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Chapter 1

Introduction

Fluorescence imaging has proven an essential tool for sensitive observation of species of interest in
biological media. In particular, the possibility of fluorescently labeling specific biomolecules by means
of genetic fusion has enabled one for locating targets and quantifying them from their probe contents.
Nevertheless, fluorescence observation is easily contaminated by the ever-present autofluorescence of the
biological media. Moreover fluorescence detection suffers from ambient light, which has mostly limited
sensitive and quantitative detection of fluorescent probes to dark environments. In this introduction, we
first explain why fluorescence is an attractive observable in biology. We then examine how ambient light
and autofluorescence interfere with fluorescence observation and review state-of-art works reporting on

their reduction. This introduction ends up with the presentation of the objectives of this PhD work.

1.1 Fluorescence: an excellent observable for biological observations

When it is illuminated with an appropriated wavelength, a fluorophore gets promoted to its first excited
electronic state S;. Fluorescence results from its back relaxation to the fluorophore ground state Sy by
emission of a photon. Both the intensity and the spectral signature of fluorescence have made it attractive
as an observable in biological observations. More specifically, fluorescence exhibits three favorable

features:

* Sensitivity. The observations based on fluorescence are usually highly sensitive, thanks to the high
quantum Yyield of the fluorophore, which enables one for immediate identification of fluorescent
probes in complex biological media. Since the emitted photons are red-shifted with respect to the
excitation wavelength, the fluorescence signal can be easily separated from the excitation light by
spectral filtering. The fluorescence can thus be enhanced by increasing the excitation intensity and

be detected over a low background;

* Specificity. In animal and plant cells, a few metabolites and biomolecules are intrinsically fluores-
cent, so as to possibly be used as probes to monitor physiological activities. However these species
are in small amounts, with irregular local distributions and complex associations to bio-activities.
Therefore exogenous fluorophores are more commonly adopted as probes after associating them

by genetic engineering to specific structures or biomolecules,! which opened a new door for more
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specific biological observations down to the single-molecule level;>3

* Selectivity. Several favorable features of the fluorophores have been used to selectively distinguish
them from one another and from the background interference. In the spectral domain, fluorophores
with distinct absorption or emission spectra can be discriminated by optical filtering or spectral
analysis. In the time domain, lifetime imaging, which is based on the fluorescence decay rate
from the S to the Sy state has been developed to retrieve the respective fluorescence signals from
different fluorophores. More recently, fluorophores endowed with specific dynamic photochromic

features have also found applications in selective imaging (vide infra).

Yet, despite all the aforesaid favorable features, fluorescence suffers from several limitations for

imaging:

 Light scattering or reflection of ambient light by the sample, as well as autofluorescence originating

from endogeneous fluorophores can interfere with the fluorescence of interest;

* Fluorescence usually covers a broad emission over several dozens of nanometers. It correspond-
ingly gives rise to a poor spectral resolution, which limits the number of fluorescent labels to be

distinguished in multiplexed imaging;

* Fluorophores tend to fatigue after multiple on-off cycles and they ultimately photobleach upon

exposure to continuous and intense excitation light.

In the following, we concentrate on the discussion of the first limitation and the methodologies to

overcome it.

1.2 Background light: a major limitation in sensitive and quantitative

fluorescence imaging

With the advances of sensitive photo-detectors and digital cameras, and the development of genetically
encoded fluorophores, there has been an increasing demand on the sensitive and quantitative detection of
fluorescence signals. The quantitative measurement of fluorescence relies on digital recording devices
such as charged-coupled devices (CCD), and photomultiplier tubes (PMT).* The imaging devices are
usually constructed with a two-dimension grid of square-shaped pixels, which individually converts the
received photons to voltage signals. Linearly correlated to the received light intensity, these voltage
signals are numerized and recorded as a digital image. The digital image provides two fundamental
types of information: the spatial information gives us the localization of the fluorescent structure and the
intensity information is related to the local concentration of the fluorophore of interest. Film recordings
further provide temporal information such as the movement of the target object and the local evolution of
the fluorescence intensity.

For a quantitative measurement to be realized, the recorded signal should ideally arise exclusively
from the fluorophore of interest contained in the sample. However, in the real world, the intensity values of

the digital images are attributed not only to this fluorophore, but also to a background caused by ambient
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1.2. BACKGROUND LIGHT: A MAJOR LIMITATION IN SENSITIVE AND QUANTITATIVE FLUORESCENCE IMAGING

light or autofluorescence from endogenous fluorophores of the specimen. This unwanted background
intensity interferes with the signal of interest, which introduces an uncertainty to the quantification of the
fluorescence.>® Furthermore, the inhomogeneity of the background gives rise to artifacts through the

image, which can be detrimental to the contrast and the localization of the fluorophore of interest.”

In addition to the interference to the absolute intensity value, the background intensity brings an
increase of shot noise, causing variance of the intensity value, which adds to imprecision of the mea-
surement. As the noise is positively correlated to the detected intensity, the fluorescence signal has to be
significantly stronger than the background noise, so as to yield a satisfactory signal-to-noise ratio (SNR).
When the fluorescence signal of interest is so weak that the background overwhelms the image, the
presence of a strong noise level makes it impossible or difficult to identify the real fluorescence signal.®
It is worth noting that while the absolute intensity added by the background can be digitally corrected in

one way or another, the shot noise cannot be similarly eliminated.

In general, scattering of ambient light and autofluorescence mostly account for the bothersome
background in fluorescence observations. In the following, we describe the sources of ambient light and

autofluorescence, as well as their characteristics.

1.2.1 The ambient light background

The interference of ambient light originates from direct reflection or scattering from the specimen exposed
to light sources from the environment, which obscures the fluorescence signal in the specimen since it
is much stronger than the fluorophore emission. The simplest way to avoid this trouble is to eliminate
ambient light from the environment, which explains why fluorescence imaging is usually performed in
the dark. However, this radical solution is not always relevant. In the clinical field, fluorescence guided
surgery has been used for efficient diagnosis of abnormal tissues. To ensure high contrast fluorescence
imaging, the lighting in the operating room has to be turned off and switched on to excitation light during

the aquisition,” !°

which is not practical for real time operation. Fluorescent imaging has also been
increasingly used in agronomy for monitoring of photosynthetic performance and environmental stress
of the plants. In this case, ambient light in open air results in a background signal 10° times more intense

than the fluorescence intensity, bringing an even more adverse condition for fluorescence detection.

However the background from ambient light can be distinguished from the fluorescence signal sought
for by relying on some distinct features. Firstly, in both indoor and outdoor conditions, ambient light can
be considered as constant during acquisition, which makes it easy to eliminate by lock-in or time-gated
detection. Secondly, light sources such as the Sun and lamps exhibit broad spectra with relatively flat
shape in the visible region, whereas the labelling fluorophores have generally much narrower emission
bandwidths of less than 100 nm giving distinct spectral features out of the background. More particularly,
sunlight at the sea level exhibits a set of spectral holes (Frauhofer lines) at certain wavelengths originating
from the absorption during its passage through atmosphere, which led to develop a series of methods
to reduce the contribution of solar radiation during fluorescence measurements. The variety of methods

introduced to overcome the interference of ambient light in fluorescence imaging is discussed below.
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INTRODUCTION

1.2.2 The autofluorescence background
Source of fluorescence in biological media

Autofluorescence (or natural fluorescence) usually originates from the light emission of intrinsic fluo-
rescent molecules in cells or tissues, when they are exposed to excitation light at certain wavelengths.
In imaging, the autofluorescence is distinguished from the emission of exogenous fluorescent markers
artificially added to label specific cell and tissue structures.

A variety of substances account for autofluorescence of biological samples. In animals, the cells and
tissues contain fluorescent molecules such as NAD(P)H, flavin and lipopigments at different locations
and concentrations.! =14 Many other fluorophores are found in plant cells, such as flavonoid, chlorophyll
and the substances of the cell wall.!>"!® The endogenous fluorophores usually have absorption spectra
spanning the ultra-violet to the blue wavelength range, and spectral profiles of emission varying from
the UV to the visible range (see Fig.1.1,1.2). Some specific fluorophores such as melanin even emit
strong IR fluorescence upon NIR excitation.!® Most of these fluorophores are cellular metabolites that
play important roles in the cellular metabolism. As such, some of them are indispensable components in

culture media of microorganisms, which cause also intense autofluorescence in such media.?’

Major endogenous fluorophores: distribution and optical characteristics

Blue-green fluorescence Strong blue-green fluorescence emission has been observed in cells and
tissues, especially in cell cytoplasm. NAD(P)H and flavins proved to be the major source of the aut-

ofluorescence signal in this wavelength range.?!

NAD(P)H is a coenzyme found in all living cells, in
which it plays a vital role as a redox carrier in the reactions of the energetic metabolism. In its reduced
state, it exhibits a fluorescence emission in the blue region from 440 to 500 nm upon excitation at 395
nm.?%23 The two derivatives, NADH and NADPH, show little difference of spectral shape. A blue-shift
of the emission maximum and the augmentation of the quantum yield of fluorescence are observed when
NAD(P)H is bound to enzyme proteins.>*

Flavins are important coenzymes existing in animal, plant and fungi. Given their wide distribution
in living cells, they are considered to be major sources of intracellular green autofluoescence emission.
They act also as redox carriers in a variety of enzymatic reactions. Riboflavin, along with its two
derivatives, flavin mononucleotide (FMN) and flavin-adenin dinucleotide (FAD), share similar absorption
and emission spectra, peaking at about 440-450 and 525 nm respectively.”> A red-shift of emission to

540-560 nm has been evidenced when the flavin is bound to proteins.?%

Structural proteins like collagen and elastin, mostly in the extracellular structures of animal tissues,?”>%8
can also give rise to autofluorescence emission in the 470-520 nm range, with excitation maxima at 350-
470 nm.

While the major sources of blue-green autofluorescences have been discussed above, one should also
consider the contribution of yellow or orange fluorescence emitters such as lipofuscins, which exhibit
a broad emission spectrum.?’ Lipofuscins are metabolic products resulting from lipid oxidation. They
are accumulated as pigment granules in cytoplasm with aging or pathological changes of the cells.?0-32

Lipofuscins have excitation maxima ranging from 340 to 390 nm, and they exhibit a yellow-orange
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fluorescence emission with a broad spectrum covering the blue (480 nm) to the red (600 nm) wavelength
range.

Endogenous sources of blue-green fluorescence are much more abundant in the vegetal world. In
addition to NAD(P)H and flavins, which are universal in living cells, a lot of other endogenous fluorophores
emit in the blue-green wavelength range, such as alkaloids, flavonoids and phenolics.'®33 However most
of the fluorescence generated from the inner leaf structures are reabsorbed by chlorophyll, having limited

contribution to the epidermic blue-green emission.?*

At the level of an entire leaf, the main sources
of blue-green autofluorescence are the components of the walls of epidermal cells and vascular bundles
(mainly ferulic acid, an important element found in organic polymers such as cutin, lignin and suberin,

which exhibits emission from 400 to 550 nm upon UVA excitation).333336

Red fluorescence Red fluorescence from animal tissues was observed for the first time in rat tumor,’
which was later attributed to the porphyrins. Porphyrin fluorescence has a distinct emission peak at 635
nm, and an excitation maximum at 400 nm. The intensity of red fluorescence is highly correlated to
metabolic disorders and the presence of tumors, which has found applications in diagnosis of cancer.®
Fluorophores like lipofuscins can also interfere in the red autofluorescence, especially in neoplastic
tissues.

In the world of plants, Chlorophyll is the sole source of autofluorescence emission in the red and
far-red region,>® which makes the red autofluorescence an appreciable signal for the physiological state of

the plant. Indeed, since the Chlorophyll fluorescence is inversely related to the photosynthetic activity,*’

it has been widely used as a probe for photosynthetic study and stress monitoring of plants.*!~**

Autofluorescent Distribution Excitation Emission
source wavelength(nm) wavelength(nm)
NAD(P)H Animal and plant cells 360-400 440-510
Flavins Animal and plant cells 380-490 520-560
Flavonoids Plant tissues 420-430 490-520
Lipofuscins Animal organism, nerve cells 390-490 480-680

Elastin and collagen =~ Animal collective tissues 340-480 470-520
Protoporphyrin Pathological cells 410-450 600-700
Chlorophyll Chloroplast 488 680(740)

Table 1.1 — Common biochemical sources of autofluorescence in nature, with their respective emission

and excitation maxima. Information summarized from!>-18.45.46
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Figure 1.1 — Fluorescence excitation (A) and emission (B) spectra of various endogenous tissue fluo-
rophores. Spectral shapes are shown for the best relative excitation/emission conditions. The figures are

derived from.4°

16



1.2. BACKGROUND LIGHT: A MAJOR LIMITATION IN SENSITIVE AND QUANTITATIVE FLUORESCENCE IMAGING

Chloropylla Chloropyll b
Nicotinamides(NADPH, NAD) Anthocyanins
Pterins Anthocyanidins
Phenols (hydroxycinnamicacids)
Alkaloids

Flavins (FAD, FMN)
Flavonoids
Terpenoids

400 500 600 700 800

Figure 1.2 — Fluorescence emission spectrum of a typical green leaf under UV-radiation (d¢x-=355 nm).
The fluorescence peaks are found in blue (430-450 nm), green (520-530 nm), red (680 nm) and far red
(740 nm) regions. The figure is derived from."
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1.3 State-of-the-art for background reduction in fluorescence imaging

1.3.1 Strategies against the background of ambient light
Spectral analysis

In fluorescence detection, carefully selected optical filters are necessary for discriminating the target
fluorescence from the excitation light and the emissions from other ranges of the spectrum. Since the
majority of the light sources possess a broad spectrum from UV to IR which covers the emission spectrum
of the most commonly used fluorescence probes, spectral filtering has found limited use in elimination of
ambient light.

However, the Fraunhofer Line Depth (FLD) method has been exploited to retrieve the red fluorescence
signal from the reflected sunlight in sunlight-induced Chlorophyll fluorescence measurements.*’” FLD
makes use of the dark lines (so-called Fraunhofer lines) of the solar spectrum resulting from the absorption
of solar and earth atmospheres, where the fluorescence signal is relatively stronger than the reflected solar
intensity and is in consequence detectable. Indeed three main Fraunhofer Lines are found in the red to
far-red wavelength range, in which Chlorophyll fluoresces: one hydrogen (H) absorption band is centered
at 656.4 nm whereas two dioxygen (O;) absorption bands are centered at 687.0 nm and 760.4 nm. FLD
relies on intensity measurements inside and outside of the Fraunhofer lines, and the fluorescence signal is
deduced by comparison of the two measurements. In particular, the FLD method measures the incident
solar irradiation on the ground level and the radiance from the target plants inside the dark line (4;,)
and at a wavelength nearby (4,,,). The method assumes that the reflectance (r) and the fluorescence
intensity (F) from the two measured channels are constant, which may give rise to unreliable results.
Several methods aiming at improving the accuracy of the FLD measurement have been proposed in the
recent decades. Instead of using only one outside band as a reference, one measures two or more bands

and adds correction factors to deal with the change of r and F,*%4°

or uses advanced interpolation to get
more precise spectral information around the dark lines.>%>! Further improvement of this method relies
on high resolution spectral measurement devices. FLD is a mature method for Chlorophyll fluorescence
measurement under daylight. It is suitable not only for ground-based measurement, but also for airborne
and even spaceborne fluorescence imaging. However this method is exclusively adapted to Chlorophyll

measurement of vegetation under solar light condition, which limits its applications elsewhere.

Dynamic excitation methods

Difference imaging While it is difficult to find a common way to block out the ambient light, a lot of
efforts have been made to enhance the fluorescence intensity itself by playing with the excitation light, so
as to reduce the contribution of the ambient light.

The easiest way is to do a subtraction between the images recorded with and without illumination of
excitation light. The major disadvantage of this method is due to the fact that the noise induced by the
high level ambient light cannot be eliminated by the image subtraction. If the fluorescence intensity is at
the same level or even lower than the noise level, the signal would be hard to be detected.

This method has been implemented by using a self-reset complementary metal-oxide-semiconductor

image sensor to record the fluorescence image of the Green Fluorescent Protein (GFP) expressed in a
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brain slice under indoor background light.> The self-reset image sensor enables one to avoid saturation
of overexposure by reseting the output value of each pixel when the number of photons received exceeds
its threshold. This sensor permits one to collect more fluorescence signal by increasing the exposure
time with a reduced noise level of the ambient light. Two images were captured with and without the
excitation light under room lighting condition and the difference between them was calculated to retrieve
the fluorescence image.

Subtraction has also been applied to detect fluorescence in plants.”® A reference spectrum was first
measured under broad-band artificial light. Then a second spectrum was acquired with an additional
excitation UV light. The fluorescence spectrum extracted after subtracting the reference was used to
analyze the Chlorophyll fluorescence signal and monitor the water stress.

As simple as it is, the subtraction method has limited interest in fluorescence detection under conditions

of high level of ambient light, as well as under a temporally varying lighting environment.

Pulsed-light excitation Pulsed excitation light with gated detection is a more commonly used approach
for fluorescence imaging under ambient light. The pulsed excitation light is usually generated with a
flash lamp or Light Emitting Diode (LED) source with a duration of millisecond down to microsecond,
in order to reach an instantaneous intensity more than 10 times the maximum intensity in continuous
mode. The camera is synchronized with the flash at a fast shutter speed. Such a system allows not only
to enhance the instantaneous fluorescence response, but it also reduces the exposure time to diminish the
input of ambient light intensity, which results in an obvious elevation of the fluorescence to background
ratio.>*>> In practical applications, the image captured during the pulsed excitation is corrected with an
image previously recorded in the absence of the excitation pulse, to further eliminate the contribution of
the ambient light.>®37 An optimized strategy was recently proposed to avoid the error signals during
the subtraction caused by periodically current-driven ambient light in the operating room.>® The pulses
were synchronized with the frequency of the background light such that the pulses and the acquisitions
occured at the lowest point of the background light intensity. Several devices based on this approach have
been developed and applied under various lighting environments,>*>%37-%0 from room light to sunlight

conditions, performing reliable and sensitive fluorescence imaging ability (see Fig.1.3).

Lock-in detection by light modulation Another approach to distinguish a fluorescence signal from the
ambient background relies on lock-in imaging, in which the intensity of the excitation light is modulated at
a certain frequency. The fluorescence intensity is consequently modulated with the pace of the excitation
light at which any modulation of the ambient light background can be neglected. By applying a time
domain Fourier transform, the modulated component of the fluorescence is extracted while the background
is filtered.

This method has been successfully applied for fluorescence detection of a bacterial sensor in the soil
under daylight condition.%! A more complicated protocol based on modulating both the excitation light
and the ICCD sensor was demonstrated in another work for fluorescence imaging of a living animal.%? In
this imaging system, the recorded images are phase sensitive. Their intensity depends on the phase delay
(n) of the modulation signals between the excitation light and the gain of the ICCD. The fluorescence

image containing the modulated component was calculated from three images acquired with different
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Figure 1.3 — Leaf fluorescence using flash versus continuous illumination (CI). Flash illumination was
compared against CI from a 100 W Xenon arc lamp, both equipped with the same bandpass filter as part of
the chlorophyll filter set (450/50 excitation filter, 740/140 emission filter). The comparison was done on
an equal-exposure-time basis, 25 us exposures or one 900 us exposure respectively. Therefore, the light
dose for imaging the specimen was approximately 180-fold greater under flash illumination. Artificial
shaded sunlight from incandescent lamps was set equal to daylight level (10% of full insolation) in the
field of view. Ambient (a), and ambient + CI (b) images of the test specimen, a leaf on sand; (c¢) digital
difference image (b) minus (a); summed nonflash (e) and flash images (f); (g) digital difference image
(f) minus (e). Graphs (d) and (h) show line profiles of fluorescence across the leaf image at the position

indicated by horizontal white lines in panels (c) and (g) respectively. Figure derived from.®°

(see Fig. 1.4). Compared to the pulsed excitation approach, the lock-in strategy enables one to gain higher
Signal-to-Noise-Ratio (SNR) thanks to a frequency-domain noise filtering. In addition, this strategy is
insensitive to irregular fluctuation of the ambient light, which is an advantageous with respect to the other

approaches reported above.

