a maximum of photons. We have to take into account these aspects in order to establish the
adequate modulation/demodulation frequency.

As we control the integration time (7;,,) of the camera and the modulation/demodulation frequency of our setup,

we define N, as the number of period modulated during an acquisition. N, is thus given by

Ncycles = Tipe X fmod (4)

We can estimate the influence of N, using simulations. The integration time being directly adapted to the
ON time of the fluorescent molecules, the modulation/demodulation frequency must be adapted to keep the
number of demodulation cycles constant. We simulated a fluorescent probe emitting at any time for a duration
Ton Whose probability density is given by the adjustment of the AF647 histogram presented in Figure 5a. The
localization precision as well as the accuracy of measurement are obtained by computing the standard deviation
and the mean of the position distribution for 50 simulated blinking events. This operation is then repeated for
different modulation cycles. Figure 5b shows the simulation results for 3 values of N, with an integration
time of 50 ms and 2500 emitted photons. The details of the simulations are given in Supplementary note 2 and
Supplementary Figure 1. Low modulation frequencies result in measurement biases and poor localization
precision. The evolution of the localization precision (standard deviation) as well as the accuracy (difference
between the actual position and the average position computed) as a function of Ny, is shown in Figure 5c.
For N yces
modulation cycles correspond to a modulation frequency f,,q= 1200 Hz. These simulations allow to define the
minimum number of demodulation cycles to obtain the best performances for ModLoc. The demodulation
frequency can be estimated as a function of the integration time of the camera, itself adapted to the ON time of
the molecules. The use of piezo electric devices such as in the implementation shown in Fig. 3 is possible only
if set at their resonance frequency. Out of resonance, these mechanical actuators have a very slow rise time
hindering large deflections. Each piezo actuator has a specific resonance frequency which can be of a few kHz.
The use of the resonant mode imposes the modulation/demodulation frequency and does not allow flexibility.
The optimization of the modulation frequency to the emission properties of the fluorescent probes is however
most desirable. In addition, the excitation signal must be switched off when the demodulation system spatially

> 60, the results tend towards the theoretical predictions. For an integration time of 50 ms, 40
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Figure 5: Experimental data and simulations on temporal behaviour of single molecules in dSTORM imaging. a.
Experimental measurements of ON-time distribution of AF647 and CF660C acquired in classical dSTORM conditions. b.
Localisation based on the modulated intensity of a simulated single emitter for different number of modulation cycles. ON-
time of each blinking event is given by the AF647 density function (in a.). Each emitter is active 50 times. The number of
photons emitted is 2500, the integration time is 50 ms. c. Localization precision and accuracy as a function of the number of
modulation cycles extracted from simulations. Simulation parameters are the same as in b.

switches from a sub region of the camera to another in order to avoid a spurious signal. We therefore propose
another demodulation method based on polarization modulation using a Pockels cell enabling tunable high
operating frequencies (17,26,27). This implementation, shown in Figure 6a, needs that the fluorescent probes
have sufficient degrees of freedom so that their emission is not polarized. This condition is fulfilled for most of
the fluorophores (28). The fluorescence signal is split in two by a 50/50 polarizing cube to obtain two equally
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intense cross-polarized paths. Their polarization is then modulated using a Pockels cell (CF1043, Fast Pulse). A
quarter-wave plate is placed in one of the two paths. A 50/50 polarizing cube eventually creates 4 detection
paths with quadrature time modulation on the camera (EMCCD iXon 3 ANDOR). The observed field on the
camera is composed of 4 sub-regions corresponding to the 4 channels each associated to a position of the
illumination pattern. In order to study the influence of the number of cycles on the localization precision and
validate the results obtained by simulations, we used 40 nm spaced nanorulers observed at several modulation
frequencies. A schematic of the sample geometry is shown in Figure 6a. The sample was observed in DNA-
PAINT condition which enables long ON-times allowing us to operate with long acquisition times. The number
of modulation cycles can thus be tuned over a large range of values. Different reconstructed images for different
numbers of modulation cycles are represented in Figure 6b. The 3 binding sites of the nanoruler are
indistinguishable at 10 modulation cycles. They appear much more clearly as the number of modulation cycles
is increased. Figure 6¢ shows the localization standard deviation aV*"°F for single binding site as a function of
the number of modulation cycles. aV®"°R is related to the localization precision of the system. We note that the
evolution is identical to that obtained with the simulations and a plateau is observed from 60 cycles of
modulations. This demodulation implementation thus gives access to high modulation frequencies needed in
dSTORM imaging conditions. However, the polarization cross-talk between the detection channels induces a
loss of contrast in the demodulation process which is reduced to 0.5. When taken into account in the theoretical
value of the localization precision (without background noise and for a pattern contrast corresponding to 1) one
obtains

pho=— 2 (5)
* N1 o212
(1+5)
This results in a loss of performances in terms of localization precision compared with the piezo electric mirror

configuration. The comparison with the gaussian fitting is shown in figure 6d .