1.3.2 Strategies against a background of autofluorescence
Choice of optical filter sets

A typical fluorescence imaging microscope necessitates a fluorescence filter set, which usually consists
of three components: an excitation filter, a dichroic beamsplitter, and an emission filter. The fluorescence
filter set is used to separate the excitation and the emission optical pathway, as well as to confine the band
pass of both channels in order to avoid the interference of excitation light and enhance the fluorescence

intensity from the specific fluorescent reporter. As such, the bandpass of the filters should be particularly
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Figure 1.4 — iRFP fluorescence images acquired at the phase delay (a) 0°, (b) 90°, (¢) 180° from a
representative mouse. (d) The extracted image of AC amplitude. (e) CW Image of DC. (f) Spectra of
the fluorescent room lights acquired in the surgical suite showing far red energy. The arrows point to the

breast cancer location and the dashed circles represent the background ROIs. Figure derived from.5?

picked up to match the excitation and emission band of the fluorophores that one wants to observe. In
current fluorescence microscopy, the standard filter sets are TRITC, FITC, and DAPI for red, green,
and blue fluorescence respectively. These standard filter sets can eliminate autofluorescence in these
wavelength ranges, when it is less intense than the reporter fluorescence. However they cannot filter out
the whole autofluorescence background since the latter covers the whole visible region (see Fig. 1.1),
which overlaps the emission peaks of all the fluorophores.5

In practice, one can personalize the filter combinations for more specific observations. Considering
that autofluorescence arises from a large gamme of unknown natural molecules, which exhibit different
absorption bands, an excitation light with a broad spectrum may lead to a stronger autofluorescence
signal since more endogenous fluophores tend to be excited. In this case, excitation filters with narrower
bandpasses are ideal to limit the autofluorescence to those whose excitation band overlaps that of the
reporter fluorophore.%4-67

The choice of the emission filter plays a more important role in distinguishing the fluorescence signal.
Since the reporter fluorophores exhibit narrow emission spectra with specific peaks, narrow bandpass
filters centered around these peaks are often used to augment the contribution of the reporter signals
against the non specific broad band autofluorescence. The use of dual bandpass filters has also been

reported in fluorescence imaging.®>%7 In a recent work,%” an optimized filter set was described and used
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for GFP imaging in Caenorhabditis elegans to overcome the problem of autofluorescence. The proposed
filter set used (i) an excitation filter with a very narrow bandwidth of 10 nm centered at the maximum
excitation peak of GFP (488 nm) and (ii) more particularly a dual band emission filter with a first pass at
520/20 nm for the GFP emission peak (509 nm) and a second pass at 595/40 nm for the autofluorescence
signal. By using a RGB camera, the autofluorescence signal passed through both bands, which appeared
yellowish, while the GFP signal was observed mainly through the first pass and remained green (see Fig.
1.5). Compared to broad band filtering, this filter set optimized both the excitation and emission part,
firstly to minimize the induced autofluorescence signal from the specimen, secondly to distinguish the
color rendering of the GFP signal and autofluorescence signal. Albeit the contrast was enhanced, this
method did not truly reduce the autofluorescence background. Moreover it cannot deal with the case

when the GFP signal is weaker than the autofluorescence of the same bandpass.
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Figure 1.5 — The LSD2022 C. elegans strain expresses an integrated collagen::GFP transgene (ROL-
6::GFP), which is visible in the cuticle (white arrow). In addition, the strain LSD2022 expresses GFP
driven by the ttx-3 promoter in the AIY interneuron pair (white arrowhead). (A) C. elegans worm
(LSD2022) imaged with a commonly used single band filter set (C). (B) The same animal imaged with
the triple band filter set (D), where Green is GFP and yellow is autofluorescence. The figure is derived

from. %7

Instead of remaining in the visible region, near infrared fluorescence (NIR) imaging has been another

6869 since very few intrinsic fluorophores emit

strategy to get rid of the problem of autofluorescence,
fluorescence beyond 650 nm in the NIR region.”® Further studies have shown that the second NIR region
(1200-1800 nm) is even more favorable than the NIR region (650-950 nm), since the autofluorescence
contribution at the former region is almost negligible.!>”! Hence fluorescence imaging in the NIR region
has been widely adopted to investigate biological systems in order to obtain an autofluorescence-reduced

background.””7® Although a variety of near infrared dyes such as Indocyanine Green (excitation peak
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72,73

around 780 nm and emission peak at 820 nm) are currently available, it would be favorable to develop

new NIR emitting fluorophores with higher quantum yield and biocompatibility.

Choice of the growth medium

Fluorescence detection of cells and microbes can also suffer from autofluorescence interference from
the growth media the autofluorescence of which can be intense’ and sometimes variable due to cell
secretion.”’ To generate suitable growth conditions for microbes, growth media are often rich in nutrients,
including vitamins such as vitamin A and riboflavin, which are main sources of autofluorescence. The
PBS buffer can be used to wash away the fluorescent culture medium right before recording an image.
However the medium removal influences the longevity of cells and hampers long-term observation.
Various alternatives exhibiting significantly reduced autofluorescence than traditional culture media (E.X.
agar gel, LB culture,. ..) have been reported.*>’%7° Although low autofluorescence culture media are
not always available for specific uses, the choice of the culture medium should be considered at first if

possible, since it is one of the easiest approaches to circumvent the autofluorescence problem.

Chemical treatment

Autofluorescence from cells or tissues can be diminished by specific chemical treatments. Sodium boro-

hydride has proven useful to quench autofluorescence induced from aldehyde or formalin fixatives.30-82

Riboflavin can be reduced to a non-fluorescent state by injection of a sodium dithionite solution.®?
Copper sulfate can be used to quench lipofuscin-like autofluorescence®* and reduce haemosiderin-laden
macrophages autofluorescence.®> A series of diazo dyes like trypan blue®?3%87 and Sudan black B38-!
can be used to mask or absorb visible autofluorescence emission in tissues. They are frequentely adopted

in immunofluorescence applications.gz’93

However these dyes are usually applied after immunofluores-
cent labeling, which causes also signal reduction of the labels. Such treatments are often combined for

better diminishing of the autofluorescence background.3 %497

Photobleaching treatment

The autofluorescence of biological samples tends to fade after long time UV irradiation, due to photo-
bleaching of the autofluorescent molecules. Photobleaching refers to photo-induced chemical alteration of
the fluorescent molecule such that it is permanently disabled to fluoresce.’® This irreversible destruction
of the fluorophore is troublesome in most cases. Nonetheless, it has been an useful tool for diminishing
unwanted autofluorescence of animal tissue such as brain, liver and 1ung.99‘102 It has been evidenced that
UV irradiation (20 W) should last for at least 24 h to get a significant autofluorescence reduction through
the whole sample, and after a treatment of 48 h, most of the autofluorescent background was faded.”® In
another work,'® a high power multispectral LED array (240 W) was adopted as the irradiation source,
and the process was shortened to 4 h with 80% autofluorescence reduction, which reached 90% after 24
h. Albeit the sample is often photo-treated prior to immunolabeling so as to avoid to affect the label
fluorophores, the photo-treatment has also been done after labeling, with cooling during irradiation in

order to preserve the quality of the fluorescence marker. It has been additionally shown that fluorescent

23



INTRODUCTION

proteins like GFP are relatively resistant to photobleaching.*> Due to the chromophore encapsulation,
they exhibit a lower bleaching rate than small fluorophores.'% 1% In any case, one should be aware that
UV irradiation can easily jeopardize inner components that are critical to the cell activities, which might

not be suitable for real time monitoring in situ, not to mention the time consuming pretreatment.
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Figure 1.6 — Effect of autofluorescence removal on image quality in the case of FTLD-T tissue with anti-
phosphorylated tau immunostaining.(a-c) Low magnification, composite immunofluorescence images of
representative fields of view in untreated (a), photobleached for 48 h (b) and chemical quencher treated (c)
samples. Colors represent fluorescence in the following channels via excitation by their respective light
sources: Alexa 488 (green): A, =488 nm (argon laser) A.,, = 493-570 nm; Texas Red (red): ., =561
nm (DPSS 561 nm laser), A, = 601-635 nm; DAPI (blue): 1., =405 nm (Diode 405 laser), A, = 410-
507 nm. Scale bar = 100 um. (d-r) Higher magnification images of the dotted regions in untreated (d-g),
photobleached (i-1) and chemical quencher treated (n-q) samples, with separate fluorescence channels,
merged image, and quantified fluorescence signal profiles. Dotted lines in the merged channels (g, 1, q)
represent the line on which signal profiles (h, m, r) were generated. Scale bar = 50 um. Autofluorescent
particles (af), immunolabeled tau fluorescence (tau) and nucleus signal (nuc) are indicated. The figure is

derived from.!02

1.3.3 Strategies overcoming interferences of both ambient light and autofluorescence

In the previous section, we introduced several methods for reduction of sample autofluorescence by
chemical or photochemical treatments. All of them have significant disadvantages: (i) the choice of

the biological media is limited for certain specimens, with a compromise for the cell growth condition;
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(ii) chemical treatment and photobleaching may reduce the autofluorescence intensity, but at the price
of the labeling intensity. Furthermore the chemical or photo-toxicity have to be carefully investigated,
which limits their applicability to in vivo observations. By contrast, optics-based strategies provide a non-
invasive way to investigate biological samples without physical or chemical intrusions. However, intensity
detection based on light perturbations have got trouble to eliminate the nuisance of autofluorescence, since
both the autofluorescence background and the fluorophore signal are responsive to the excitation light.
This section will focus on reviewing several optical imaging techniques exploiting different types of
kinetic features of fluorophores,'® relying on light as a perturbation parameter and signal processing to

retrieve the fluorescence of interest from both ambient light scattering and autofluorescence background.

Fluorescence Lifetime Imaging Microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) is an imaging technology exploiting the differences of
lifetime of the excited state of fluorophores.'%® 197 When a fluorophore is excited by a photon, it relaxes
towards the ground state and its probability of being excited then obeys an exponential decay as a function
of time. Therefore the observed fluorescence intensity exhibits also an exponential decay. In FLIM, it is
the lifetime rather than the direct intensity, which is used to discriminate fluorophores. Being an intrinsic
property of the fluorophore, lifetime is independent of the local concentration and the brightness of the
fluorophore, but it may vary with its molecular environment.!%

Three different ways are generally implemented to extract the lifetime information of the fluorescence.
First, time-correlated single-photon counting (TCSPC) relies on the detection of individual emitted
photons and the associated delay time of their arrival to build an histogram of the number of photons at
different time points.'% Exponential fitting of the histogram then provides the lifetime(s). Second, the
fluorophores are excited with a pulsed laser, and the detection is triggered after a series of time delays. The
decay lifetime is reconstructed after analysis of the recorded intensities.!'Y While the two former methods
rely on pulsed excitation, FLIM can also be implemented with a frequency-domain detection. This
approach generates a modulation of the excitation light. As a consequence, the fluorescence intensity is
modulated. The fluorescence lifetime can be determined from its modulation depth and phase delay.'%7-1!!

As FLIM allows one to discriminate fluorescent emitters by the difference of their lifetimes, it
has been considered to discriminate autofluorescence as well as the time-independent ambient light.
Indeed the background autofluorescence exhibits lifetime ranging from ps to several ns.!!>!1> Hence the
targeted fluorescence can be collected with time-gated detection after the autofluorescence dies out. This
approach has been implemented to eliminate the chloroplast autofluorescence in plant cells.!'® Since the
autofluorescence of the chloroplast declines extremely fast(several ps time scale) whereas the lifetime of
the common labels like GFP and YFP is to the nanosecond range, the detection started with a delay of
0.3 ns after the pulse excitation, which allowed to completely remove the autofluorescence with only a
slight reduction of the label fluorescence. However, autofluorescence has an average lifetime around 4
ns, overlapping the one of most common organic fluorophores. Expanding the detection delay elevates
the contrast but at the price of a loss of the fluorescence intensity sought for. For this reason, engineered
long-lived fluorescence probes have been designed to ensure complete decline of the autofluorescence

while keeping the desired fluorescence at a considerable level. Hence Jin ef al. used lanthanide-based
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luminescence probes with very long lifetime up to us and ms.!!” Nevertheless these probes have limited
photon flux, which lowers the sensitivity. Ryan et al. developed azadioxatriangulenium (ADOTA) dye,
the 20 ns lifetime of which is three times longer than usual autofluorophores so as to facilitate detection
after the autofluorescence has diminished (see Fig. 1.7).!!811° More recently, Optical Activated Delayed
Fluorescence (OADF) extended the lifetime to tens of us by exploiting the long live dark state of Ag
clusters.'?® After a primary pulsed excitation, the Ag cluster is excited to a dark state, which can be
depopulated to the excited emissive state by a secondary illumination at longer wavelength with a time

delay. Thereby the repumped fluorescence can be activated after fading of the endogenous fluorescence.
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Figure 1.7 — Time-gated FLIM applied to tissue labeled with ADOTA. Panel (a) shows the FLIM
equivalent of the steady-state image; data collection starts after 2.5 ns and excludes scattered excitation
only. In panel (b) data collection is delayed by 10 ns. All of the data shown in this figure were obtained
in one collection of data from a single, 80x80 pm (300 pixels x 300 pixels) area of tissue. The figure is
derived from.!!8

By relying on the study of lifetime which is independent of the fluorophore concentration but variable

to the molecule context, FLIM is yet not an ideal tool to quantify the local amount of the fluorophore.

Optical Lock-In Detection (OLID)

Several fluorophores exhibit light-driven switch between two states of different brightness, which can
be turned on and off reversibly upon illumination of two different wavelengths.'>!=123  This specific
photo-dynamic feature was exploited by G. Marriott et al.'**'? to isolate the fluorescence signal of the
photoswitch from a high level background. Periodic light perturbation drove the fluorophore throughout
several cycles of photoswitching and the modulated fluorescence signal of the specific probe was isolated
from the constant scattering background as well as the steady autofluorescence background from non-
photoswitching sources by what G. Marriott et al. named lock-in detection (OLID). More precisely,
the probe was first photoswitched from a dark state to a bright state with a short UV light pulse, and a
subsequent excitation light was applied to photoswitch it back to the dark state with a much lower rate.
After repeated illuminations over several cycles, the acquired signal from the probe exhibited a sawtooth-
like modulation. To amplify the desired signal, a cross-correlation was performed between each pixels of
the imaging field and a reference waveform picked from a small region where the fluorophore only was

present, so as to analyze the temporal similarity. The cross-correlation coefficient p(x, y) at a given pixel
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was calculated with equation (1.1):

p(x7y)=z {I(x,y,0) — ur H{R(t) — ur} (L)

7 OJO0OR

where I(x, y, t) is the detected intensity at pixel (x, y) at time ¢ during the cycle, and R(¢) is the reference
waveform. pujy and ug are the averages, and o; and o are the standard deviation values of the pixel
intensity and the reference waveform respectively.!?* With this algorithm, the background (including
the ambient light-induced scattering and the autofluorescence which is not supposed to present any
photoswitching feature) was not correlated to the reference and thus yielded a cross correlation close to
zero. In the contrary, any modulated signal exhibiting a response behavior similar to the reference wave
was enhanced, which allowed to selectively display the information of the photoswitchable probe.

OLID was first experimentally demonstrated with reversibly photoswitchable small fluorophore (ni-
trospirobenzopyran; nitroBIPS) and genetically encoded fluorescent protein, Dronpa, used to achieve high
contrast imaging of living cells and mammalian tissues (Xenopus spinal cord explant and live Zebrafish)
free of the artifacts arising from autofluorescence.'>* OLID imaging was subsequently also validated
with a cyanine probe, which can be photoswitched at high light intensity.'?6

Eq. (1.1) shows that the modulation intensity is normalized by the STD of the two signals. Thereby
the calculated coefficient is not linearly related to the local concentration of the probe. The same team
has proposed an optimized method using the “scope” as a weighting factor.!?”-12 The scope value is

actually the mean peak-valley measured from each pixel during each local cycle:
N
S = 1 3 L5 i = L5, 300 (12)
’ N - max 2 1 min ’ 1 .

where the L,,,x(x, y); (respectively L,,;,(x, y);) is the local maximal (minimal) intensity of the ith cycle,
and N is the number of cycles recorded. Meanwhile, the reference point is automatically selected from
the pixel possessing the largest scope, without the need of manual process.

The scope values have been used to weight the cross-correlation image'?” (see Fig.1.8). While the
addition of the scope has taken into account the switching amplitude and further enhanced the contrast as
well as the signal-to-noise ratio, the ability of OLID to quantify the local content of the photoswitching
probe is still questioned, especially when the background is so overwhelming that the modulation is at the
noise level, where the extracted scope is highly unreliable. An erroneously selected reference point leads
to alternative correlation analysis (see Fig.1.12), which fails to yield the right OLID image.'?° In another
work, the scope values were used directly as a weight factor to the raw fluorescence intensity image for
the sake of an enhanced contrast.!*® Nonetheless, since the final result is coupled with both the scope and
the raw intensity (which distorts the real intensity of the fluorescent probe), OLID is not suitable for the

quantification of the probe.

Synchronously Amplified Fluorescence Imaging Recovery (SAFIRe)

R. Dickson and his team developed another selective imaging technique called synchronously amplified
fluorescence imaging recovery (SAFIRe).!3% 13! In their approach, a specific optical modulation strategy

is applied so that only the fluorescence of the probe of interest is modulated while the background stays
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Figure 1.8 — (a) A single image frame of the living cell (labeled with a non-photoswitchable probe
Rhodamine 123 and a photoswitchable protein rs-mcherry-rev) representing peak response to switching;
(b) Reference waveform obtained from the fluorescence intensity profile at the selected reference point; (c)
Scope image; (d) Results from the correlation image; and (e) Results from the scope-weighted correlation

image. The figure is derived from.!?’

steady. This discrimination exploits a few specific fluorescent molecules, which possess long-lived dark
states. When a fluorophore is promoted by light from its ground-state Sy to its excited state S, it has
a certain probability to transit to a dark state 7. When the dark state is long-lived, fluorescence drops
even at rather low light intensity. However the population of the dark state can be interestingly reduced
upon a secondary illumination with high energy. It regenerates the emissive state S; faster than the
natural decay rate from 77, which thus elevates the fluorescence signal. SAFIRe has implemented this
scheme by exploiting several fluorophores in which the depopulation of the dark state occured upon
illumination at a wavelength longer than that of the fluorescence emission. While maintaining a constant
primary excitation light, optical modulation of the secondary light allowed to dynamically control the
population of the emissive state, resulting in a modulated fluorescence intensity. Meanwhile, the collected
background was free of the crosstalk from the secondary light with a longer wavelength, therefore remained
unmodulated. After performing a time-domain Fourier transformation of the signal from each pixel, the
SAFIRe image was reconstructed, where the modulatable probe was amplified whereas the background
was removed. Similar to a lock-in amplifier, this scheme allowed to eliminate both autofluorescence and
ambient light.

SAFIRe was first validated with Ag nanodots,'3* and then with organic fluorophores like xanthene'!

and Cy5.13% It was later implemented in bioimaging using specific genetically encoded fluorescent
proteins, which were able to be photoswitched with the mechanism discussed above. In the first attempt,
AcGFP was used to label mitochondria in NIH 3T3 cells while labeling EGFP was introduced elsewhere

as a background interference. The image was obtained with a confocal scanning system using an optical
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fiber as a pinhole. The demodulated image recovered the location of the AcGFP against the EGFP
background.'?3 In another work, SAFIRe was applied in wide field imaging, where a series of engineered

BFP mutants modBFP/H148K were found attractive as modulatable labels to enhance the imaging contrast

against autofluroescence (see Fig.1.9).!34
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Figure 1.9 — (A) Fluorescence response of an optically modulatable blue fluorescent protein
(modBFP/H148K) with constant primary excitation and modulated secondary excitation. The insets show
Jablonski diagrams representing dark/bright populations; (B) Time trace of aqueous modBFP/H148K with
372 nm primary excitation and 514 nm secondary excitation modulated at 13 Hz. The inset shows the fast
Fourier transform (FFT) of the bulk intensity trajectory, recovering the modulation frequency encoded
in the fluorescence signal. (C) Analysis of optically modulated image stacks acquired with SAFIRe by
taking the Fourier transform of each pixel’s intensity trajectory. The demodulated image is formed from

the FFT amplitude at each pixel. The figure is derived from.!3

Quantitative measurement of fluorophore concentrations in the presence of an high background was
validated by Hsiang et al.,'>> using diluted Cy5 solution at varying concentrations with and without a
Texas Red fluorescence background. Fig. 1.10A shows the number of Cy5 molecules measured by FCS,
respectively in a Texas Red solution and fluorescence-free water. The curve exhibits a non-linearity at low
Cy5 numbers, due to the interference of the fluorescence background. In contrast, the FFT amplitude in
Figure1.10B reconstructed a quasi-identical linear dependence on the Cy5 concentration in both solutions,
devoid of any contribution from the non-modulated background. SAFIRe has also been successfully used

in fluorescence correlation spectroscopy (FCS) for background-free quantification of Ag nanocluster.!36
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Figure 1.10 — (A) Highly nonlinear correlation between the numbers of Cy5 molecules measured by FCS
with and without a constant Texas Red background; (B) Plots of the SAFIRe signal (FFT amplitude) vs
the number of Cy5 molecules, showing that the modulation amplitude is independent of the presence of

the unmodulatable Texas Red background. The figure is derived from.!3>

A first limitation of SAFIRe originates from constraining the fluorophores to rely on a red-shifted
illumination for dark state depopulation to avoid crosstalk. To overcome this limit, Dickson’s research

137 The primary excitation light was

group has proposed a smart approach combining SAFIRe and FRET.
applied to the donor, that transfers its energy to the acceptor. Meanwhile a secondary light of longer
wavelength than the emission peak of the donor excited the acceptor, giving rise to a competition against
the FRET transfer. As a consequence, the intensity of the secondary light was negatively correlated to

the fluorescence emission of the donor.

A second SAFIRe limitation originates from constraining the fluorophores to exhibit a long-lived
dark state. To avoid seeking dark state fluorophores, Dickson’s research group introduced an all-optical
method utilizing simulated emission depletion.!3® It exploits the depletion of the fluorescence state by
stimulated emission induced by a secondary depletion laser at a longer wavelength than the fluorescence
emission, which could be modulated by modulating the depletion laser. The selectivity of this protocol
relies on an higher STED efficiency of the targeted fluorophore than the one of the background emitters.
Moreover this approach requires high intensities of both primary and secondary lights (mostly attainable
in a confocal system), which may generate photobleaching and phototoxicity to the sample and limit its

use in real time living cell observations.

A recent work evaluated reversibly photoswitchable fluorescent proteins as labels for SAFIRe imag-
ing.'? To avoid the generation of a modulated autofluorescence background which would originate from
the high energy secondary light with short wavelength required to depopulate the dark state of RSFPs such
as rsFastLime, this work introduced a dual modulation system (DM-SAFIRe), where both the primary and
the secondary lights were modulated, but at different frequencies. While the non-photoswitching back-
ground independently followed the modulation of the two photoswitching-driving lights, the rsFastLime
emission was selectively modulated at both frequencies, which gave rise to a pair of sideband signals (see
Fig.1.11) in the Fourier domain completely excluding the background. The superiority of DM-SAFIRe
with regards to OLID and SM-SAFIRe in RSFP imaging was established in live NIH-3T3 cells (see
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Figure 1.11 — Dual modulation enables background-free rsFastLime detection. rsFastLime interacts with
both 405 and 488 nm lasers, while the autofluorescence background is excited independently by each
laser. The Fourier transform shows that only rsFastLime presents sideband signals (at 7 and 11 Hz) when

the 488 and 405 nm lasers are respectively modulated at 9 and 2 Hz. The figure is derived from.'?’

Out-of-Phase Imaging after Optical Modulation (OPIOM)

In order to get a more selective kinetic signature of reversibly photoswitchable fluorescent probes, Out-
of-Phase Imaging after Optical Modulation (OPIOM) has added the phase lag of the modulated signal to
the frequency-dependent modulation depth exploited by SAFIRe for selective imaging. Indeed, OPIOM
acts as a band-pass filter for the RSFP signal whereas SAFIRe acts as a low pass filter. As a consequence,
OPIOM is more easily prone to direct multiplexed observations of several RSFPs. Moreover OPIOM relies
on an exhaustive theoretical frame, which led to extract analytic conditions for its optimal implementation.

The OPIOM theoretical framework was first illustrated by Quérard et al.'*® Tt is based on a thorough
analysis of the photo-induced switching behavior of a reversibly photoswitchable probe between two states
1 and 2, bright or dark, where the thermodynamically stable state 1 can be photochemically depopulated

to the thermodynamically unstable state 2 with a rate constant
kio(1) = o121(1), (1.3)
whereas it is populated back either by photochemical induction or slow thermal recovery at a rate constant
ki (t) = a1 I(t) + k3, (1.4)

where 0, 1(¢) and szl are respectively the photochemically-driven and the thermally-driven contributions.
Since the exchanging rates between the two states depend on the light intensity /(¢), a slight sinusoidal
modulation of the light intensity generates a modulation of the population of the two states, but with a

phase delay due to the relaxation time of the switch.

i(r) = i% + e[i"" sin(wt) + i cos(wt)] (1.5)
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Figure 1.12 — (A) Signal/background (S/B) comparison of SM- and DM-SAFIRe vs OLID in live NIH-3T3
cells co-expressing untargeted EGFP and mitochondria-targeted rsFastLime: (left to right) raw image,
S/Bx1.4; OLID, S/B~6; demodulated image at 405 nm frequency (SM-SAFIRe), S/B~5; demodulation
at the sideband frequencies (DM-SAFIRe), S/Bx9. (B) S/B comparison in the presence of bright non-
rsFastLime background: (left to right) raw live cell image as in (A), S/Bx1; OLID using automatic
selection of brightest feature for reference waveform, S/B~1.6; OLID with manual selection of reference
point, S/Bx5; demodulation image upon DM-SAFIRe, S/Bx9. Scale bars = 10 yum. OLID and SM-
SAFIRe give similar contrast improvements, and DM-SAFIRe gives a further 2-fold improvement. The

figure is derived from.!?

l,in l,out

where gi"'" sin(wt) and &i cos(wt) are respectively the in-phase and out-of-phase components of the

concentrations at the modulation frequency. Interestingly, further calculation revealed that the i and
i-*¥! values are tunable with two modulation parameters: the offset intensity /y and the angular frequency
w. In particular, the amplitude of the out-of-phase term i'>**? exhibits a resonant behavior with a single
optimum when the parameters matches:
poo i (16)
012 + 0721

w = 2k (1.7)

where 0717 and 0| are the photoswitching action cross-sections of the probe. The optimal conditions are
exclusively related to the kinetic features of the probe itself. Since the fluorescence emission is directly
related to the population of the bright state, the out-of-phase signal can be extracted from the fluorescence
modulation of each pixel simply by temporal Fourier transformation, and used for quantification of the
RSFP concentration.

OPIOM has been then experimentally implemented for selective imaging of two mutants of Dronpa
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Figure 1.13 — (a) Out-of-phase imaging after optical modulation (OPIOM). A periodically modulated
light generates modulation of the signal from reversibly photoswitchable fluorescent probes exchanging
between two states (1 and 2), each having a different brightness. The image of a targeted probe is selec-
tively and quantitatively retrieved from the amplitude of the out-of-phase component of the fluorescence
emission at angular frequency (w) upon matching Iy and w to its dynamic parameters (o 12, 0>, szl).
(b) Theoretical response of a reversibly photoswitchable fluorophore, 12, submitted to light harmonic
forcing of small amplitude. The absolute value of the normalized amplitude of the out-of-phase oscil-
lations in concentration of 2, [A224! |, is plotted versus the light intensity Iy (in ein.s™!.m~?) and the

adimensional relaxation time an'?z. o2 =73 m2mol™!, o5, = 84 m?. mol™!, szl =1.5%x10"2s7'. The

figure is derived from.!'4?

(Dronpa-2 and Dronpa-3'#") in mammalian cells and zebrafish.!# The images were obtained with a wide
field epifluorescence microscope or a single plane illumination microscope by modulating the excitation
light from a LED source with a central wavelength of 480 nm. To get the maximal OPIOM response, the
modulation parameters [/ 0. w] were tuned to match the resonance conditions (Egs. (1.7)). OPIOM selec-
tively visualized the Dronpa-3 labeled structures in the cells, completely rejecting the autofluorescence
and EGFP signal which did not exhibit any out-of-phase response (see Fig.1.14). Moreover OPIOM band-
pass discrimination enabled to independently image both Dronpa-2 and Dronpa-3 in systems containing
both RSFPs.

With a single excitation light at 480 nm, OPIOM relies on repetitive exchange between state 1 and 2
(1 being bright state and 2 being dark state in the case of the Dronpa mutants used), where the population
of state 2 is light-driven and recovery of the state 1 occurs with a slow thermal resetting rate of up
to several minutes. Under this circumstance, low modulation frequency had to be used to match the
resonance. The image acquisition required more than 2 minutes.'*? Chen et al. combined SAFIRe!3! and
OPIOM'%° to achieve a faster imaging rate by introducing a secondary continuous wave light at 405 nm
which accelerated the recovery process from 2 to 1.14? The low intensity co-illumination light allowed to
drastically increase the light modulation frequency and speeded up the imaging rate to a sub-second time

scale.
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Figure 1.14 — OPIOM application in mammalian HEK293 cells and in 24 hpf zebrafish embryos. (a,b)

Selective imaging of nuclear Dronpa-3 against membrane-localized EGFP. (c,d) Selective imaging of
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Lifeact-Dronpa-3 against autofluorescence. Fixed (a) or live (b) cells, and zebrafish embryo (c,d) were
imaged by epifluorescence (a—c) or single plane illumination microscope (d) (the dashed rectangles
indicate the zone illuminated by the thinnest part of the light sheet) upon illuminating with sinusoidal
(a—c) or square wave (d) light modulation of large amplitude tuned on the resonance of Dronpa-3. Images
labeled Pre-OPIOM and OPIOM correspond to the unfiltered and OPIOM-filtered, respectively, images.

Scale bars: 50 mm. The figure is derived from.!4°

An advanced OPIOM protocol exploiting dual illumination, named Speed OPIOM, was independently
introduced by Quérard et al. to increase the frequency of the periodic illumination.!4? In Speed OPIOM,
both light sources at 480 and 405 nm are modulated in antiphase, leading to a photoswitching between
the bright and dark states of the RSFP which is both much faster and of larger amplitude than in OPIOM.
Following the theoretical analysis, the fluorescence signal of the RSFP also exhibits a tunable out-of-
phase response with a single resonance in the space of the illumination parameters. Interestingly, instead
of tailoring the absolute average intensity I° and the radial frequency w, one can maximize the Speed
OPIOM amplitude only by adjusting the ratios /,/1; and w/I; to specific values determined by the kinetic
photoswitching properties of the RSFP, where I; and I, are the average light intensities at 480 and 405
nm respectively. Moreover, the maximum Speed OPIOM response is twice that in the original one
color OPIOM.'# In particular, the resonance conditions show that we can modulate the light sources
at higher frequency by increasing both light intensities while keeping constant their ratio, allowing to
shorten the imaging time down to the millisecond timescale. Experimental validations have evidenced
that Speed OPIOM is a powerful tool for quantitative imaging of reversible photoswitching fluorescent

probes, overcoming the autofluorescence background under adverse lighting conditions.

1.4 Objectives of this PhD work

Our group theoretically introduced and experimentally validated the Speed OPIOM protocol for cell obser-
vations in fluorescence imaging in works performed before the beginning of this PhD. A simple and cheap
homemade epi-fluorescence microscope and a light-sheet fluorescence microscope were respectively de-

veloped, with modified illumination systems embedding dual LED or laser sources to achieve two-color
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light modulations. Equipped with Speed OPIOM, these microscopes have overcome the limitations of
autofluorescence in providing high contrast fluorescence images of different types of RSFP-labeled cells
from Hela cells, U20S cells, and zebrafish embryo. Moreover, Speed OPIOM enabled to discriminate
up to 4 different fluorophores in complex biological mixtures, which is promising for multiplexed fluo-
rescence imaging. However the application of Speed OPIOM was restricted to microscopic observations
of cells, which forbidded to illustrate all its potential in other optical configurations. The general goal
of this PhD work was precisely to extend the implementation of Speed OPIOM to new instruments for
macro-scale and endoscopic fluorescence imaging. In particular, we were willing to illustrate that Speed
OPIOM could be highly relevant to overcome the limitations of ambient light and autofluorescence in
these imaging modalities. Moreover, we also aimed at enlarging the Speed OPIOM scope and precise its
potential in new applications.

The manuscript reporting on this PhD work correspondingly contains four chapters:

* In the first introductive chapter, we examined autofluorescence and ambient light as limitations in

fluorescence imaging and reported on state-of-the-art strategies to overcome them;

* In the second chapter, we report on a homemade macroscope exploiting the Speed OPIOM proto-
col. By benefiting from optimized illumination and a thoroughly imaging system, it could achieve
efficient fluorescence imaging overcoming autofluorescence and strong ambient light (e.g. sun-
light). More specifically, this macroscope was experimentally validated for selective fluorescence
observation of diverse biological media, such as fluorescent blotting membranes, microbial growth
plates, and living plant leaves under outdoor conditions. This macroscope also proved a power-
ful and sensitive tool for quantification of reversible photoswitchable fluorophores, with a drastic

improvement of sensitivity and signal-to-background ratio, even under sunlight;

* The third chapter reports on a collaborative work with agronomists, which aimed at applying the
macroscope for quantitative fluorescence detection of living plant leaves in the context of stress
monitoring. A series of genetically transfected or transformed plant leaves expressing targeted
reversibly photoswitchable fluorescent probes were imaged under indoor or outdoor conditions,
and the expression level of the target probe was successfully retrieved. Our system allowed us also

to monitor in real-time the stresses of genetically engineered plants;

* The fourth chapter reports on a fiber bundle-based endo-microscope, which integrates the Speed
OPIOM protocol. With its ability for selective imaging, this endoscope allowed us to realize
specific observations such as imaging plant roots in a soil, or real-time monitoring of a bio-process
in a bioreactor. Furthermore, this optical setup has been used to evidence the ability of the Speed

OPIOM protocol for optical sectioning, which is promising for fiber-based deep tissue imaging;
* The last chapter concludes the PhD work and discusses a few perspectives.

This manuscript also integrates in an Annex the paper in which Speed OPIOM has been introduced for

which I contributed to validations with the macroscope.
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Macro-imaging
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Chapter 1

Radiometric analysis for Speed OPIOM

macro-imaging

The fluorescence of biological samples is observed under the illumination of an excitation light. In the
case of large samples such as plant leaf and animal tissue, the excitation light has a complicated interaction
with the system. Moreover, the detectable fluorescence is generated only from the surface of the sample.
In this chapter, we evaluated the surface fluorescence emission of a scattering model, taking into account
the penetration length of the excitation intensity. This analysis helped us to define the excitation system

and the image collection system required for the macroscope implementing Speed OPIOM.

1.1 Fluorescence emission from biological media at the macro scale

1.1.1 Transparent media

To estimate the fluorescence emission of an object at the macro level, we first consider a simple model:
a thin layer of fluorophore solution under perpendicular illumination of the excitation light using 480 nm
wavelength for illustration.

We assume that the thickness of the layeris 6 << 200 um (less than the depth of field of the macroscope)
and the concentration of the fluorophore is low (¢ ~ 107% M), which is a representative concentration of
a fluorescent protein for labeling biological media. For the molar absorption coefficient at 4 = 480 nm,
we take £ = 5 x 10* M~'em™!, a typical value for most green fluorescent proteins. When the excitation
light at 4 = 480 nm passes through the layer perpendicularly, the absorbance of the light is estimated as
A = gc6 ~ 1073 < 1, which indicates that the attenuation of the excitation light owing to the absorption
of the fluorophore is negligible. Hence the layer can be considered transparent, and /. is constant through
the solution. The intensity of the fluorescence emission I, is proportional to the absorbed intensity I,p

of the excitation light and
Iom = ®plips = Sple(l —10759) x dpecdl,,Inl0 (1.1)

where ® is the quantum yield of the fluorophore in the layer. The equation suggests that the emission is

linearly dependent on the thickness of the solution.
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1.1.2 Non-transparent media

The biological tissues have more complicated interaction with light than transparent solutions. Light
intensity attenuates rapidly through the tissue due to scattering and molecular absorption, which greatly
limits the depth of penetration. Here we take the leaf of a living plant as a model and analyze its epidermic

fluorescence emission under excitation light.

Decay of light intensity through living leaves

The interaction of light with plant leaves depends on the chemical and physical properties of the leaves.
Generally two main factors contribute to the decay of light through leaves: light absorption of the pigments
(chlorophyll and carotenoids) and light scattering by the tissue structure. To evaluate the light penetration
through the leaf, we used the PROSPECT model, which has been developed by S. Jacquemoud et F. Baret
to analyze the spectral transmission by Arabidopsis thaliana.'** As displayed in Fig.1.1, the transmission
through the total leaf is 14 % at A7, = 525 nm, 1.17 % at Ay = 480 nm and 0.2 % at A, = 405 nm,
which are the emission wavelength and the excitation wavelengths to be used to photoswitch our reversible

photoswitchable fluorescent proteins.

a
Complete all the inputs before to run prospect

Leaf structure parameter: 1.5 1.0 =N <= 3.0 dimensionless

Chlorophyll content - 30.0 0 = Cab = 100 pg/em?
Carotenoid content: 5 0 = Cxc =25 pg/em®
Brown pigments: 0.1 0= Cb <1 (arbitrary units)
Equivalent water thickness: 0.015 0=EWT <005 cm
Leaf mass per unit area:  0.01 0<LMA <0.02 gfcm?®

Figure 1.1 — Application of the PROSPECT Model to the leaf of Arabidopsis thaliana. a: Inputs of
Arabidopsis leaf data : typical leaf parameters extracted from literatures'¥~14%; b: Evaluation of the

spectral reflectance and transmission through the total thickness of the leaf.

We then assumed that the light decay through the leaf was exponential as a function of the depth (see
Equation (1.2) and Fig.1.2)

Ix(z) = Ipl0%x (1.2)

where 0, is the typical penetration depth at wavelength A and [ is the light intensity on the leaf surface.
Considering that the typical thickness of the leaves is 220 um, we could first derive 0535 = 258 um,
0480 = 114 pum and 6495 = 85 um. Then we could deduce the length z, over which the light intensity

decays by afactor 10 since z; = 6,. These values agree with the measurements reported in literature. 4% 150
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Figure 1.2 — Leaf structure (left) and light excitation profile through the leaf (right).

Epidermic fluorescence emission on the leaves

Taking into account the light decay through the tissue, the detectable fluorescence emission on the surface
of the leaf could be estimated. The fluorophore concentration in the tissue was considered spatially

homogeneous. The light absorption by the fluorescent protein through a thin layer dz is
dlaps(z) = —dlex(2) = Lex(2)(1 - 10_£Cdz) = eclox(2)In10dz (1.3)

The emitted fluorescence from the deeper layers also suffers from light reabsorption by the tissue before

being finally detected at the leaf surface. Hence the total detected fluorescence intensity at the leaf surface

Iy, is:
5leaf
Iy = f <I>Fd]absl()—2/5525nm (1.4)
0
6leaf
= dpeclylnl0 f 1072/ %480nm . 172/ 9525nm {7 (1.5)
0
_51eaf
= $reclyd,(1-10 °r ) (1.6)

When 6;cqr > 0,, Eq.(1.6) yields Eq.(1.7)

Iem — Preclydy, (L.7)

54800
where §, = 209525

Y = Baoroes = 79 um is related to the absorption property of the light through the tissue.

Hence, in contrast to the case of the transparent solution, when the thickness of the leaf ;¢4 is
higher than ¢, (which is always the case), the actual leaf thickness has little influence on the fluorescence
intensity detected at the surface. In another word, the surface fluorescence emission is mainly generated

by the fluorophores within a shallow layer of ¢, at the surface of the leaf.
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1.2 Speed OPIOM signal at the leaf surface upon modulated resonant

dual illumination

Speed OPIOM exploits resonant sinusoidally modulated dual illumination at two wavelengths A; and
15.'%3 At resonance, the average light intensities / ? and Ig and angular frequency w of the modulated

lights should fulfil the conditions given in Eqs.(1.8,1.9)

(Crz1+021) I = (122 + 0212) Iy (1.8)

w=2 (o1 +0oa) 1. (1.9)

which involve the photoswitching cross sections at A1 and A2, 0121, 0712,2, 21,1, and 02,2, between the
states 1 and 2 of the reversibly photoswitching fluorophores.

During this work, we decided to fix illumination to fulfill the resonance conditions at the leaf surface.
However, since the light intensity decreases through penetrating the leaf, the resonance conditions could
not be met anymore below the leaf surface. Since the transmission of UV and blue lights by leaves are very
close (vide supra), we assumed that the first resonance condition (1.8) was satisfied within ¢, . In contrast,
the second resonance condition would be violated when going deep into the leaf due to the decays of the
light intensities. This violation results in a drop of the Speed OPIOM signal, which can be evaluated from
the expression of the Speed OPIOM response given in Eqs.(97) and (100) of the Supporting Information

from reference.'* It yields

6leuf
]IQPIOM = f <I>Fd1ab510_1/5525"”'ﬂ (1.10)
0 1+ (Io/1(z))?
6leaf _z 1
= <I>Fscloln10f 10 o = —dz (L.11)
0 10%480nm + 10 ®a80nm

The term — decreases from 0.5 to around 0.2 from the surface to the depth ¢, beyond

10%480nm +10 480nm
which essentially no further fluorescence signal is collected. Hence Eq.(1.11) shows that the Speed

OPIOM is between 0.2 and 0.5 times lower than the average fluorescence signal (instead of 0.5 times

lower in the case of a transparent solution).