5-Discussion

Our study shows that the modulation of the fluorescence signal of a single molecule allows to experimentally
improve the localization precision by a factor of 2.4 compared to classical Gaussian fitting methods. ModLoc
can be easily implemented using sinusoidal excitation obtained by two-wave interferences. The use of standard
electro-optical components such as phase modulators allows one to accurately control the position of the
illumination pattern and set the modulation frequency up to very high values. Unlike PSF adjustment methods
that only take into account the spatial characteristics of the fluorescence signal, ModLoc introduces a new
temporal component in the fluorescence signal. This makes ModLoc less sensitive to optical aberrations which
is a real asset for in depth measurements (29,30).

The emission characteristics of the fluorophores must be taken into account in order to optimize this new
localization strategy. The two experimental setups proposed in this work allow the demodulation of the
fluorescence signal by two different strategies, with different advantages and drawbacks. The development of
each device can be considered according to the imaging modality used to obtain the single molecule emission.
The demodulation by deflection of the fluorescence signal realized by a mirror on a piezo electric support allows
to obtain better performances in terms of localization precision, but leads to an increase of the effective size of
the PSF which however preserves a large field of view. If the demodulation frequency is limited for this
approach, however DNA-PAINT imaging methods seem to be perfectly adapted to this strategy. Indeed,
increasing the effective size of a PSF requires a decrease in the density of active molecules in the sample, easily
obtained in DNA-PAINT imaging. Furthermore, the ON times of the active molecules being generally much
longer than in dSTORM imaging, the demodulation frequencies accessible to this approach can be adapted to
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Figure 6 : Fast demodulation setup and experimental influence of the number of modulation cycles. a. Fast demodulation
system based on the use of a Pockels cell located between 2 polarizing beam splitters. The demodulation system creates 4
images (I, I, I, I+) of the same sample at different time on the camera as shown by the 4 images of 3 modulated PSF. b.
Reconstructed images of nanorulers schematized in a and obtained by ModLoc with the fast demodulation system for
different modulation cycles. c¢. Thickness of reconstructed nanoruler sites as the function of the modulation cycles. d.
Enhancement factor provided by ModLoc calculated by comparing the precision obtained with the classical Gaussian MLE
and ModLoc with the demodulation by an active Pockels cell for different background values. In this configuration, the
effective contrast is reduced to 0.5 thus the enhancement factor decreases.

this imaging modality. These time characteristics depend essentially on the imaging modality used. For
example, the emission durations of fluorescent molecules in DNA-PAINT imaging enable modulation and
demodulation of the fluorescence signal at low frequencies compatible with mechanical deflectors even out of
resonance. On the contrary, the emission durations of fluorescent probes in dSTORM imaging are much shorter
or with the recent fast DNA-PAINT development which in particular reduces drift issues (31), fast and
optimized demodulation frequencies are required. The use of resonant mode deflector elements can then be
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used to increase the demodulation frequency but this approach limits the flexibility of the method. In addition,
it requires to turn off the excitation when switching from one detection path to another. The use of a
demodulation strategy based on polarization sorting represents an alternative. While limited to unpolarized
samples and possibly endowed with a reduced localization precision, this strategy offers significant assets with
no moving parts and a high flexibility in terms of operating frequencies, especially since most samples can be
labeled with dyes that lead to unpolarized emitted fluorescence.

6-Conclusion

ModLoc possess several assets as an alternative localization strategy over Gaussian fitting, in particular it has
an increased localization precision of more than 2 folds. However, the limited and random on-time of each
emitter represents a challenging constraint which must determine the demodulation strategy to be
implemented. In particular, several modulation cycles must be performed during an average on time to reduce
the localization error and decrease the proportion of emitters to be discarded. A fast demodulation module
based on a time sorting placed in from of the camera should be preferred to a slow sequential strategy. We have
compared and discussed the assets of two complementary approach, one based on a moving mirror and one on
a polarization sorting.

As the introduction of a temporal parameter in the localization strategy is an emerging field, new alternative
configurations will most certainly allow the concept to move forward, while preserving the maximum number
of detected molecules and even increase localization performances. This time modulation strategy is not limited
to transverse localization measurements and has been proposed for the axial localization. In addition, this
concept is not limited to encode the localization information but can be generalized to any parameter at the
single molecular level such as orientation or lifetime (27). While, at first sight, multiplexing this lock-in strategy
seems relatively straightforward and appears as a real asset, the strong constraints on the time characteristics of
the emitters as well as the simultaneous measurements at various frequencies on a single emitter appears quite
challenging. Smart implementations are still needed to perform efficient multiplexing which for instance would
optimize the information extracted from each detected photon or would reach very high modulation frequencies
for lifetime measurements.