1.3 Speed OPIOM resonnance conditions for different RSFPs

In the case of green RSFPs, illumination has to be modulated at ;=480 and 4,=405 nm under resonant
conditions to enable selective fluorescence imaging. Table 1.1 provides the relevant datas to set resonance
for a series of previously investigated green RSFPs.!43

Figure 1.3 displays the resonant illuminations for the six proteins above. At resonance, the intensity

of the blue light is always higher than that of the UV light. At the same the modulation frequency w

IO
480°
is notably higher for Dronpa-2 than other proteins, which means that the detection of Dronpa-2 is at the
fastest at a given excitation intensity.

Table 1.2 provides the average light intensities / ? and Ig needed to be at resonance for the different
RSFPs to modulate illumination at an angular frequency of 1 Hz: The resonance condition is easier to

reach for Dronpa-2, which needs a lower level of blue light intensity with respect to the other RSFPs.
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RSFP 012,480 + 021,480 012,405 + 021,405
m?-s) (m? s

Dronpa 5.1 354.5
Dronpa-2 196 413
Dronpa-3 29 331
rsFastLime 36 648
Padron 36 96.8
Kohinoor 56 233

Table 1.1 — Values of 012,480 + 021,480 and 012,405 + 021,405 for previously investigated RSFPs.

0.01 —
0.02

0 11{mol/m2/s)

Dronpa

Dronpa-2
Dronpa-3
—— rsFastlime
Padron
Kohinoor

143

Dronpa
——— Dronpa2

= Dranpa-3
== rsFastlime
Padron
Kohinoor

12(mW/mm2/s) 0 o 11(mW/mm2/s)

Figure 1.3 — Evolution of the Speed OPIOM resonance condition for /; (blue light), I, (UV light), and

angular frequency of modulated illumination for different RSFPs. a: Intensities in mol - m™2 - s~!; b:

Intensities in mW - mm?.

Dronpa Dronpa-2 Dronpa-3 rsFastLime Padron Kohinoor
L(mW-mm™) 154 4.01 27.5 21.8 21.8 14.0
LMW -mm~2)  2.62 2.25 2.86 1.43 9.58 3.98

Table 1.2 — I}, I, at 1 Hz under the Speed OPIOM resonance conditions.

1.4 Illumination strategy

From examining the resonance condition, we first deduced that high intensity excitation lights were

necessary to accelerate the modulation frequency in order to shorten the duration of the detection.

Moreover, we should obtain a uniform illumination to ensure that the Speed OPIOM resonance occurs

over the whole imaged area, which can be extended from mm to m in macro scale observations.

At such scale, it is difficult to deliver a powerful and uniform illumination. Laser sources are ideal for

remote illumination since they are stable, powerful, and well-collimated. However, high power laser light

is dangerous, which requires supplementary safety precautions. They are not practical for agronomic

uses, which have been considered in this work. LEDs are alternative candidates as sources of excitation

light. High power colored LED chips can emit light with high flux and narrow spectra with a bandwidth
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of only several tens of nanometers. Since the LED chip is extremely small (1x1 mm? minimum), and
with no need of complicated operating modules, it is highly suitable for miniaturized optical design.
Moreover, with a robust longevity, LED sources permit reliable and long-lasting light modulation.

The macroscope designed in this work uses two high power colored LED chips as excitation sources.
The blue color LED(LXZ1-PB01, Lumileds) gives a luminance of L = 105 ~ 170 mW- mm™2- sr™! @
500 mA, and the UV LED (LHUV-0400,Lumileds) has a luminance of L = 135 ~ 170 mW- mm™2-
st™! @ 500 mA. Thanks to a condensing system, the two color lights are focused to the sample at 120
mm away with an illumination area of 4 x 4 mm?. The light irradiance on the sample can be up to 10

mW/mm?, with which we could be able to reach a modulation frequency of more than 1 Hz (Fig. 1.3).

1.5 Fluorescence emission detection under ambient light

According to Eq.(1.6), we could estimate the fluorescence emission from the leaf surface to be /., =
®reclyd, = 0.000321p by assuming ¢ = 10°°M, &7 = 0.8, and € = 5 x 10*M~'ecm™!. Hence the
fluorescence light flux would be extremely low with respect to the excitation, with only 0.03% of the
excitation energy being converted to fluorescence. With the illumination system of the macroscope,
the order of magnitude of the epidermic fluorescence emission from the leaf was estimated around 1
uW/mm?.

Such a weak fluorescence intensity could be easily overwhelmed when the leaf is exposed to strong
ambient light. To design the setup we took into account an extreme case, direct sunlight. The typical
irradiation of the sunlight on Earth surface is I; = 1.3W/m?/nm around 525 nm, which is the peak
of the fluorescence emission of the reversibly photoswitchable fluorescent proteins to be used in this
work. Assuming that the light is filtered by an optical filter with bandwidth of A;=40 nm around 525
nm before been imaged onto the CCD, most of the green fluorescence and only the green part of the
reflected sunlight are involved in the imaging. The reflected sunlight intensity on the leaf was estimated
as I, = R- LA, ~ 6,uW/mm2, where R=12% is the reflectance of the leaf for the green light (see
Fig. 1.1). From this derivation, we could conclude that the signal from the reflection of sunlight on
the leaf would be higher than the fluorescence signal from the leaf, but would remain at the same order
of magnitude. However, Speed OPIOM will use a lock-in detection scheme, allowing to extract the
modulated fluorescence signal from a constant background of about 3000 times higher (vide infra), which

would make it possible to extract the fluorescence signal under sunlight.

42



Chapter 2

A Speed OPIOM macroscope and its

applications in fluorescence bio-imaging

Fluorescence imaging is increasingly being considered to observe large biological samples such as
microbial colonies, tissues, organs, up to living plants and animals. In contrast to microscopic imaging
which is concerned with observations of the micro world, macro imaging deals with a global view of
the objects at much larger scale, which requires specific imaging devices and more complex imaging
conditions.

Macro-scale fluorescence imaging is quite different from microscopic imaging in various aspects.
Firstly, while micro-imaging is normally performed in a dark room with enclosed environment to eliminate
the interference of the light from outside, macro-scale observations are sensitive to ambient light. Ata
technological level, macroscopes are designed to establish distance of at least several centimeters between
the specimen and the objective, in order to get a large imaging area; at such a scale, the specimen is
easily exposed to environmental light. At a practical level, human eye observation is often involved in
macro imaging to facilitate the manipulation, which necessitates a bright working environment. Secondly,
macroscopes offer a global vision of the sample at a large scale of more than 1 mm, regardless of the
sub-cellular structures. While the targeted fluorescent probe might be discriminated at the sub-cellular
scale, it should be totally mixed with autofluorescence in macro images due to a much weaker image
resolution. Moreover, compared to microscopic objectives which possess a depth of field of less then 10
pm, macroscopic objectives have a deeper focal depth of more than 200 um on the sample, collecting
more autofluorescence signal owing to the thickness of the imaged object.

Speed OPIOM has been proved to be an efficient protocol in microscopic imaging to selectively
eliminate autofluorescence. In order to exploit the same protocol for macro-scale imaging, I developed
a cheap and compact macroscope with compatible illumination and image collection systems, which
aimed to get high contrast fluorescence imaging of various macro samples under versatile applicative
environments. In this work, I first designed and constructed a simple macroscope. 1 elaborated the
illumination system of the excitation light in order to optimize the light intensity on the image plan. I also
redesigned the imaging system to correct possible aberrations through the field of view. I synchronized
the modulation signal and the image acquisition with a teensy card controlled by a PC, and I implemented

a matlab code to process the collected images and properly extract the final OPIOM image. Then I used
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the macroscope for selective imaging of several different biological samples originating from our group or
from collaborators. First I used it for fluorescence western blot imaging on nitrocellulose membrane, that
emits a strong autofluorescence interfering with the targeted signal of the fluorescent probe. A series of
blots with different Dronpa-2 content from 500 to 2.5 pg were deposited onto the membrane and imaged
under the macroscope. From totally removing the background autofluorescence from the membrane, the
Speed OPIOM image highly enhanced the blot-to-background ratio, and drastically lowered the limit of
detection from around 100 pg (under constant illumination) to 2.5 pg, which enabled high sensitivity
detection and quantification of the probe. Second, I applied the setup for screening microbial colonies
growing on agar culture plates. E. Coli colonies expressing different fluorescent proteins (Dronpa-2 or
Padron) were successfully discriminated in Speed OPIOM images, and the autofluorescent background
from the culture medium was totally removed. Finally, I imaged living leaves of genetically engineered
Camelina sativa expressing Dronpa-2 with my setup. This time, imaging was done under an adverse
condition where the plant was exposed to direct sunlight. My results evidenced that the setup could
extract the weak fluorescence emission from the leaves under a 200 times stronger sunlight radiation.
This work led to the publication of an article entitled “Macroscale fluorescence imaging against
autofluorescence under ambient light*” by Ruikang Zhang,®! Raja Chouket,!?! Marie-Aude Plamont,!?!
Zsolt Kelemen,!®! Agathe Espagne,!?! Alison G. Tebo,!?! Arnaud Gautier,!?! Lionel Gissot,!” Jean-Denis
Faure,® Ludovic Jullien,'®! Vincent Croquette,[c] and Thomas Le Saux,?! to appear in Light: Science

and Applications, the contents of which are provided below.

2.1 Article: Macroscale fluorescence imaging against autofluorescence

under ambient light

2.1.1 Introduction

Macro-imaging has become an essential tool to study various types of samples of biological origin
(plate readers, microorganism or cell cultures, tissues, organs, up to plants and animals). Among
the observables, fluorescence has proven particularly attractive in view of its sensitivity'% and the
possibility to fluorescently tag many biomolecules of interest with absolute specificity through genetic

fusion.!51-152

Despite these advantages, macroscale fluorescence imaging has encountered specific
limitations for biological applications. First many samples exhibit a significant background fluorescence,
which can originate from the samples themselves (containing autofluorescence or spectrally interfering
fluorescent labels) but as well from the vessels and substrates, or the imaging media (due to additives
such as nutrients, drugs,...). As a consequence, one can encounter a loss of sensitivity together with a

reduction of opportunities for multiplexed imaging, which is often claimed as an advantage of fluorescence

[AIpPASTEUR , Département de Chimie, Ecole normale supérieure, PSL University, Sorbonne Université, CNRS 75005 Paris,

France

(5] [nstitut Jean-Pierre Bourgin, INRA, AgroParisTech, CNRS, Saclay Plant Science (SPS), Université Paris-Saclay, Versailles,
France

[e]Laboratoire de Physique Statistique, Ecole normale supérieure, PSL Research University, Université Paris Diderot Sorbonne
Paris-Cité, Sorbonne Université, CNRS 75005 Paris, France and Institut de biologie de I’Ecole normale supérieure (IBENS),
Ecole normale supérieure, CNRS, INSERM, PSL Research University, 75005 Paris, France
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over other observables such as chemiluminescence for instance. Macroscale fluorescence imaging can
additionally suffer from ambient light (up to sunlight in the case of outdoor observations), which has
mostly restricted applications to light-tight enclosures or darkrooms. In macroscale fluorescence imaging,

modulated illumination and image acquisition operated in homodyne detection>> %2

or pulsed excitation
and time-gated detection’®%? have been already proposed to retrieve fluorescence signals against ambient
light. In contrast, there is still a demand for reliable strategies to eliminate the detrimental effects of

autofluorescence in this imaging modality.

In fluorescence bioimaging, spectral discrimination has been generally favoured to generate contrast
of a fluorescent label against an interfering background. Specific spectral properties have correspond-
ingly been sought for. Hence labels with (near-infra)red emission have been often favored since the
autofluorescence of biological media is generally less pronounced in this wavelength range. However,
the corresponding narrow wavelength window intrinsically limits the opportunities for multiplexed obser-
vations. Alternatively, spectral discrimination of autofluorescence has been achieved with fluorescence
unmixing protocols'>* 13 but this relied on the assumption that it exhibits an homogeneous spectrum over
the whole sample. Engaging a label in reactions provides a complementary dimension to overcome the
limitations encountered with spectral discrimination. In particular, the dynamic response of a fluorescent
label to light modulation has been exploited since kinetics brings as many discriminative dimensions as
the number of rate constants involved in the label reactions.'® This discriminative strategy has been
explored early in fluorescence spectroscopy whose signal precisely originates from the relaxation of
an excited label after light absorption by its ground state. Hence lifetimes of excited states have been
extensively used to discriminate spectrally overlapping labels.'>> However, except in specific favorable

cases, > the range of lifetimes of the fluorescent labels is narrow (the same few nanoseconds) and mostly

overlaps the lifetime range of the components giving rise to autofluorescence; thus deconvolutions'>3 157
or subtractions'?” have to be performed to extract individual contributions, which is detrimental to the

signal-to-noise ratio.

Reversibly photoswitchable fluorescent labels which can exchange between an ON (bright) state and
an OFF (dark) state!?1-123.158-160 qo not suffer from this drawback since their photoswitching relaxation
times cover a much broader range than fluorescence lifetimes. For instance, we recently showed that
the photoswitching relaxation time of genetically-encoded green emissive, reversibly photoswitchable
fluorescent proteins (RSFPs) spans over three orders of magnitude.'4* Hence several microscopy protocols
(e.g. OLID,'?* SAFIRe,'* and OPIOM - Out-of-Phase Imaging after Optical Modulation!3% 140:143) have
been recently introduced to kinetically discriminate reversibly photoswitchable fluorescent labels against
several types of spectrally interfering backgrounds without any deconvolution nor subtraction scheme. In
OPIOM, 3% 140143 kinetic information of a targeted fluorescent label is uncovered by driving its reversible
photoswitching between states of contrasted brightness. Subsequent filtering enables one to selectively
extract the contribution of this label from the overall signal, even in the presence of interfering species.
More specifically, Speed OPIOM drives photoswitching with two modulated light sources synchronized
in antiphase at two wavelengths (Fig. 2.1a). After acquisition of tens to hundreds of images for at least two
periods of light modulation, the Speed OPIOM signal S — the out-of-phase component of the modulated

fluorescence signal — is directly retrieved by Fourier transform of the acquired images (Fig. 2.1b); no
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further processing is needed and lock-in detection secures efficient noise rejection. S exhibits a narrow
resonance when light intensities are tuned to balance the average concentrations of the ON and OFF states
(in order to maximize the photoswitching amplitude on the changes of light intensities) and the angular
frequency is matched with the inverse of the photoswitching relaxation time'*? (in order to generate the
phase lag optimizing the out-of-phase amplitude of the fluorescence response; see reference!*® for the
complete description). Since a reversible photoswitchable fluorescent label has singular photochemical
and kinetic properties (and correspondingly its own resonant conditions), simply tuning the illumination
control parameters to the resonant values enables one to selectively image a targeted label, filtering out

the contribution of non-resonant fluorophores as well as ambient light (Fig. 2.1b).

a Modulated illumination Labels Fluorescence emission
, I’?I In
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Figure 2.1 — Principle of Speed OPIOM. a: Sinusoidally modulated light sources synchronized in
antiphase at two wavelengths generate the quadrature-delayed component S (in red) of the fluorescent
emission from the reversibly photoswitchable fluorescent labels used for selective Speed OPIOM imaging;
b: A dynamic video is recorded upon modulated illumination and the series of images is demodulated
to extract S from a complex background including spectrally interfering auto-fluorescence and ambient
light.

In the present manuscript, we implement Speed OPIOM in macroscale fluorescence imaging. We
build a simple and cheap macroscope and thoroughly evaluate its efficiency to eliminate the interference of
autofluorescence and ambient light when observing targeted RSFPs in three types of biologically-relevant
samples. We first examine its application to improve the sensitivity of blot assays. Most commer-
cially available porous membranes used for protein transfer (nitrocellulose, polyvinylidene difluoride —
PVDFE.,...) emit a significant fluorescence in the blue—yellow wavelength range of the visible spectrum,
which worsens the analytical performance after revelation with fluorescently labelled antibodies.'®!~-164
We show that our macroscope enhances sensitivity and signal-to-noise ratio for fluorescence detection on
nitrocellulose membranes by a factor of 50 and 10 respectively, over direct fluorescence observation under

constant illumination. We then apply our setup for imaging colonies and lawns of fluorescent bacteria
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growing on agar plates. Fluorescence plates are widely used to analyze the level of protein production'®’

or the organization of microbial biofilm communities, %

as well as in screening for compounds that select
against antibiotic resistance'%”; however they often suffer from a significant autofluorescence originating
from the plate material or the growth media.”® We evidence that our macroscope overcomes the strong
autofluorescence of growth media used in microbiology and that it enables multiplexed fluorescence
observation with the same configuration of excitation and emission wavelengths. Finally we address
macroscale fluorescence imaging of fluorescently labelled leaves under conditions of strong external illu-
mination. Leaves are strongly reflective and autofluorescent heterogenous media, in which macroimaging
of fluorescent proteins has been hampered by endogenous fluorophores'®®1% (e.g. the photosynthetic
apparatus) and has necessitated sophisticated time-gated detection schemes.!”® We demonstrate that our
setup for macroscale imaging easily discriminates fluorescent labels from the autofluorescent background

even at light intensities comparable to sunlight.

2.1.2 Results
The Speed OPIOM macroscope

Speed OPIOM imaging requires a well controlled illumination homogeneity to enable one for selective
imaging of a targeted reversibly photoswitchable fluorophore over the whole image. More precisely the
average intensities / ? and Ig of the light sources modulated at angular frequency w have to be maintained
constant over the whole imaged field since the Speed OPIOM resonance conditions fix both I? / Ig and
1 ? Jw ratios.'* One should additionally adopt powerful light sources in order to record the images at the
highest possible acquisition frequency. We have chosen Light Emitting Diode (LEDs) as light sources
for our macroscope, since they are compact, inexpensive, robust, easy to modulate and flexible for optical
design.

Hence our macroscope integrates three 500 mW colored LEDs with center wavelengths at 405, 480,
and 550 nm (Fig. 2.2a,b); whereas the two LEDs emitting at 405 and 480 nm are directly involved in
the implementation of Speed OPIOM with RSFPs (vide infra), the last LED emitting at 550 nm has been
added to excite red fluorescent proteins in view of agronomic applications to be published elsewhere.!”!
After collimation by high NA condensers and bandpass filtering, the excitation lights are combined by
three beamsplitters and refocused by a beam expanding system (composed of three optical elements; see
Fig. 2.2b, Electronic supplementary material and Fig. S2.1) onto the sample located 120 mm away, so as
to generate uniform illumination within a square-shape area of 4x4 mm? with high irradiance for the three
excitation wavelengths: maximum irradiance is estimated to exceed 1000 mW/cm? at each wavelength
and the distribution of light intensity is essentially uniform with a deviation of less than 25% throughout
the square (Fig. 2.2c), which is fully compatible with Speed OPIOM requirements. The fluorescence
emission is collected by the same optical system and filtered by bandpass filters centered at 525 or 585
nm for green or red fluorescent labels respectively. The image is formed by an achromatic lens system
(composed of three spherical singlet lenses with optimized air spaces and an effective focal length of
f = 30 mm; see Fig. 2.2b, Electronic supplementary material and Fig. S2.2) onto the camera, which
allows us to get sharp images for both green and red channels from 500 to 650 nm (Fig. 2.2d,e, S2.3,

S2.4 and S2.5). The modulation reference signal and the acquisition of the camera are synchronized by
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Figure 2.2 — a: Optical setup for Speed OPIOM macroscale fluorescence imaging; b: Scheme of the
setup showing the optical layout and the interface to a PC-based synchronized modulation and image
acquisition system; ¢: Normalized light illumination is homogeneous at the sample; d,e: Chromatic
correction yields sharp images of leaves of Dronpa-2 and DsRed-double-labeled Arabidopsis thaliana in

both red (585 nm) and green channels (525 nm). Scale bars: 1 mm.
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an Arduino compatible card (Teensy 3.5), and the series of acquired images is subsequently processed
by a computer. After preliminary correction of any photo-bleaching occurring during the illumination
sequence, the time domain Fourier transform is applied to the series of captured images to yield the
average and out-of-phase images subsequently denoted as Pre-OPIOM and OPIOM respectively. It is
worth noting that the Pre-OPIOM image compares fairly well with the fluorescence image, which would

be classically recorded under constant illumination.

Enhancing contrast and sensitivity in blot analysis

Blots are among the most important analytical tools in cell biology, immunogenetics and other biological
fields. Fluorescence has attracted increasing attention for quantitative reading out of protein amounts
since it provides opportunities for multiplexed observations. However, its sensitivity has been limited
by the auto-fluorescence of the transferring membranes'®?: Upon excitation with UV or blue light, these
membranes emit significant fluorescence from the blue to the yellow regions of the visible spectrum,
which overlaps the emission spectrum of the most commonly used fluorescent probes so as to limit the
reliable detection of targeted proteins to no less than 0.5 ng.!%

To evaluate the ability of our imaging setup to overcome the interference of the membrane auto-
fluorescence and to improve the contrast and the sensitivity of the fluorescent blotting, we adopted the 28
kDa Dronpa-2'4!-172 RSFP as the targeted reversibly photoswitchable fluorescent label and a commercially
available and widely used nitrocellulose membrane as a representative transferring substrate on which
different Dronpa-2 amounts have been blotted. Fig. 2.3 displays the Pre-OPIOM and OPIOM images
of the membrane recorded in a dark room. In Pre-OPIOM images (Fig. 2.3a-¢), the 250 pg blot can be
clearly detected, the 25 pg blot is still perceptible although with a significantly lower contrast, but the
blot cannot be observed anymore below 5 pg against the overwhelming membrane auto-fluorescence. In
contrast, the blot is reliably evidenced in OPIOM images down to an amount of 2.5 pg with an excellent
contrast and image resolution by total elimination of the auto-fluorescence (Fig. 2.3f-j).

We further analyzed the collected Pre-OPIOM and OPIOM images to quantitatively estimate the
contrast and sensitivity improvements achieved by applying the Speed OPIOM protocol in blot analyses.
We computed the values of the mean signals and the standard deviations in each 5x5 pixels” areas and
subsequently computed the signal-to-noise ratios. The analyses have been performed along three lines:
one crosses the middle of the blot whereas the two others are located on the homogeneous membrane
area away from it as controls (see Fig. S2.6). Fig. 2.4a displays the dependence on Dronpa-2 amount
of the average intensity at the blotted spot in both Pre-OPIOM and OPIOM images. In Pre-OPIOM, the
dependence is linear down to 25 pg. Below this amount, the membrane auto-fluorescence dominates the
signal so as to forbid the reliable quantification of the Dronpa-2 content. In contrast, OPIOM restores
the linearity between the signal and the amount of Dronpa-2 in the whole 500-2.5 pg range. In fact, this
linearity is still observed down to 0.5 pg but only for the average signal over three measurements.

The signal-to-noise ratios of the Pre-OPIOM and OPIOM images of the 250 pg blot are respectively
equal to 30 and 800 upon estimating the background contribution over a homogeneous area on the
membrane (Fig. 2.4b-c). The large improvement of the signal-to-noise ratio brought by the OPIOM

protocol is the result of filtering out a large amount of shot noise by the lock-in demodulation and
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Figure 2.3 — Pre-OPIOM (a-e) and OPIOM (f-j) images of the nitrocellulose membrane on which various

300

100

amounts of Dronpa-2 (in pg) have been percolated within the deposited 400 um-diameter blot: (a,f):
250; (b,g): 25; (c,h): 2.5; (d,i): 0.5; (e,j): O (control). The images have been recorded at resonance for

Dronpa-2. The conditions of image acquisition are given in Table S2.1. Scale bars: 1 mm.

from fluorescent background annihilation providing an average null contribution of the membrane to the
OPIOM signal. The Pre-OPIOM signal-to-noise ratio could not be reliably evaluated at 2.5 pg since the
observed signal of the blotted Dronpa-2 was lower than the standard deviation over the autofluorescent
membrane (Fig. 2.4d; see also the control in Fig. S2.6 where only the buffer has been deposited on the
membrane). In contrast the 2.5 pg deposit of Dronpa-2 was clearly observable in the OPIOM image with
a signal-to-noise ratio equal to 6 (Fig. 2.4e).

These observations suggested that our macroscope can selectively extract the signal of interest and
enhance the sensitivity of fluorescence blotting by 1-2 orders of magnitude and the signal-to-noise ratio

by at least a factor 10 over the whole relevant concentration range (see Fig. S2.6).

Multiplexed macroscale fluorescence imaging

Beyond eliminating autofluorescence, Speed OPIOM is compatible with the discrimination of spectrally
similar reversibly photoswitchable fluorescent labels, which exhibit distinct photoswitching dynamics.!'*3
To illustrate this attractive feature for multiplexed macroscale fluorescence observations, we imaged
colonies of E.Coli bacteria respectively expressing two different green fluorescent RSFPs, Dronpa-
2141172 and Padron,'”? growing on a strongly autofluorescent growth medium (Fig. 2.5a-j). Again
we could efficiently eliminate the strong autofluorescent background arising from the solid growth
medium. Moreover, since both RSFPs exhibit Speed OPIOM resonances for different values of the
illumination parameters, we could selectively retrieve their individual fluorescence contributions. At
resonance for Dronpa-2, Fig. 2.5b,e show that Dronpa-2-labeled bacteria exhibit a strong OPIOM signal,
whereas the signal from Padron-labeled bacteria is turned off. In contrast, at resonance for Padron, Fig.
2.5h,j selectively evidence the Padron-labeled bacteria without any interference from Dronpa-2-labeled
bacteria. Interestingly, discrimination is here additionally facilitated by opposite signs of the algebraic
Speed OPIOM observables for Dronpa-2 and Padron, which are governed by opposite signs of their

photochromism.
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Figure 2.4 — Dependence of the mean signal (a) and of the signal profiles (b—e) on the Dronpa-2 amount
in Pre-OPIOM and OPIOM images. a: Pre-OPIOM (disk), OPIOM (circle); the error bar measures the
standard deviation over three independent measurements. b,c: 250 pg, d,e: 2.5 pg. In b—e, the analyses
of both Pre-OPIOM and OPIOM have been performed along three lines: one crosses the middle of the
blot (displayed in red) whereas the two others (shown in green and blue) are located out of it (see also
Fig. S2.6).

Fluorescence imaging under sunlight conditions

Fluorescence is used to image not only cells, but also increasingly whole living organisms like plants!”°

and animals.!”* For the latter observations, ambient light is always interfering and it correspondingly
degrades the contrast and the sensitivity of the images acquired. In particular, although fluorescence
imaging techniques against adverse lighting conditions such as room light or shaded sunlight have been
proposed,’” fluorescent detection under strong direct sunlight in outdoor conditions has not yet been
reported.

Unlike cells or animal tissues which are transparent or semi-transparent, plant leaves reflect around
5% to 20% of the sunlight in the visible wavelength range,'”> which makes them especially difficult to
image with fluorescence macroscopy; in particular, 15-20 % of the incident light is reflected around 525
nm, making it even harder to shade the reflected sunlight, even with a narrow band pass filter designed
for green fluorescence. To evidence the relevance of our setup for accurate fluorescent imaging of plants
under direct sunlight, we imaged Dronpa-2-expressing Camelina sativa leaves using wild type plants as
control. To be even more quantitative, we used a LED to simulate the interference of the sunlight in
the wavelength range of the emitted RSFP fluorescence collected by our macroscope. Fig. 2.6 displays
the images of leaves recorded in the dark and under artificial sunlight conditions matching the optical
power actually sent to the sample under real sunlight. In the dark (Fig. 2.6a-d), both wild type and
Dronpa-2-expressing leaves are clearly seen in the Pre-OPIOM images, which underlines the significant

autofluorescence emission of the sample; in contrast, Speed OPIOM provides a non-vanishing signal
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Figure 2.5 — Pre-OPIOM (a,d.f,i) and Speed OPIOM (b,c,e,g,h,j) images of E. Coli bacteria growing on
agar plates and expressing Dronpa-2 (a—c), Padron (f-h) or a co-culture of E. Coli bacteria expressing
Dronpa-2 or Padron respectively (d,e,i,j). The images have been recorded at resonance of Dronpa-2
(a,b,d—g) and Padron (¢,h.i,j). The conditions of image acquisition are given in Table S2.1. Scale bars:

1 mm.

only for the leaf of the Dronpa-2-expressing plant. When the leaves are exposed to artificial sunlight
(Fig. 2.6e-h), the Pre-OPIOM signal of both wild type and Dronpa-2 expressing leaves is about 20 times
stronger than in the dark where autofluorescence is ubiquitously detected (Fig. 2.6a,c): sunlight reflection
on the leaf epiderm dominates any fluorescence signal. In contrast, the OPIOM images (Fig. 2.6f,h) retain
the Dronpa-2 signal of the Dronpa-2-expressing leaf measured in the darkroom. Hence our macroscope
provides accurate information on the fluorescence signal of the Dronpa-2 label without any interference

from ambient light even at high intensity.
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Figure 2.6 — Pre-OPIOM (a, ¢, e, g) and Speed OPIOM (b, d, £, h) imaging of Dronpa-2-expressing (a, b,
e, f) and wild type (¢, d, g, h) Camelina sativa in the darkroom (a—d) and under artificial sunlight (e—h)

conditions. The conditions of image acquisition are given in Table S2.1. Scale bars: 1 mm.
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2.1.3 Discussion

The preceding series of experiments has demonstrated the relevance of the Speed OPIOM protocol imple-
mented in our simple optical setup to overcome the limitations of spectrally interfering (auto)fluorescence
and ambient light for fluorescence macroscale imaging. The following paragraphs recapitulate its scope
and limitations with respect to the fluorescent labels to be used and the maximal achievable contrast

against spectral interferences.

In the present account, we relied on RSFPs for the experimental validations. In fact numerous cate-
gories of fluorophores exhibit a photochemical behavior which can be exploited by our setup broadening
the application of the OPIOM protocols. Hence numerous molecular backbones exhibit reversible photo-
switching when they are exposed to light.!?2160-176 When the backward isomerization following forward
photoswitching is thermally-driven, one can use the original OPIOM protocol exploiting resonant modu-
lation of monochromatic light to eliminate spectral interferences.!*? Alternatively, when the forward and
backward photoswitching processes are photochemically governed at two distinct wavelengths as in many
reversibly photoswitchable labels (e.g. reversibly photoswitchable fluorescent proteins — RSFPs, 23159

azobenzenes, 77179

cyanines,!?!:132.180 diarylethenes,!® 18! and spirobenzopyrans'®?), one should pref-
erentially rely on the Speed OPIOM protocol used in this study since it gives rise an amplitude twice
that of the collected signal and accordingly a better signal-to-noise ratio. It is eventually important to
recognize that our approach can also be applied to non-photoswitching fluorophores, provided that their
photophysical scheme can be dynamically reduced to a two-state model at a long enough time scale. In
particular, we have already shown that OPIOM can be adapted to three-state models involving a reaction

in the excited state (e.g. intersystem crossing).'4"

OPIOM application requires the tuning of the control parameters of illumination (angular frequency
of light modulation and average photon flux per unit of surface at the sample) in order to match the
resonance conditions of the targeted fluorophore. Whereas in OPIOM the resonant angular frequency

140 it can be tuned with more

only depends on the rate constant for thermal relaxation after photoswitching,
flexibility in the two-color Speed OPIOM approach: one can increase it by increasing the mean intensities
of both light sources provided that their ratio remains constant. The nature of the light sources to be used
accordingly depends on the time scale at which the scheme for reversible fluorophore photoactivation
can be reliably reduced to a two-state model and on the sample distance: both shorter time scale and
larger distance necessitate higher light powers. Since the relevant reversibly photoswitchable fluorescent
labels!?1-123:158-160 exhibit photoswitching relaxation times in the us—s range, easily modulatable LEDs
could be most often used as excitation light sources to meet the resonance conditions in fluorescence
macroscopy at 0.1-1 m imaging distance; modulatable lasers should have to be used at longer imaging
distances. In principle, it is then advantageous to adopt the highest possible value of the angular frequency
of light modulation (and correspondingly the light sources with the highest possible intensity) in order to
shorten the measurement (which must last at least two periods of light modulation) and avoid noise (which
is generally more abundant at low frequency). With delivered irradiance over 1000 mW/cm? at both 405
and 480 nm wavelengths which largely exceeds the maximum solar radiation (~ 10 mW/cm? for 40 nm
bandwidth at both excitation wavelengths), our optical design can drive and image the photoswitching

of Dronpa-2 at Speed OPIOM resonance up to 3 Hz with full amplitude modulation. One may note
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that the photoswitching features of Dronpa-2 enable its Speed OPIOM imaging up to 50 Hz modulation
frequency'*? by focusing light emitted from the LEDs over a smaller area or using more powerful light

sources such as lasers.

Elimination of autofluorescence and ambient light in our setup intrinsically suffers from two lim-
itations. Our first limitation arises from the limited precision on phase retrieval when extracting the
out-of-phase component of the fluorescence modulation. We generally rely on preliminary calibrations
to retrieve the phase information by analyzing the response of the attenuated light source or of a fast
responding fluorophore (e.g. fluorescein). Alternatively one could tune the phase lag for signal detection
in order to eliminate the contribution of autofluorescence or ambient light under the experimental con-
ditions. Any error on phase retrieval will introduce a contribution from the in-phase component of the
fluorescence modulation, which contains the interfering contribution of autofluorescence and ambient
light. With a present precision in the 3 1073 rad range, we could typically enhance the contrast of the
targeted fluorophore against the spectrally interfering signal by a factor 102-10°. A second limitation
originates from the enhanced and intrinsic noise of the detector. Indeed any strong signal from the
spectrally interfering species will generate a photon noise interfering with the extraction of the OPIOM
signal. For instance, the minimal OPIOM signal detectable against ambient light scales as the square root
of the photon flux of the latter,!*> which typically enables one to specifically detect the OPIOM signal

even in the presence of a 103 times stronger non-modulated photon source.

Finally, we may underline the limited cost (less than 10 k€, see Supporting electronic material) of
our prototype, which only includes standard optical equipment and a camera for industrial vision. This
cost could be even optimized by using the reflecting properties of the bandpass filters and a special
arrangement of LED chips would also make possible to combine the lights from the colored LEDs with a
single dichroic mirror for short range imaging (0.1 - 1 m). For Speed OPIOM imaging at longer distances,
modulatable lasers (roughly 6 k€ per color) should have to be used. Eventually, with rapidly evolving
performances (lower dark and read noises, higher quantum yield, higher saturation capacities), the next
generation of CMOS sensor integrated in such cameras (including backside illumination configuration)

should allow to reach even better performance in terms of signal-to-noise ratio and dynamic range.

To conclude, this study has demonstrated the relevance of a simple and cheap fluorescence macroscope
to overcome the detrimental limitations of autofluorescence and strong ambient light for macro-imaging.
Beyond the preceding achievement, this setup combined with a powerful reference-free dynamic contrast
protocol considerably enhances sensitivity and signal-to-noise ratio for fluorescence detection. Compat-
ible with a large collection of fluorophores, it also gives access to further opportunities for multiplexed
fluorescence observations by overcoming the limitations encountered with spectral discrimination. Thus
this macroscope is expected to find multiple applications in areas as diverse as quantitative bioanalysis
and diagnostics (multiplexed Western blots, ELISAs, cytometry...), bioassays, microorganism selection,

plant research, or environmental monitoring.
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2.1.4 Materials and Methods

Setup for macro fluorescent imaging

Excitation system Our setup uses three high power color LED chips (LXZ1-PB01, LHUV-0400,
LXZ1-PX01; Lumileds, NL) as excitation lights for the green (such as the RSFPs used in this work)
and red (such as DsRed, subsequently used in an applicative development!’") fluorescent emitters. The
sources are respectively collimated by high NA condensers (ACL25416U-A, f=16 mm, Thorlabs, NJ,
US) and filtered by band pass filters (ET470/40X, ET402/15X, ET550/15x; Chroma, VT, US) to avoid
spectral overlaps. The three quasi-parallel beams are combined by three dichroic mirrors (T425LPXR,
T505LPXR, 59004bs; Chroma, VT, US). An optimized beam expander system integrating one divergent
lens (ACN254-040-A, f = -40 mm, Thorlabs, NJ, US) and two convergent lenses (AC508-100-A, f =
100 mm, Thorlabs, NJ, US) is used to clearly refocus the lights at a distance of 120 mm away onto the

sample (see Supplementary electronic material).

Imaging system To obtain the fluorescence image of the illuminated area, the fluorescent light emitted
from the sample is collected by the expander system and imaged to infinity. Band-pass filter (ET525/36m
or ET585/20m, Chroma, VT, US) is used for green emission or red emission. Light is then focused
onto the camera (iDS 3060cp) to get the image of the fluorescent sample. As the detectable sample is
the same size of the illumination area (4x4 mm?), an extra lens system is designed for macroimaging of
small size objects, which requires high resolution and well-corrected chromatic aberration from red to
green, a spectral range that cannot be corrected by regular lens or even achromatic lens. The elaborated
achromatic system (see Fig. 2.2), with an effective focal length of f = 30 mm is composed of three
spherical singlet lenses (LC2679-A, LB1757-A, LA1422-A, Thorlabs, NJ, US) and the air spaces are

optimized (see Supplementary electronic material).

Video acquisition In the imaging experiments, we record films for m periods of light modulation (m
is an integer). The acquisition frequency of the camera is set so as to obtain 2N (N is an integer) frames
per period of modulation. Thus the acquisition frequency is fs = 2N fy,, where f,, is the modulation

frequency of the excitation light. The fluorescence emission acquired at pixel(x,y) of the k" frame is

+ 35 (x, y) cos 7 fs ( +¢acq)]}}(2.l)

d cvn CosS

equal to
N

Ie(x, y, k) = {JF(X y)+ Z {‘”" (x, ) sm[ /s ( + ¢acq)

n=1

where Ty = % refers to the exposure time of one frame, I sin
S

(x,y) an (x, y) are respectively the
sinus and cosinus components of the fluorescence signal at harmomc n around the average value Jg(x, y),
and ¢,cq is a time lag which may originate from distinct starting times for the light modulation and the
acquisition of the camera.

Pre-processing has been performed over the video to compensate for possible photobleaching of the
fluorophores. By assuming the photobleaching to exhibit a linear decay, the compensation factor has been
calculated from the average of two successive periods:

(e, y. K)oy — Ut y, k)

K(x,y) = N

(2.2)
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Then all the frames over the two periods are corrected as in Eq.(2.3)
I 3, K) = I(x, . k) = K(x, ) X k @3)

All the frames over the whole video have been corrected for photobleaching by applying the same
algorithm for all the successive pairs of two periods.

$acq can be easily calibrated by using the fluorescence emission from instantaneously responding
fluorophores (such as EGFP or Fluorescein). The Pre-OPIOM image is calculated by averaging the

frames over the whole film and normalizing to unit time to yield J.(x, y)

f 2mN-1
Sy =i Y ET k) (2:4)
k=0

N
by averaging over the whole film to get the first order cosinus component, namely the Speed OPIOM

The demodulation is done by multiplying the k*”* frame 15977 (x, y, k) with cos [""fs ( % + gbacq)] and

image:
2mN-1

Ccos S CorT s k
3 =H{—N 2 {Ip (x,y,k)XCOS[% (E+¢acq)]} (2.5)

k=0

Calibration of light intensity Speed OPIOM implementation requires to determine the intensity of the
two excitation lights at the sample (typically at 480 and 405 nm) so as to fulfill the resonant illumination
conditions for the desired reversibly photoswitchable fluorescent proteins. Instead of using a powermeter
which is not accurate enough for our intensity measurement, we prefered to directly exploit the dynamical
photochemical properties of the RSFPs. The principle of the calibration experiments is to measure the
relaxation time associated to the conversion between the ON and OFF RSFPs states by applying light
jumps on a RSFP-containing sample. We typically used a thin layer of RSFP solution spread on the
coverslip as the calibrating sample. In the first step, the sample was submitted to a light jump at 480 nm
with constant light intensity 1%, in which the current of the LED source was set around 500 mA to give the
maximal power. Upon illumination, the RSFP switched from its thermodynamically stable state (denoted
1) to its photoisomerized state (denoted 2), and the fluorescence image was recorded as a function of time.
The fluorescent signal (usually obtained by averaging over the image) was then plotted as a function of
time (Fig. S2.7a, S2.8a) and was fitted with Eq.(2.6):

In(t) = I(0, 1) + Ay, [1 _ exp (—é)] 2.6)

where A,, is a pre-exponential term which accounts for the molecular brightnesses of the ON and OFF
states as well as their relative proportions (see!*?). 7,, was extracted from the fit and 7 ? could be then

retrieved from Eq.(2.7):

1
o szl +(T12,0 + T2 (2.7
1

where 012 4, and 021, are respectively the molecular action cross-sections for photoisomerization which
converts 1 to 2 and 2 to 1 (see'*?). In the second step, while I ? was still maintained at its original value,

the sample was subsequently submitted to a light jump at 405 nm at constant light intensity 120. A
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reversed switch took place, the temporal evolution of the fluorescence emission was again recorded (Fig.
S$2.7b,52.8b) and fitted with Eq.(2.9):

t
Ig(t) = Ir(0, A1, A2) + Aqya, [1 —exp (— )] (2.3)
T4,
where A, 1, is a pre-exponential term which accounts for the molecular brightnesses of the ON and OFF
states as well as their relative proportions (see!'). Ta, 4, Was extracted from the fit and Ig could be then

retrieved from Eq.(2.9):

A 0 0
=k, + (0120, + 2121} + (T12,0, + T21,2,)15 (2.9)

T4,

where 0122, + 021,2, and 0 12,2, + 021,21, are respectively the molecular action cross-sections for photoi-
somerization at wavelength 1; or A, which converts 1 to 2 and 2 to 1. After repeating this experiment
for several values of I? and Ig, we could use the reported values of o124, + 021,20, = 196 mZmol~! and
o120, + 0210, =413 m?mol~! for Dronpa—2,143 to finalize the calibration linking the current intensities
applied to the LEDs with 1 ? and Ig .