Additional Information
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Supplementary Note 1: Fisher information and Cramér-Rao Lower Bounds

1 Image formation model for the sequential demodulation

The model of the collected signal is the key for the Cramér-Rao Lower Bounds (CRLB) calculations.
Usually, the Point Spread Function (PSF) is assimilate to a Gaussian function whose parameters de-

pend on the molecule and the microscope properties. We note this Gaussian function as :

N x—x)2+ (y —ye)?
G9) = 5 G XIH ) o

Where N is the total number of photons emitted, ¢ is given by the emission wavelength A, and the

numerical aperture of the objective NA as ¢ = ﬁ%. x. and y. correspond to the x and y positions

of the molecule. PSFs are collected on a camera composed of M finite square pixels whose areas are

noted as a%. Under conventional illumination conditions, the signal collected in the i*" pixel is given

by :

vi(xe,ye) = NAE(x;, xc) AE(yi, ye) (S.2)

Where x; y; are the centers of the pixel. AE(u) correspond to the Erf function. This function take

account to the dimension of the finite pixel by integration the G on the area of nu;. AE(u) is given by :
- a oy 4
AE(u) = %[erf <W> —erf (LMCZ)] (S.3)

In our case, we illuminate the sample with a sinusoidal pattern oriented in the x-direction. The pat-
tern is then shifted in 4 position in order to modulate the fluorescence signal. In this manuscript,
the signal collected on the pixel i for a position j of the pattern depend of the demodulation strategy
used. For a demodulation by a sequential acquisition of the pattern position, the signal collected on

pixel i for a position j of the pattern takes the form :

.21 7T
(l +m sm(ch +is

el

v{(xc, Ye) = )) AE(x;, x.)AE(yi, ye) + % (S.4)
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With the spatial parameters of the excitation : m the contrast and A the spatial frequency. We note

that Y>_, v/ = v; . b; represent the background per pixel in the classic Gaussian localization.
j=0"V; p g perp

the different approaches proposed in the manuscript imply a modification of this model. In the case
of the demodulation obtained by the mirror on a piezoelectric support, the model becomes :

N
4

2 .
(1 +m sin(%xc —|—]7;)) AE(x;, x/)AE(yi, yc) + b; (S.5)

Vlj(xc/ Ye) =
And for the demodulation obtained with the Pockels cell, the effective contrast is impacted and the

model becomes :

- N m 27 T b;
] _ T an( S e . ) et
vi(Xe,Ye) = 1 (1 + > sin(——x¢ + j > )) AE(x;, x.)AE(yi, ye) + 1 (S.6)

2 Fisher information and Cramér-Rao Lower Bounds for the sequential demodulation

approach

The parameter vector ® = [x, Y., N,b| is composed of the different parameters of our system and

the Fisher information matrix is built from these parameters as [1, 2] (for a poissonian process) :

S Mo avj(u,v) avf(u,v)
L,,(®) = . : :
u, ];oz;() VIJ-(M,U) 00, 00,

We note that var(©®,) > ﬁ and the CRLB for the parameter u is given by A, = /var ®,,. Thus, the

theoretical localization precision associated with the parameter x, is given :

1
Ix’__xc®

Ay = (S.8)

: 2
Where I, © = Z?:o M, vf(xlc,yc) (av{ gf:c’y c) > . The partial derivative is easily obtained from (5.4) and

takes the form :
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Wl (xe,ve)  IN(x.) OAE(x;, x)

x. — ox. AE(xi, xc)AE(yi ye) + N (%)TAE(%%) (S.9a)
avlj(xc, y.) Nm 21 T JAE(xi, xc)
“ax. = o Cos(x Xe i )AE(xi xe)AE(Yi, ye) + N(xe) = “AE(yi,ye)  (5.9b)

With :

OAE(x;, X 1 i— X —1\? Do+ 22
a(;fc Xc) — N (exp(_ <x2> ) —exp(— <xx2> )) (S.10)

In order to find a simple analytical form for the expression of CRLB, we do the same approximation as
in [3]. We ignore the finite size of the pixel and the region of interest. We also consider that the fringe
pattern has a contrast of 1. We note that Y™, AE(x;, x.)AE(y;,y.) = 1 Thus, the Fisher information

for the parameter x. is given by :

N N & cos?(Ex.+ %)

Lix (@) = — + . ; (S.11)
e oz A2 ];)1—%511'1(2[{1365—1—]7;)
2(2ny L in . .
Where 2]320 % = 4. Finally, the CRLB is given by :

1

Axc = W (S.lZa)
o2 N2

As, = 7 (S.12b)

N (1+422)