Speed OPIOM macroimaging

Blot samples

Image recording The Dronpa-2-blotted membrane was placed on a cover slip and put on the focal
plan under the macro-imaging device. The measurement was done at 24°C while the blotted area was
still wet. The LED lights at 480 (/Y = 4 x 1072 ein.m™%.s™!) and 405 (1Y = 1.9 x 1072 ein.m™%.s™!) nm
synchronized in antiphase and sinusoidally modulated at 2.5 Hz were applied to irradiate the membrane
and a series of fluorescence images of the membrane was simultaneously captured by the CCD camera
with a sampling rate of f; = 50 Hz. For each measurement in this series of experiments, the excitation
lights were modulated for 8 cycles leading to capture 160 images in less than 4 s. For each Dronpa-2

concentration, 3 samples have been independently measured to evaluate the reliability of the results.

Estimation of signal-to-noise ratios The Pre-OPIOM and OPIOM images have been first averaged
over 5x5 pixel”>. Then we computed the mean and standard deviation values for each pixel. We
subsequently chose three lines in the pixelized Pre-OPIOM and OPIOM images (indicated by the colored
lines in Fig. 2.4 and Fig. S2.6): a first line crossing the area where Dronpa-2 was deposited and
two additional lines departing from the deposition area and where the fluorescence background was
at the most homogeneous. The maximum value Sp; in the blot area of Dronpa-2 was obtained from
the first profile line. Mean value (bg) and standard deviation o, along the two other profile lines
were calculated to estimate the background contributions. The signal-to-noise ratios were estimated
as: SNR=(Sp> —(bg)) /opg using the data from both profile lines taken in the membrane zone. We
eventually retained the lowest calculated value as SNR (See Fig. S2.6).
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E.coli bacteria on solid growth medium The agar plates on which the bacteria grew were placed on the
focal plan under the macro-imaging setup. The bacteria samples (colonies of bacteria labeled either with
Dronpa-2 or with Padron, or coexisting colonies from both later strains) were successively imaged under
two different illumination conditions associated to the respective resonance of Dronpa-2 and Padron. For
Dronpa-2 imaging, we adopted a sampling rate of f; = 50 Hz with a light modulation at 5 Hz for 8
periods. For Padron imaging, we used a light modulation at 0.02 Hz for 2 periods at a sampling rate of

fs =4 Hz. Imaging has been performed in the dark room at 24°C.

Plant leaves The leaves of Camelina sativa were placed on a cover slip immersed with water. Light
from a LED with a green emission centered at 530 nm (LXZ1-PMO1, lumileds, NL) was collimated
and delivered to the sample in order to simulate the interference of the sunlight in the wavelength range
analyzed with our macroscope. To match the optical power actually sent to the sample with the real
sunlight power, a photo-diode power meter (PM100A, Thorlabs, DE) has been used to measure the
sunlight and the intensity of the LED on the sample. Since the recorded green fluorescent emission is
detected after band pass filtering (ET525/36m Chroma, USA) in our setup, we applied the same filter to
record the irradiance of the direct sunlight in the same green waveband (525 + 18 nm). We measured 10
mW/cm? (A = 525 nm, A1 = 36 nm). We correspondingly adjusted the power of the green LED to deliver
the same power in our experiments. The images of the leaves have been recorded under both darkroom
and artificial sunlight conditions at a sampling rate of f; = 200 Hz by modulating the excitation lights at
2.5 Hz for 8 periods.
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Electronic supplementary material

Additional Materials (Reversibly photoswitchable fluorescent proteins, Plasmids, Protein production and
purification, Preparation of the Dronpa-2 solutions at different concentrations, Blot samples, Mixed
bacterial culture, Plant transformation and growth, Optical design of the Speed OPIOM macroscope),
Figures (Validations of the chromatic correction, Dependence of the Pre-OPIOM and OPIOM images, of
the signal profiles, and the associated signal-to-noise ratios of the nitrocellulose membrane on the Dronpa-
2 amount, Calibration of light intensities), and Table (Parameters for Speed OPIOM macroimaging,

Parameters for simulations of optical designs) are provided as Electronic Supplementary material.
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2.2 Supporting information

2.2.1 Additional Methods
Materials

Reversibly photoswitchable fluorescent proteins The RSFPs used in this study are Dronpa-2'4!-172
and Padron,'”3 which belong to the Dronpa'®3 family. Dronpa-2 contains only one mutation M159T and

Padron contains eight mutations: TS9M, V60A, N94I, P141L, G155S, V157G, M159Y and F190S.

Plasmids The plasmids for bacterial expression of Dronpa-2, Padron and EGFP, and the plants
(Camelina and Arabidopsis) expression vector expressing p35S::Dronpa-2; pCVMV::DsRED construct

have been previously described.!+

Protein production and purification The plasmid expressing Dronpa-2 carrying an N-terminal hex-
ahistidine tag was transformed in E. coli DHI10B strain. Cells were grown in Terrific Broth (TB).
Expression was induced by addition of isopropyl SB-D-1-thiogalactopyranoside (IPTG) to a final con-
centration of 1 mM at OD(600 nm)=0.6. Cells were harvested after 16 h of expression and lysed by
sonication in Lysis buffer (30/40 mM imidazole, 50 mM Tris/HCI at pH 7.5, 400 uM 1-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride, 5 mg/mL DNAse, 5 mM MgCl, and 1 mM dithiothreitol). Insol-
uble materials were removed by centrifugation and the soluble protein extract was batch-absorbed onto
Ni-NTA agarose resin (Thermofisher). The protein loaded Ni-NTA column was washed with 20 column
volumes of 50 mM TRIS/HCI pH 7.5, 20 mM imidazole, 150 mM NaCl. Bound protein was eluted in 50
mM TRIS/HCI pH 7.5, 500 mM imidazole, 150 mM NaCl. Protein fractions were dialyzed on cassette
Slide-A-Lyzer Dialysis Cassettes (Thermofisher) against 50 mM TRIS/H,SO4 pH 8.0.

Preparation of the Dronpa-2 solutions at different concentrations The actual concentration of the
purified Dronpa-2 stock solution was determined with a spectrophotometer (Agilent Technologies, Santa
Clara, CA). Its UV-Vis absorption spectrum was recorded from 400 to 600 nm in a 55 uL. quartz cuvette
with 1.5 mm light path (Hellma Optics, Jena, Germany). The absorbance (0.16) at 480 nm yielded 29
uM concentration using £(480)=37000 M~!- cm™! (evaluated after recording the absorbance at 447 nm
of a denaturated Dronpa-2 solution in 1 M NaOH by using 44000 M~!. cm™! for the molar absorption
coeflicient of the deprotonated chromophore!®4). The Dronpa-2 stock solution was diluted with a BSA
buffer (50 mM phosphate, 150 mM NaCl, 0.1 mM BSA, pH=7.4 measured with a Standard pH meter
PHM210, equipped with a Radiometer Analytical PHC3359-8 combination pH electrode (Hach, Loveland,
CO)) to generate a series of Dronpa-2 solutions at concentrations 20, 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, and
0.02 nM.

Blot samples 1 uL aliquots of Dronpa-2 solutions in 0.1 mM BSA (Bovine Serum Albumin)-50 mM
pH=7.4 PBS buffer at concentrations ranging from 20 to 0.02 nM were deposited on a nitrocellulose
membrane (0.2 um pore-size, 7x 8.5 cm; Bio-Rad, Hercules, CA, USA) by slightly pressing the mi-

cropipette tip onto the membrane. As the nitrocellulose membrane is hydrophilic, the Dronpa-2 solution
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permeates the membrane within a few seconds leading to the formation of a spot delimited by the tip area

(diameter=0.4 mm).

Mixed bacterial culture Dronpa-2 and Padron were expressed in E. coli DH10B strain. Cells were
grown into 2 mL of lysogeny broth (LB) at 37°C, 220 RPM for 1 h. Cells were platted at low density
on LB agar plates, and plates were incubated overnight at 37°C. Dronpa-2 and Padron single colonies
were then separately transfered to LB-ampicillin media and incubated at 37°C, 220 RPM for 4 h. The
pre-cultures were diluted to reach OD(600 nm)=0.6, then mixed at the same concentrations, and were

finally plated onto LB agar and incubated at 37°C.

Plant transformation and growth Arabidopsis thaliana and Camelina sattiva(cv Celine) were trans-

formed with Arabidopsis floral-dip method and transgenic were selected as described previously.!®

6

Arabidopsis and Camelina seeds were sown respectively on sucrose-supplemented medium'%® or water-

soaked paper and grown for 7 days in a growth chamber under cycles of 16 h light / 8 h dark at 22°C.

Optical design of the Speed OPIOM macroscope

Ilumination system The illumination system aims at increasing the distance between the last optical
surface of our device and the sample without significant loss of light intensities delivered to the sample.
The optical layout of the illumination system is shown in Fig.S2.1. Our design integrates one divergent
doublet (ACN254-040-A, f = -40 mm, Thorlabs, NJ, US) and two convergent doublets (AC508-100-A, f
= 100 mm, Thorlabs, NJ, US), which were chosen to minimize the spherical aberration at both 405 and
480 nm wavelengths and maximize the numerical aperture of the illumination system. The air spaces
between the three elements (which define the size of the illuminated zone and the numerical aperture of
the optical system) were optimized with the OSLO software (Lambda Research Corporation, Littleton,
MA). Our final optical design allowed us to focus light emitted from the LEDs to a small area of 4 X 4

mm? at 120 mm away from the last optical surface, with powerful intensity (NA = 0.19) and excellent

uniformity.
2 1
4 3 !
€F i = |
LED — |

Sample

Figure S2.1 — Optical layout of the illumination system. Optical elements denoted from I to 4 are given

in Supplementary Table S2.2.
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Imaging system The macroscope aims at observing fluorescence emission from a small area within
4 x 4 mm? with both green (525 nm) and red (585 nm) channels. Before being imaged by the objective,
the fluorescence emission is first collected by the beam-expanding system used for excitation, through
which optical aberrations (especially the chromatic one) are introduced. Our objective consists of three
lenses with different glass materials (BK7, SF11) to correct for chromatic aberration. The shape of each
lens minimizing the spherical aberration at large NA and off-axis aberrations up to 2 mm from the optical
axis was optimized using the OSLO software. Commercial lenses shapes and focal lengths at the closest
to the optimized elements were chosen and the air space between each element was optimized to yield
the final design (Fig. S2.2), which surpasses the imaging performances of singlet or achromatic doublet

lenses (Fig. S2.3 and Fig. S2.4) for generating high quality images (Fig. S2.5).

1 2 Image plan
. 456 |
Iris |
= = AT
—— ;
for = 30 mm

Figure S2.2 — Optical layout of the imaging system. The final objective has an effective focal length of 30
mm, giving a magnification of 0.5x with a maximal usable aperture of F/4.0 (NA=0.125). The optical
elements denoted from I to 6 are given in Supplementary Table S2.3.
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500 550 600 650 700 500 550 600 650 700
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Figure S2.3 — Simulated chromatic aberrations of the imaging system with an imaging objective composed
of an achromatic doublet lens (f = 30 mm; a) or our designed lens system (b). Our optical design lowers

by a factor ten the chromatic aberration.

62



2.2. SUPPORTING INFORMATION

1.0 1.0
0.8} 0.8
L 08f L 06
l_ }_
s =
0.4} 0.4
02} 021 o Diffraction it ~#- 0.7 field (s) J
-8 On axis Full field (T)
00 0 ~4- 0.7 field (T) Full field (S)
"o 20 40 60 80 100 "o 20 40 60 80 100
Spatial frequency (line pairs / mm) Spatial frequency (line pairs / mm)

Figure S2.4 — Modulation transfer function (MTF) in image space computed with an imaging objective
composed of an achromatic doublet lens (f = 30 mm; a) or our designed lens system (b). Our optical

design improves the overall resolution of the imaging system.

Figure S2.5 — Quality of images of Arabidopsis Thaliana leaves observed in the red and green channels.
a,d: Singlet lens; b,e: Achromatic lens (doublets); c,f: Designed lens system. Images taken with green
filter ET525/36m and red filter ET585/20m, aperture F/4.0, focusing in the red channel. The system
succeeds to improve the sharpness for both channels and corrected the defocus in the green channel.

Scale bars: 1 mm.

Estimated cost of the Speed OPIOM macroscope We currently estimate the cost of our imaging
macroscope in the lower 10 k€ range as follows: camera 0.8 k€ , optomechanical parts /filters 7 k€,

electronics (Teensy 3.5, LEDs and printed circuits boards) 0.2 k€, computer 1 k€.
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2.2.2 Supplementary Figures

Dronpa-2 Pre-OPIOM SNR OPIOM SNR
250pg 33.0 800
125pg . 23.6 B 340

50pg 10.6 B B 150
25pg 6.9 - B 114
12.5pg 3.9 45.0
Spg 1.6 20.0
2.5pg 2.0 6.3
1.25pg 2.8 3.9
0.5pg 2.7 1.7
Opg ] | ‘ 3.0 0.7

control

Figure S2.6 — Dependence of the Pre-OPIOM and OPIOM images, of the signal profiles, and the associated
signal-to-noise ratios of the nitrocellulose membrane on the Dronpa-2 amount (in pg) deposited on a 400
pum-diameter blot. In the signal profiles, the error bar measures the standard deviation over three
independent measurements. The analyses have been performed along three lines: one crosses the middle
of the blot (displayed in red) whereas the two others (shown in green and blue) are located out of it. The
images have been recorded at resonance for Dronpa-2 (see also Table S2.1). One should notice that at
low concentrations, the signal-to-noise analysis of the Pre-OPIOM images is no longer reliable since the
signal observed at the blotted area is lower than the observed standard deviation of the membrane signal

and much similar to the Pre-OPIOM signal observed for the control.
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Figure S2.7 — Photoisomerization kinetics of Dronpa-2. a: Evolution of the fluorescence emission of

Dronpa-2 upon illumination at 480 nm (I? = 4 x 1072 Ein.m 2s7!); b: Evolution of the fluorescence

-1

emission of Dronpa-2 upon illumination at both 480 and 405 nm (I? = 4 x 1072 Ein.m~2s~! and

19 =1.9x1072 Einm%s™").
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Figure S2.8 — Photoisomerization kinetics of Padron. a: Evolution of the fluorescence emission of Padron
upon illumination at 480 nm (/¥ = 1.75 x 1072 Ein.m™s™!); b: Evolution of the fluorescence emission
of Padron upon illumination at both 480 and 405 nm (I? =4.2x 1072 Einm 25! and Ig =6.5x1073

Ein.m2s7!).
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2.2.3 Supplementary Table

Figure Aperture  Periods  fs  fm  Adexcl r Aexe n
(Hz) (Hz) nm  Ein.m2.s”! nm  Einm2s~!
2.3a-j F/4.0 8 50 25 480 4% 1072 405 1.9x1072
2.5ab,d-g  F/5.6 8 50 5 480 4x1072 405 1.9x107?
2.5¢,h-j F/5.6 2 4 0.02 480 42x1072 405 6.5x1073
2.6a-h F/5.6 8 200 2.5 480 4x1072 405 1.9x107?

Table S2.1 — Acquisition parameters used for Speed OPIOM imaging in Figures 2.3,2.5,2.6 of the Main
Text, where fy refers to the sampling rate and f,, refers to the modulation frequency of the excitation

lights.

Surface Optical element Radius (mm) Thickness (mm) Aperture Radius (mm)  Material
Object LED - 6.973/6.7871 0.5 air
1 ) 69.999 14 12.7 B270
2 -8.818 (aspheric!®!) 90 12.7 air
3 3 -27.05 2.00 12.7 N-BAF10
4 27.05 5 12.7 N-SF11
5 189.23 25.0 12.7 air
6 2 363.10 4 25.4 SF10
7 44,17 16.00 25.4 N-BAF10
8 -71.12 30.00 25.4 air
9 ) 71.12 16.00 25.4 N-BAF10
10 -44.17 4.00 25.4 SF10
11 -363.1 120 25.4 air
Image - 0 2.13

Table S2.2 — Optical surfaces introduced in simulation of the illumination system.

[21The radius were set at 6.973 and 6.787 mm for LED emitting light at 405 and 480 nm respectively.

[b]Aspheric coefficient for the Z(r) = rz/(R(l +4/1=(1+ k)IrTzz) + A4r4 + A6r6 + Agr8 + A10r10 surface profile (sag) of the
condenser: R = 8.818 k = 0.9991715, Ay = —8.6821674 x 10707, A = —6.3760123 x 10798 Ag = —2.4073084 x 1079 and
Ao =—-1.7189021 x 10—, where r is the radial distance from the optical axis, R is the radius, k is the conic constant and A4,
Ag, Ag and A are respectively the 40, 6th, 80 and 10! order aspheric coefficients.
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Surface
Object
1

O 00 3 O B~ W N

e e e e
AN N R W NN = O

Image

Optical element Radius (mm) Thickness (mm) Aperture Radius (mm) Material

Sample - 120.00 2 air
a0 363.10 4 25.4 SF10
44.17 16.00 25.4 N-BAF10
-71.12 30.00 25.4 air
71.12 16.00 254 N-BAF10
@ -44.17 4.00 25.4 SF10
-363.10 25.00 25.4 air
-189.23 5.00 12.7 N-SF11
@ -27.05 2.00 12.7 N-SF11
27.05 41.00 12.7 air
Iris - 74.00 3.79 air
) - 3.50 12.7 N-SF11
23.4 1.648 12.7 air
%) 29.50 7.70 12.7 N-BK7
-29.50 0.1 12.7 air
6) 20.60 6.4 12.7 N-BK7
- 29.767 12.7 air
- 0 1.02

Table S2.3 — Optical surfaces introduced in simulation of the imaging system.

67



Chapter 3

Speed OPIOM for agronomical

applications

3.1 Introduction

A major challenge in agriculture is to adapt the resources to the actual physiological state of the plant in a
context of an ever changing environment. Electronic monitoring of plant environment (i.e. hygrometry,
temperature, soil humidity,...) allows to obtain precise, rapid and quantitative parameters. However
it does not provide any information on the actual physiological state of crops. Plant status is currently
assessed visually, by monitoring biomass parameters, or by chemical analysis. Visual evaluation of
plants is immediate but clearly not specific, not quantitative and very dependent on the evaluating expert.
Biomass or biometric analysis of plants or organs is quantitative but it does not provide a specific answer
to the nature of stress involved. Finally, metabolic, enzymatic or molecular analyses are sensitive and
specific but they require extraction with time-consuming and/or costly procedures that involve manpower
which hampers real time feedback in crop management. In fact, an immediate and quantitative evaluation
of plant physiological state is still in demand to provide a rapid and appropriate management of crop
culture. '

The use of fluorescence is here advantageous since it is not invasive, requires minimal handling
and provides an immediate response. Endogenous fluorescence emission can provide information on
biochemical and anatomical status down to individual plants through the canopy, up to the field or even
regional scales.!88-1°1 Under constant illumination, it increases markedly in response to stress!°> and this

observable has been correspondingly proposed to extract physiological information on plants.>’- 193194

195-197 " Fluorescent

This approach has nonetheless been questioned for its possible limited specificity.
proteins (FPs)!°® have further expanded opportunities upon visualizing physiological processes and
reporting on gene expression under the control of inducible promoters acting as non-invasive sensors to

199202 However, FP reporters suffer from two main drawbacks. FP imaging of plants

stress situations.
is limited by endogenous fluorescence emission from several compounds (chlorophyls, carotenoids,
polyphenols) that produce a significant background within a broad range of wavelength (from UV to
IR). Secondly, the observation of FP fluorescence - as well as endogenous fluorescence - requires either

low light environment for imaging or light-proof devices, which limits its use for live recording of
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plants. The possibility to selectively record fluorescent emission with minimal contribution from the
autofluorescence background or ambient light (artificial or natural) would definitively open new avenues
for plant phenotyping.

Our group recently introduced the Speed OPIOM fluorescence imaging protocol, which is endowed
with such capabilities.!3%-140:143 Speed OPIOM exploits modulated illumination under resonant condi-
tions of light intensities and angular frequency in order to image reversibly photoswitchable fluorescent
labels such as Reversibly Photoswitchable Fluorescent Proteins (RSFPs).!?*15% In particular, I developed
a Speed OPIOM macroscope, which has been designed to image macro scale samples, making possible
to detect RSFP whole seedlings and individual adult leaves in plants with minimal preparation. In this
chapter, I demonstrate that Speed OPIOM can be used to image several RSFPs in transient as well as in
stable plant systems produced by our collaborators at INRA Versailles (Zsolt Kelemen, Lionel Gissot,
and Jean-Denis Faure).[! We first showed that several RSFPs are compatible with the plant environment.
Dronpa-2 was subsequently used as a sensor of physiological status of the plants by efficiently reporting on
different transcriptional activities, both in a qualitative and quantitative manner. In particular, we showed
that Speed OPIOM can reliably monitor early plant response to biotic stresses, even in the presence of
endogenous fluorescence under exogenous light. This work is in collaboration with the agronomists, who

designed and constructed the sensor plant system and provides all the transgenic plant samples.

3.2 Results

3.2.1 Expression of reversibly photoswitchable fluorescent proteins in plants

RSFPs have been rarely expressed in plants.2?*204 In this work, a total of four different RSFPs: Dronpa-2,
Dronpa-3, rsFastlime, and Padron were expressed under the control of the 35S promoter in tobacco. The
plant leaves have been imaged in the dark with our Speed OPIOM macroscope by setting the parameters
of excitation to resonance for each RSFP (see subsection 1.3 and Table 3.1). As expected, Fig. 3.1a-h
shows that Speed OPIOM selectively retrieved the fluorescence emission of the four RSFPs without any
interference from autofluorescence. Interestingly, Dronpa-2, Dronpa-3, and rsFastlime on one hand, and
Padron on the other hand exhibit Speed OPIOM observables of opposite signs due to their opposite
change of brightness upon light-induced photoswitching. Since Dronpa-2 turned out to allow the fastest
acquisitions with our experimental set-up, it was subsequently used in our subsequent observations (see
Table 3.1).

3.2.2 Reversibly photoswitchable fluorescent proteins as selection markers in plants

Transgenic species are often selected by adding a gene coding for a fluorescent protein acting as a
reporter to a transfected gene(s) of interest. As an illustration of such a situation, we generated and
selected transgenic camelina plants using DsRed as a selection marker. Whereas a first strain was
expressing DsRed only as a fluorescent protein, the second produced Dronpa-2 from further expressing
p35S:DRONPA-2.

[l1nstitut Jean-Pierre Bourgin, INRA, AgroParisTech, CNRS, Saclay Plant Science (SPS), Université Paris-Saclay, Versailles,

France
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Figure 3.1 — Selective Speed OPIOM imaging of RSFPs against autofluorescence in N. benthamiana
leaves. Pre-OPIOM (a-d) and Speed OPIOM (e-h) images of constructs expressing RSFPs in N. ben-
thamiana leaves (a,e: Dronpa-2; b.f: Dronpa-3; c,g: rsFastlime; d,h: Padron. Illumination conditions:

see Table 3.1. Images acquired in the dark.Scaling bars: 1 mm.

To image DsRed under ambient light, we first considered to use fluorescence imaging under constant
illumination at 550 nm or similarly to exploit the fluorescence image resulting from averaging the images
collected under an integer number of periods of 550 nm light modulation. Fig. 3.2a shows that the
averaged image can hardly evidence the presence of DsRed against the background signal generated
by interference of ambient light (indirect sunlight). Hence we imaged the amplitude of the modulated
fluorescence of the leaves in order to benefit from lock-in amplification, which eliminates any contribution
of light varying at a frequency range differing from the applied one on the light source. As evidenced by
the dark background, we could overcome the interference of ambient light in both plant strains (Fig. 3.2b).
Eventually the corresponding out-of-phase amplitude of the fluorescence modulation was vanishing in
both plants, as expected from the instantaneous response of DsRed fluorescence to any light change (Fig.
3.2¢).

Speed OPIOM proved more satisfactory to evidence the presence of Dronpa-2 in the labeled plant.
Both Dronpa-2 labeled and unlabeled plants exhibit comparable signals and poor contrast against the
background with the averaged Pre-OPIOM image using modulated light at Speed OPIOM resonance for
Dronpa-2 (Fig. 3.2a). The in-phase image showed a stronger signal in the Dronpa-2-labelled plant than in
the other one (Fig. 3.2b). However it could not be generally used for quantification since both Dronpa-2
and autofluorescence can contribute to the in-phase image. In contrast, Speed OPIOM unambiguously
imaged Dronpa-2 in the Dronpa-2-labelled plant since the out-of-phase image eliminates the contribution
of both ambient light and autofluorescence (Fig. 3.2c¢).

The preceding paragraph has illustrated how spectral discrimination can be used to select transgenic
plants. However this approach reduces the accessible wavelength window, which can be exploited for
subsequent fluorescence imaging investigations. Thus in the preceding case, the red emission channel

would be not anymore accessible for imaging due to the presence of DsRed. Hence we evaluated whether
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Average In phase Out of phase

Figure 3.2 — Selective imaging of DsRed (R channel) and Dronpa-2 (G channel) against autofluorescence
and ambient light in Camelina sativa leaves (left: labelled plant expressing both DsRed and Dronpa-2
under the control of the p35S promotor; right: plant only expressing DsRed as a control). Images were
taken under modulated light at 550 nm (a-c¢) and at 480 & 405 nm (d-f) respectively. Averaged images:
a, d, in-phase (b, e), and out-of-phase (Speed OPIOM; c, f) images. [llumination conditions: see Table

3.1. Images acquired in outdoor condition under indirect sunlight. Scaling bars: 1 mm.

Speed OPIOM could be implemented to select plants by using a RSFP as a reporter in the presence of
a FP exhibiting similar excitation/emission properties. Using the p35S promoter in tobacco leaves, we
first co-expressed nuclear localized Dronpa-2 (Fbr-Dronpa-2) with EGFP either at the plasma membrane
(PMAA4-GFP) or at the endoplasmic reticulum (PAS1-EGFP). Dronpa-2- and EGFP-expressing leaves
were analyzed with Speed OPIOM implemented on an epifluorescence microscope in the dark. We could
easily discriminate the transgenic plants with cells expressing both EGFP and Dronpa-2 fusions, which
were unambiguously evidenced by their specific and non-overlapping subcellular distribution. Whereas
Pre-OPIOM simultaneously imaged both EGFP and Dronpa-2 (Fig. 3.3a—e), only Dronpa-2 could be
selectively imaged with Speed OPIOM (Fig. 3.3f—j).

3.2.3 Quantification of Dronpa-2 expression

In the perspective of using fluorescence imaging for selecting transgenic plants, we then evaluated the
ability of the Speed OPIOM protocol to quantify gene expression in transient as well as in stable expression
plant systems. We designed three constructs in which Dronpa-2 was expressed under the control of
promoters with various strengths:?*> pNOS:DRONPA-2, pACTIN2:DRONPA?2, and p35S:DRONPA2.
In addition, all the constructs carried pCVMV:DsRED as a selection marker. These constructs have been

tested for both transient and stable expression with our fluorescence macroscope.

In N. benthamiana leaves transiently expressing Dronpa-2

The constructs were first tested in transient expression in N. benthamiana leaves. The leaves have been
imaged with both Pre-OPIOM and Speed OPIOM to selectively image Dronpa-2 in the Speed OPIOM
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Figure 3.3 — Selective Speed OPIOM imaging of Dronpa-2 against EGFP in N. benthamiana leaves.
Pre-OPIOM (a-e) and Speed OPIOM (f-j) images of constructs expressing Dronpa-2 and/or EGFP in
N. benthamiana leaves (a.f: ; PMA4-EGFP and Fbr-Dronpa-2; b,g: PAS1-EGFP and Fbr-Dronpa-2;
c,h: Fbr-Dronpa-2; d,i: PAS1-EGFP; e.j: PMA4-EGFP). PAS1-EGFP, PMA4-EGFP and Fbr-Dronpa-2

are respectively localized in the endoplasmic reticulum, the plasma membrane and the nucleus. Images

o

acquired in the dark Scaling bars: 50 um.

480/405 nm channel and to evidence DsRed in the in-phase 550 nm channel. Fig. 3.4 displays the results.
The images exhibit a rather heterogeneous fluorescence. Beyond evidencing that our imaging protocol
was efficient to overcome the interferences of autofluorescence, the main conclusion of this preliminary
investigation was that the level of fluorescence was significantly larger with the p35S:DRONPA?2 construct
than with the pACTIN2:DRONPA-2 and pNOS:DRONPA?2 ones, which demonstrates the ability of Speed

OPIOM for quantitative measurement of fluorescence expression.

In Camelina leaves stably expressing Dronpa-2

Since transient expression could lead to artificially higher expression levels, we carried out the same
analysis in stable transgenic camelina lines. Three independent T1 lines were selected and Speed OPIOM
imaging was performed on leaves of independent T2 plants selected for their DsRed fluorescence. In
order to define the most reliable protocol for analyzing the level of transcriptional activity, we analyzed
not one but several individual seedlings (including wild type seedlings as negative controls). Fig. 3.5
displays representative results. In contrast to the images collected in N. benthamiana leaves, the images
of Dronpa-2 and DsRed exhibited a rather homogeneous fluorescence. Nevertheless, we noticed that the
image of DsRed displayed a more heterogeneous fluorescence, with the brightest level at the leave veins.
As in N. benthamiana leaves, we noticed that the Dronpa-2 Speed OPIOM signal was significantly larger
with the p35S:DRONPA?2 construct than with the pACTIN2:DRONPA-2 and pNOS:DRONPA?2 ones.
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Figure 3.4 — Fluorescence imaging of N. benthamiana leaves transiently expressing Dronpa-2 (imaged
with Pre-OPIOM and Speed OPIOM) and DsRed (imaged with in-phase fluorescence imaging) constructs.
Promoters: p35S a-¢, pACTIN2 d-f, pNOS g-i. Images acquired in the dark.Scaling bars: 1 mm.
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Figure 3.5 — Fluorescence imaging of Camelina Sativa leaves stably expressing Dronpa-2 (imaged with
Pre-OPIOM and Speed OPIOM) and DsRed (imaged with in-phase fluorescence imaging) constructs.
Promoters: p35S a-¢, pACTIN2 d-f, pNOS g-i. Images acquired in the dark. Scaling bars: 1 mm.
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Data analysis

Data analysis at the single pixel level We first analyzed the collected images at the single pixel level.
More specifically we plotted the intensity of the Speed OPIOM signal as a function of the DsRed one.["!
In the case of the p35S:DRONPA2 constructs, we observed rather linear correlations (see Fig.3.6).
Furthermore the slope of the linear fitting was always found close to the ratio of the integrated signals
over the whole leaf surface (see Fig.3.6). Interestingly, whereas we noticed a significant dispersion of
the fluorescence levels among the seedlings, the slopes of the linear correlations were fairly constant
for all the observed seedlings. In contrast, we obtained poor correlations and much variability for the
pNOS:DRONPA-2 and pACTIN2:DRONPA? constructs, which suggested that we were at the noise level

for those samples.

Dronpa-2

-C k=0.0325

L L
80 120

DsRed (a.u.)

40

Figure 3.6 — Correlations of the Speed OPIOM signals of Dronpa-2 and in phase fluorescence signals of
DsRed collected at each pixel of the image of a Camelina sativa leaf permanently expressing Dronpa-2
and DsRed constructs under the control of the p35S promoter. The slope of the linear fitting (0.0325) is

close to the ratio of the integrated signals over the whole leaf surface, which equals to 0.0317.

Data analysis at the whole leaflevel Taking into account the preceding result, we subsequently decided
to integrate the Speed OPIOM signals over the whole leaf surface for quantification. We subsequently
explored various analyses to determine the most robust way to exploit our data to evidence the expression
level of Dronpa-2. We first proceeded by analyzing the distribution of the Pre-OPIOM and Speed OPIOM
signals with 480/405 nm illumination, and the in-phase DsRed signal with 550 nm illumination, both
acquired on the preceding N. benthamiana and Camelina sativa leaves observed in the dark.

Fig. 3.7 displays the results obtained in N. benthamiana. We could make several conclusions:

* The Pre-OPIOM signals were essentially similar and moderately dispersed in all the plants, either
containing pPNOS:DRONPA-2, pACTIN2:DRONPA2, or p35S:DRONPA2, or no Dronpa-2-coding
gene (see Fig. 3.7a). This result probably originates from the significant plant autofluorescence,
which dominates the Pre-OPIOM signal;

* In contrast, the Speed OPIOM signals proved discriminating although upon exhibiting dispersion
(see Fig. 3.7b). First Speed OPIOM could clearly discriminate the Dronpa-2 expressing lines from

[’)This correlation has been also established by removing singular pixels exhibiting an abnormally high level of fluorescence

without markedly altering the conclusions retrieved from the correlations with the non-corrected datas (data not shown).
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the wild type plants. Moreover the Speed OPIOM signals were decaying in the expected order
p35S:DRONPA2>pACTIN2:DRONPA2>pNOS:DRONPA-2> Wild type;

* Eventually we analyzed the in-phase DsRed reporting signal (see Fig. 3.7¢). It was much lower in
the wild type than in the Dronpa-2 expressing lines. Furthermore, it was found essentially similar

in the three Dronpa-2 expressing lines albeit with a significant dispersion.

As originally planned, we also computed the ratio of the Speed OPIOM signal over the in-phase DsRed
signal in a purpose of normalization (see Fig. 3.7d). The observed behavior of this ratio was essentially

similar to the behavior observed from directly analyzing the Speed OPIOM.
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Figure 3.7 — Signals of N. benthamiana leaves from different imaging channels: Pre-OPIOM and Speed
OPIOM signals with 480/405 nm illumination, and in-phase DsRed signal with 550 nm illumination, for
the three constructs p35S, pACTIN and pNOS. Signals have been extracted from integration over the

whole surface of the leaf. 16 samples have been measured for each promoter construct.

We essentially made similar observations in Camelina sativa seedlings (see Fig.3.8a—d). One should
notice that the three investigated lines exhibited different levels of Dronpa-2 expression. One should
refine the plant choice for agronomic purposes.

We eventually ended up our analysis by examining whether ambient light would anyhow interfere
to measure the Dronpa-2 expression level. We proceeded by comparing the results obtained in the
dark and under ambient light after normalizing the Speed OPIOM signal of Dronpa-2 by the DsRed
signal to define a ratiometric index of Speed OPIOM imaging (RISO) (see Fig. 3.9). The analysis of

independent transformation events in N. benthamiana showed an average RISO index of 0.8, 0.06 and
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Figure 3.8 — Signals of Camelina sativa seedlings from different imaging channels: Pre-OPIOM and Speed
OPIOM signals with 480/405 nm illumination, and in-phase DsRed signal with 550 nm illumination, for
the three constructs p35S, pACTIN and pNOS. Signals have been extracted from integration over the
whole surface of the leaf. For each construct, three lines of seedlings have been studied and in each line

four individual samples have been measured.
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0.02 for respectively p35S, pACTIN and pNOS promoters when Speed OPIOM recording was carried out
in the dark (Fig. 3.9a). Independent leaf samples were analyzed with the presence of ambient light under
indoor lighting condition providing RISO index of 0.45, 0.04 and 0.02 for p35S, pACTIN and pNOS
(Fig. 3.9a). There was no statistical differences between the two sets of data, which indicated that the
ambient light had no influence on quantitative analysis of gene expression by Speed OPIOM. We then
turned to monitoring seedlings of Camelina sativa. We first observed that the RISO index varied between
the different lines expressing the same construct. The pNOS:DRONPA-2 construct showed little trace
of expression, which remained below the noise level. The pACTIN2:DRONPA-2 constructs showed a
range of expression varying from 0.002 to 0.01 in the dark, and 0.002 to 0.006 in the ambient light. It is
worth noting that a line of the pACTIN2:DRONPA-2 construct showed higher RISO in both conditions.
Finally the p35S:DRONPA-2 showed the highest expression centered around 0.015 in the dark and 0.01

in ambient light but also the most variable.
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Figure 3.9 — Quantitative assessment of transcriptional activity in transient N. benthamiana (a; statistic
data based on 16 samples for each promoter) and Camelina sativa (b; three independent lines have been

measured for each construct and four samples were measured for each lines) leaf assays.

Conclusion

As a whole, we could conclude that Speed OPIOM was able to directly quantify Dronpa-2 expression
levels both in transient and stable systems with comparable expression range. More importantly, Dronpa-2
monitoring could be carried out under ambient light, which provides an unique tool to quantify fluorescent

reporter activity with minimal impact on plant growth conditions.

3.2.4 Live Speed OPIOM monitoring of biotic stresses

Reporter genes were frequently used to monitor plant response to biotic or abiotic environmental changes.
Fluorescence provides a non invasive way to monitor gene expression but it is susceptible to the en-
vironmental light interference and the autofluorescence of the plant, which obscure the sensoring of
the gene-related fluorescence. Speed OPIOM macro imaging system, with the series of validations

demonstrated above, could surely open a new way for stress detection via reporter genes.

77



PArRT II. CHAPTER 3. SPEED OPIOM FOR AGRONOMICAL APPLICATIONS

To illustrate that Speed OPIOM could provide a non invasive tool to monitor stress responses in real
time with minimal interference, we expressed Dronpa-2 in Arabidopsis thaliana plants under the control
of the VSP2 and AtNRAMP4 promoters respectively. VSP2 is coding acidic phosphatase, the expression
of which is regulated by several biotic and abiotic stresses including water deficiency.?’® AtNRAMP4
is coding for a vacuolar metal transporter the expression of which is regulated by iron limitation.?%’
Water stress was controlled with an automated large-scale phenotyping platform.?%® Plants expressing
pVSP2:Dronpa-2 were grown for 15 days at 60% soil water content (no stress) and submitted to moderate
(30%, Stress +) or high (25%, Stress ++) water limitation for 8§ more days before being imaged with Speed
OPIOM. Soil-drying conditions induced Dronpa-2 expression mainly in petioles of older leaves and
cotyledons that could be monitored even for moderate stress (Fig. 3.10). Iron starvation was monitored
by growing pAtNRAMP4:Dronpa2 expressing plants for 12 days in the presence of 50 uM FeHBED (no
stress), in the presence of traces of iron (Stress +), and in the absence of iron with 100 uM Ferrozine
(Stress ++). Speed OPIOM detected Dronpa-2 expression specifically in young leaves of iron-starved
plants (Fig. 3.11). In both cases Speed OPIOM was able to selectively discriminate the organs expressing
Dronpa-2 reporters even under moderate conditions of stress. In conclusion, Dronpa-2 monitoring allows

non destructive real time identification of stress occurrence at the level of individual plants and even to

specific organs.
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Figure 3.10 — Dronpa-2 labeled Arabidopsis thaliana plants cultivated in soils with different water
contents, a,d: 60%, b,e: 30%, c,f: 20%. The Pre-OPIOM images (a-c¢) show no visible difference

between the three individuals in terms of fluorescence signal. In contrast, the comparison of the Speed
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OPIOM images d-f reveal the suffering of the plants lacking water.
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Figure 3.11 — Dronpa-2 labeled Arabidopsis thaliana plants cultivated in soils with different iron avail-
ability, a,d: Fe abundant, b,e: trace of Fe mineral, ¢,f: no Fe mineral. The Pre-OPIOM images (a-c)
show a minor difference of expression between the three individuals, while the Speed OPIOM images d-f

give direct expression levels of Dronpa-2 without the inteference of autofluorescence.

3.3 Conclusion

This work demonstrated the use of the Speed OPIOM detection system to remotely image the Dronpa-2
signals in plants, which are challenging objects for fluorescent imaging. First, plants accumulate a large
diversity of endogenous fluorescent compounds, in particular upon stress conditions. Speed OPIOM was
able to efficiently discriminate the Dronpa-2 signals from autofluorescence and the signals from other
fluorescent reporters like GFP and DsRed. The combination of Speed OPIOM and Dronpa-2 also allowed
us to quantitatively assess the reporter gene even for weak expression. The system was also validated
in high expressing transient as well as in stable gene expression systems. Second, plant physiology is
strongly dependent to its light environment. Speed OPIOM demonstrated that quantitative fluorescent
acquisition was as sensitive and robust in dark as well as in bright light conditions. This is a remarkable
achievements compared to the existing fluorescent acquisition set-ups. Finally, we demonstrated that
OPIOM technology could be used to record abiotic stress responses like water or iron limitations in real
time. It now provides the possibility to monitor plant physiological status even in natural conditions.
The use of Speed OPIOM for plant monitoring offers unique opportunities. First, the original set up
presented here could be used to monitor different plant responses to abiotic and biotic stresses but also to
developmental cues in real time and under normal growth conditions. It requires only the identification of
genes, the transcriptional regulation of which changes in leaves. However, application of Speed OPIOM
in plants will require further validations. First, the absolute quantification of the Dronpa-2 responses has
to be correlated with endogenous gene expression, which has to be validated for each reporting system.
Second, the turn over of the Dronpa-2 protein will also have to be determined to define the time window in
which the Dronpa-2 signal remains stable. Such parameter will be important for transient gene induction

but also to define the robustness of the signal to multiple monitoring evaluation. Third, Speed OPIOM
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detection devices will have to be adapted to the plant environment that includes, heat or cold, humidity
and dust.