3 Fisher information and Cramér-Rao Lower Bounds for the mirror demodulation sys-

tem

The difference between the sequential demodulation using a camera and the mirror system comes
from the background noise. In this case, the background for each intensity sample is 4 times higher
than for the camera demodulation approach. In this particular case, the background noise must be

corrected from the image model to correspond to the (S.5).
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4 Fisher information and Cramér-Rao Lower Bounds for the Pockels demodulation sys-

tem

The system using the Pockels cell at the demodulation results in a loss of effective contrast. In this

particular case, (S.4) and (5.9b) become respectively :

81/{ (X, Ye)

vzj(xc, Ye) = g (2 + sin(z%xc +]72T)) AE(xj, x.)AE(yi, Ye) (S.13a)
N 27T OAE(x;, xc)
=IA cos(KxC —|—] )AE(xl, xc)AE(yi, ye) + N(xc)TAE(yl,yc) (S.13b)

Jx,

Using the same development as above, the fisher information can be determined from (S.13a) and

(S.12b) as :

Where 23

is given by :

cos? (&
0147 51n(2"xc+]2)

COSz(Zn
1+ 1sin(?

NNT[

4/\2 Z

Xc+j%)
Axe+jg)

L. (©) = (S5.14)

i) o, Finally, the CRLB in the case of a demodulation using a Pockels cell

Ny, = (S.15a)
c N N 2
2T 217\12

Ay, = 7 (S.15b)

In the main paper, the information of position of the fluorescence probe in the form of the PSF, carried

by the function A(x;, x.) is not taken into account in the study of the influence of the spatial para-

meters in order to note their importance. In this case, the position can be noted r and the structured

pattern is applied in an arbitrary direction. (S.4) then becomes :

vlj(r, Xe,Ye) = g <1 +m sin(z%r +];[)> AE(x;, x:)AE(yi, yc) (S.16)
And the CRLB is given by :
A = (S.17)
" 1,0 ‘
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Supplementary Note 2 : Simulations of blinking event

In the simulation, we consider a fluorescent molecule located in a sinusoidal pattern oriented in
the x-direction. This molecule is simulated to emit several times at different times and for different
durations. The number of events is fixed at 50 ms in our study. Each event then has an activation time
or start time that follows a uniform random law while the ON time (7oy) is randomly generated by
following the probability density function given by the experimental ON time of the AF 647 probes.
From these 2 times, it is possible to build a chronogram noted as Chrono(ONtime) with a value of 1

when the molecule emits and 0 otherwise.

5 Rejected molecules for the demodulation of the signal by sequential acquisition

In this simulation, the temporal variable is the integration time of the camera. The readout time is
fixed at 1.25 ms. The modification of the integration time allows to change the frame rate of the
demodulation signal. For a demodulation by sequential acquisition, a molecule must be active on at
least 5 frames to consider a constant and total emission on 3 frames for demodulation. The ON time
of 5000 blinking events is generated using the method described above. We vary the integration time
of the camera and we look at the percentage of molecules rejected (molecule active on less than 5

frames) for each integration time. The results are presented in figure 2 in the manuscript.

6 Impact of the number of modulation cycles

The camera integration time is fixed at 50 ms and the readout time is fixed at 1.25 ms (for a sC-
MOS camera and a ROI of 256x256 pixels). From these acquisition parameters, a chonogram noted
as Chrono(Acquisition) is created. It is 1 when the camera is in acquisition and 0 during the readout
time.

The modulation frequency is imposed by the integration time. When the acquisition starts, the illu-
mination pattern must be in the first position. Thus, the chronogram for each position of the pattern,
noted as Chrono(I;),is constituted in a similar way to the acquisition one. When the illumination
pattern is in position j (jfrom 1 to 4), Chrono(I;) is set 1, otherwise it is 0. We then constitute the 4
chronograms corresponding to the 4 positions.

Finally, the multiplication of the chronogram Chrono(I;) and Chrono(ONtime) gives access to the
duration during which the molecules will be excited by the j* position and thus emit in a propor-
tional way to this excitation. In order to know the intensity emitted temporally, we assume that the
molecule emits uniformly over its entire emission time, under classical illumination conditions. The

amplitude of temporal emission is then given in photons per ms and is given by :
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N = - (5.18)

We finally find the number of photons emitted by the molecule for the different positions of the

pattern by performing the following operation :

N; = Y Chrono(I;) x Chrono(ONtime) x N(t) <1 + sin(z%xc +].72r> (S.19)

time

For each blinking event, the different number of photons emitted for the different pattern position is
simply obtained. A poissonian noise is added to these number and the position is obtained from dif-
ferent intensity. This operation is repeated for different number of modulation cycles. The simulation

workflow is resumed in the Supplementary Figure 1.
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