Speed OPIOM could eventually be used for different applications. The Speed OPIOM set up could
be installed in phenotyping platform to monitor plant responses to changing environment but also to
help defining the best growth conditions for instance to implement controlled stress conditions. It could
also provide significant information to breeders to identify the best lines in a selection program by
using gene expression as a proxy of an expected phenotype and eventually design predictive markers for
specific traits. A third possible use of Speed OPIOM technology could be to turn plants into environmental
sensors. Plants have large leaf and root exchange surface and also the possibility to accumulate metabolite
turning them in sensitive environmentally connected organisms. Speed OPIOM could therefore be used
to monitor gene expression associated with pollutants (soil or air), the presence of pathogens, water
or nitrogen content. Individual sentinels plants could be used with crops in fields or glass houses, in
contaminated industrial area, along roads or even within buildings to detect environmental changes. Such
use of Speed OPIOM will only need 3 minimal requirements: an optimized Speed OPIOM set up adapted
to individual or population of plants, a selected plant species, and the transcriptional regulation of specific

genes.

3.4 Experimental section

3.4.1 Methods
Constructs

Expression of Dronpa-2, Dronpa-3, rsFastlime, and Padron under the control of the 35S promoter

in tobacco PCR were performed with primers LG403DRONPAgtwFOR (GGGGACAAGTTTGTA-
CAAAAAAGCAGGCTTCATGGTGAGTGTGATTAAACC) and LG404DRONPAgtwREV (GGGGAC-
CACTTTGTACAAGAAAGCTGGGTCttaCTTGGCCTGCCTCGGCA) to amplify the gateway modified
DRONPA, DRONPA-2 and DRONPA-3 coding sequence using respectively the corresponding DNA tem-

plate. Same procedure was used to amplify the PADRON and rsFastLime gateway modified coding se-
quence using respectively the LGE890PADRONgtwFOR (GGGGACAAGTTTGTACAAAAAAGCAGGCTTCat-
gagtgtgattaaaccaga) and LG891PADRONgtwREV (GGGGACCACTTTGTACAAGAAAGCTGGGTCt-
tagttggcctgectcggea) primers or LG895rsFastLimegtwFOR (GGGGACAAGTTTGTACAAAAAAGCAGGCTTCat-
gagtgtgattaaaccaga) or LG896rsFastLimegtwREV (GGGGACCACTTTGTACAAGAAAGCTGGGTCt-
tacttggcctgectcggea) primers. These CDS were then cloned into the pDONR207 plasmid and then

transferred into the pB2GW?7 vector to obtain the final p35S::Fluorescent Protein constructs.??

Camelina expression vector expressing p35S::Dronpa2 constructs The Camelina expression vector
expressing p35S::Dronpa2 construct was achieved as follow. The gateway-cassette from pUBN-GFP-
Dest?!? amplified by PCR using primers:

* 5’-tgacgcgtaaggggatctagaatcacaagtttgtacaaaaaagetg-3’ and

* 5’-ttaatcacactcaccatctcgaggatcaccactttgtacaagaaag-3’
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and Dronpa-2 coding sequence amplified from Dronpa-2pDONR207 with primers
» 5’-atggtgagtgtgattaaaccagaca-3’ and
* 5’-ggctgecggecgectegactacttggectgectcggeagetcag-3’

were cloned in one step in BamHI Xhol-digested pBinGlyRed vector,?'! creating pD2. The doubled
CaMV 35S promoter was amplified from pMDC83%!? with primers

* 5’-ggggacaagtttgtacaaaaaagcaggcttccagtgccaagettggegtgect-3’ and
* 5’-ggggaccactttgtacaagaaagetgggtcgtcgaggtectctccaaatgaaatg-3’,

recombined into pPDONR207 (Invitrogen) and eventually recombined into pD2.

PACTIN2:DRONPA2; pCMV:DsRED The actin promoter was amplified from Arabidopsis thaliana
Col-0 genomic DNA with primers

* 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCaccatagaatagctagctaactaatac-3’ and
* 5-GGGGACCACTTTGTACAAGAAAGCTGGGTCtttttatgagctgcaaacacacaaaaagag -3’,

recombined into pPDONR207 and eventually recombined into pD2.

pNOS:DRONPA2; pCMV:DsRED  The nos promoter was amplified from pPGWB12!3 with primers
* 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCgatcatgagcggagaattaagggag-3’ and
* 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCgcgaaacgatccagatccggtgcag-3°,

recombined into pPDONR?207 and eventually recombined into pD2.

prVSP2:DRONPA2; pCMV:DsRED The VSP2 promoter (AT5G24770) was amplified from Ara-
bidopsis thaliana Col-0 genomic DNA with primers

* 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCgctgcttggacgattttgtgaatga-3’ and
* 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCgttttttatggtatggtttattgtt-3°,

recombined into pPDONR207 and eventually recombined into pD2.

prNRAMP4:DRONPA2; pCMV:DsRED The AtNRAMP4 promoter (AT5G67330) was ampli-
fied from Arabidopsis thaliana Col-0 genomic DNA with primers

* 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCttttcttaattgtagtectaataac-3” and
* 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTC  atttcccggtaaccgecgattctcag-3°,

recombined into pPDONR?207 and eventually recombined into pD2.
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Plant transformation

Transient expression in Nicotiana benthamiana leaves The vectors were transformed into Agrobac-
terium tumefaciens and inoculated in Nicotiana benthamiana leaves of one month-old plants. Agrobac-
terium carrying clones of interest were grown overnight at 28°C in 5 mL LB medium with appropriate
antibiotics. Aliquots from the overnight cultures were resuspended in 10 mM MgCl, and 1 mM 2-(N-
morpholine)-ethanesulphonic acid (MES) to obtain a final OD(600 nm) of 0,5 for tobacco leaf infiltration.

Two individual leaves of two independent plants were infiltrated.

Permanent expression in Camelina and Arabidopsis Camelina and Arabidopsis flower dip transfor-

mation was carried out as described previously.!®>

Plant culture Plant culture Tobacco, Arabidopsis and camelina were grown on soil in glasshouse and
were imaged directly with Speed OPIOM at about 15 cm distance. The water stress experiment was
carried out in phenoscope.??® The plants were germinated and grown in soil in the glass house for 8 days,
then adapted to 60% soil water content in the phenoscope for 8 days 8h/16h day/night cycle at 21/18°C
and 65% humidity. Plants were then cultured for 8 days at 30 or 25% soil water content before being
imaged. For iron stress, plants were cultivated for 12 days in 16/8h light/dark cycle at 22°C, in ABIS
medium?'# with 50 uM FeHBED (Strem Chemicals) for the control condition (media with Fe) or without
any iron supplement (trace of iron) or supplemented with 10 uM Ferrozine (Sigma) to remove any trace

of iron.

3.4.2 Acquisition parameters used for the images

Figure Periods  fy  fm  I)(Aasonm)  I3(Adosnm)  I9(Assomm)  Lighting
(Hz) (Hz) Einm™2s™! Einm™2.s™! condition
3.1ae 8 50 25 40x1072  1.9x1072 - dark
3.1b,f 3 50 05 53x1072 47x107? - dark
3.1cg 4 40 05 44x102 24x1073 - dark
3.1d,h 4 20 05 43x1072  1.6x1072 - dark
3.2a-c 8 50 2.5 - - On Outdoor
3.2d-f 8 50 25 40x1072  1.9x107? - Outdoor
3.3a-j 8 10 1 1.5x1072  88x1073 - dark
3.4ab,de,gh 8 50 25 40x1072  1.9x1072 - dark
3.4c.fii 8 50 25 - - On dark
3.5a,b,d.e,g.h 8 50 25 4.0x102  1.9x107? - dark
3.5¢,f,i 8 50 25 - - On dark
3.10,3.11 8 50 25 4.0x102 1.9x107? - lab light

Table 3.1 — Acquisition parameters used for all the images shown in this chapter. f; and f,, respectively

refer to the sampling rate and to the modulation frequency of the excitation lights.
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Chapter 1

A Speed OPIOM endomicroscope and its

applications in fluorescence bio-imaging

1.1 Introduction

Fiber-optic based fluorescence microendoscopes are versatile devices, which have found numerous bi-

215-219

ological and medical applications. In contrast to conventional imaging tools, they permit to

non-invasively image cells within hollow tissue tracts or deeply embedded within solid organs.??® They
are also convenient to observe plant roots in the soil??!*2>? or the brain of freely moving animals.???
Beyond being geometrically demanding, such samples often exhibit significant light scattering and aut-
ofluorescence, which are both detrimental for the quality of the image contrast.

Standard fiber-optic epifluorescence imaging with one-photon excitation is easy of use, benefits from
cheap light source and full-frame acquisition for high-speed imaging. However, it is unable to reject
the out-of-focus background (generally providing low signal contrast images; see??*) and it is not robust

to light scattering when imaging thick samples.’!?

To deal with optical sectioning in fiber bundle
microendoscopy, various strategies coming from microscopy have been transposed including confocal,
multi-photon and structured illumination imaging.?>>~>?’ However, due to the inherent characteristics
of the bundle, these methods have encountered several limitations. In confocal microscopes, the axial
resolution of the system strongly relies on the use of both high NA objective to image the specimen
and a pinhole of small diameter, which selects for the collection of fluorescence emission at the focal
plane. In fiber bundle-based endoscopes, confocal scanning is performed at the proximal end of the fiber
bundle and a single fiber core serve as both a point-like excitation source and a pinhole. With typical
core size around 5 um and NA of the fiber of 0.4, the axial fluorescence intensity decays only slowly
out of the focal plan and lessens the confinement of the collected fluorescence.?>>227-22% To improve the
sectioning ability, additional high NA objectives have been used to tightly refocus the excitation beam
exiting from the fiber onto the specimen.?3%23! While efficient, these approaches require specialized
optics for the endoscope. Whereas confocal detection eliminates the background caused by out-of-
focus light and scatter by introducing a spatial filter along the optical pathway, multiphoton—excited
fluorescence imaging overcomes this limitation by restricting significant fluorescence emission to the

focus of the light source.??”-232.233 However the broadening of the pulsed excitation when it propagates
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through the fiber cores degrades the performance of multiphoton excitation. Importantly both confocal
detection and multiphoton excitation strategies use punctual illumination. They correspondingly require
scanning and focusing mechanisms to build the final image, which both hinder miniaturization and
reduce the frequency for image acquisition. Alternatively, out-of-focus background has been rejected in
non-scanning wide-field endoscopes by using structured illumination microscopy.??6-234-23%  Although
this approach provides wide-field images after minimal computation, it may suffer from the lack of
axial optical sectioning mentionned above in confocal microscopy. Moreover it relies on a spatial light

modulator the refreshing of which ultimately limits the frequency of image acquisition to a few Hz.2%¢

There are multiple causes of interfering fluorescence in microendoscopy. First, the biological samples
may intrinsically emit fluorescence originating from endogeneous (e.g. flavins) or added (e.g. vitamins
contained in culture media) components. Second the sample may contain several fluorescent labels
exhibiting spectral overlap. Eventually the imaging fiber itself is autofluorescent and its emission results
in a significant loss of image constrast.>>® To circumvent these issues, various strategies including

background subtraction®*® and un-mixing spectral analysis'>>

have been proposed. However they rely
on assumptions on the autofluorescence patterns and may fail when dealing with low levels of targeted
fluorescence signals with poor signal-to-noise ratios. Thus reliable strategies to eliminate the detrimental

effects of autofluorescence in this imaging modality are still demanded.

The preceding analysis led us to implement Speed-OPIOM in fluorescence microendoscopy. Unlike
regular fluorescence imaging which exploits the spectral dimension to generate contrast in images,
Speed-OPIOM discriminates reversibly photoswitchable fluorescent labels against spectrally interfering
backgrounds by exploiting their dynamic photoswitching properties, without any deconvolution nor
subtraction scheme.'*3 More specifically, Speed OPIOM uses two modulated light sources synchronized
in antiphase at two wavelengths in order to drive photoswitching (Fig. 1.1a). The Speed OPIOM signal
S — the out-of-phase component of the modulated fluorescence signal — is directly retrieved by Fourier
transform of tens to hundreds of images for at least two periods of light modulation. No further processing
is necessitated and lock-in detection secures efficient noise rejection. Interestingly S exhibits a narrow
resonance in the space of the control parameters of illumination (light intensities and angular frequency)
(Fig. 1.1b). It is non-vanishing only when the average light intensities are tuned to maximize the
photoswitching amplitude on the changes of light intensities, and the angular frequency matches with the
inverse of the photoswitching relaxation time. For a given set of the control parameters of illumination, S
exhibits as well a narrow resonance in the space of the rate constants, which govern forward and backward

photoswitching of the labels (Fig. 1.1c).

At a given radial frequency of light modulation w, the spatial dependence of the Speed OPIOM
resonance on the light intensities / ? and Ig opens an unprecedented avenue to improve the axial resolution
and to remove the out-of-focus fluorescence in fiber-optic epifluorescence imaging with one-photon
excitation. Indeed the spatial light profile does not exhibit a cylindrical symmetry at the fiber end (vide
infra). As a consequence, the Speed OPIOM resonance condition can only be met in a restricted region of
space for a given set of intensities and angular frequency of the modulated light sources, which eliminates
the fluorescence contributions from out-of-resonance locations. As an aditional benefit of Speed OPIOM,

a reversible photoswitchable fluorescent label has singular photochemical and kinetic properties (and
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Figure 1.1 — a: Principle of Speed OPIOM. Sinusoidally modulated light sources synchronized in
antiphase at two wavelengths generate the quadrature-delayed component S (in red) of the fluorescent
emission from the reversibly photoswitchable fluorescent labels used in Speed OPIOM; b,¢: Speed
OPIOM for optical sectioning and selective imaging. S exhibits a narrow resonance both in the space
of the control parameters of illumination (b; here parametered by / ? / Ig and w/I ? where [ ? and Ig , and
w respectively designate the average light intensities at both wavelengths, and the angular frequency
of the modulated lights) and in the space of the rate constants, which govern forward and backward
photoswitching of the labels (c; parametered by K ?2 and wrloz where K ?2 and 7102 respectively designate
the ratio of the average rate constants associated to forward and backward photoswitching and the

photoswitching relaxation time at steady-state).

correspondingly its own resonant conditions). Hence simply tuning the illumination control parameters
to its resonant values enables one for its selective imaging, filtering out the contribution of spectrally
interfering fluorophores (non-photoswitching or non-resonant reversibly photoswitching fluorophores) as
well as autofluorescence.

In the present chapter, I implemented Speed OPIOM in wide-field fluorescence microendoscopy with
one-photon excitation. I built a simple and cheap optical-fiber bundle-based microendoscope integrating
modulatable light sources. I first demonstrated that it provides intrinsic optical sectioning, which facil-
itates the observation of fluorescent labels at targeted positions within the sample. Then I thoroughly
evaluated its efficiency to eliminate the interference of autofluorescence arising from both the fiber bundle
and the specimen when observing targeted reversibly photoswitchable fluorescent proteins (RSFPs!?315%)
in several biological samples. Finally, I demonstrated that it enables multiplexed observations of two
spectrally similar RSFPs, which differ by their photoswitching dynamics. The biological samples mea-

sured in this work were kindly offered by my collegues in our group, who prepared the Hela cells and the
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bacterial culture, and the plant sample were provided by the agronomists.

1.2 Results

1.2.1 The Speed OPIOM microendoscope

Flexible fiber-optic based fluorescence microendoscopes have been mainly built around two designs.?*!

In the first one, excitation light and fluorescence emission are transmitted through a single optical fiber.
Scanning of the fiber over the sample allows one to collect fluorescence signals from each point of the
specimen. To reconstruct the final images, one therefore needs additional micromechanical actuators
to accurately drive the pathway followed by the fiber end.>*>~>*> In the second approach, flexible fiber
bundles are used to deliver the excitation lights and send back the fluorescent images of the specimen.
Although the lateral resolution is limited by the number of microfibers composing the bundle, large areas of
the sample can be directly imaged without the need of scanning.?* Our Speed OPIOM microendoscope
exploits this second strategy with the epifluorescent fiber imaging configuration by using one-photon
excitation, which enables full-frame image capture with a camera (Fig.1.2a).2%’

To implement Speed OPIOM imaging, the average intensities / ? and Ig of the excitation light modu-
lated at angular frequency w have to be constant over the whole imaged area and match the Speed OPIOM
resonance condition where both Ig / I? and w/I ? ratios are fixed. In addition, intense excitation lights
should be preferentially delivered at the sample in order to increase the modulation frequency and shorten
the acquisition duration. Hence we adopted Light Emitting Diode (LEDs) as light sources since they are
stable, inexpensive, easy to modulate, and suitable for the miniaturization of the device.

Our endoscope integrates two 500 mW colored LEDs with peak wavelengths at 405 and 480 nm.
To insure an homogeneous illumination pattern at both wavelengths, we designed a Kohler illumination
system instead of directly focusing the image of the LED chip through the objective onto the distal end
of the fiber as previously described.?*® The lights emitted from the two LEDs are first collimated by a
high NA condenser, band-pass filtered, and combined together with an appropriate dichroic mirror before
passing through an afocal system to provide an even illumination of circular shape thanks to a round iris.
Such an illumination system is particularly suited to reduce the contributions of inhomogeneities of the
LED chips and of possible misalignment between both light sources. The iris is imaged at the focal plan
of a 10x objective (NA=0.5), where the distal end of the fiber bundle composed of 30000 cores (average
core-to-core distance of around 7um) was placed. The excitation pathway of the endoscope terminates
with a needle graded-index (GRIN) lens optically cemented at the end of the fiber bundle to deport the
illumination pattern over the sample at a working distance of 50 um with a 1x magnification.

The fluorescence image of the specimen is sent back through both the GRIN-lens and the fiber bundle
and the proximal end of the bundle is further imaged by the objective. After fluorescence emission
has been filtered by a bandpass filter centered at 525 nm, a tube lens permits to reconstruct the image
of the proximal end onto the CMOS sensor of a cheap camera for industrial vision, which yields a 3x
magnified image with an effective field of view of up to 790 um in diameter. To further minimize
instrument complexity and costs, modulation of lights and triggering of the acquisition by the camera are

synchronized by an Arduino compatible card (Teensy 3.5). The series of acquired fluorescence images
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are processed on PC by applying a time-domain Fourier transform in order to yield the time-averaged and
out-of-phase images (subsequently denoted as Pre-OPIOM and Speed OPIOM respectively), in which
the honeycomb pattern from the bundle is removed by an interpolation algorithm?*® (see section 1.5.2 in
Supporting Information and Fig.S1). It is worth noting that the Pre-OPIOM image essentially compares

with the fluorescence image, which would be classically recorded under constant illumination.

1.2.2 Optical characterization

Several measurements and theoretical computations have been performed to reveal the optical properties
of our fluorescence microendoscope. We first analyzed the emergent light at the distal end of the fiber.
Fig. 1.2b displays the experimental light intensity profile visualized by autofluorescence of a medium
subsequently used for bacteria growth. It is axially symmetric and exhibits a conical shape. The emergent
light at the distal end of the fiber has been simulated to further analyze the spatial evolution of the light
intensity along the optical axis (see Supporting Information). Fig. 1.2c shows that the light intensity
remains strictly constant within a cone up to a 1.2 mm depth. It then rapidly decays both radially and
along the optical axis.

We then proceeded to calibrate the light intensities delivered by the fiber bundle by analyzing the

2141172 and Padron,!”® which we investigated in a

kinetics of photoswitching of two RSFPs, Dronpa-
previous investigation'*? (see Supporting Information). Although the maximum light flux transferred
by the fiber bundle is limited by the low numerical aperture of a fiber core (NA = 0.39), our optimized
configuration enabled us to reach a maximal irradiance of more than 10 mW/mm? at the distal end of the
fiber. Such an irradiance allowed us to image Dronpa-2 within a few seconds with the Speed OPIOM
protocol (vide infra).

Fig. 1.2d and e image the normalized excitation light intensities at 480 and 405 nm across the distal
end of the fiber. Both light distributions exhibit excellent spatial uniformity, with a fluctuation of less
than 10% in line with the Speed OPIOM requirement discussed above.

We eventually evidenced the fiber autofluorescence under dual illumination at 480 and 405 nm. Fig.
1.2f is a fluorescence image of the proximal end of the fiber by circumventing the illuminated zone to the
central area of the fiber bundle. It shows that the individual microfibers are intrinsically autofluorescent,

which is usually detrimental to the image contrast and sensitivity.

1.2.3 Speed OPIOM to improve optical sectioning in fluorescence microendoscopy

To evidence the optical sectioning resulting from Speed OPIOM implementation in fluorescence mi-
croendoscopy with one-photon excitation, we collected the Pre-OPIOM and Speed-OPIOM signals in a
series of Dronpa-2-labeled samples as a function of their thickness under illumination of our endoscope,
which was restricted by varying the distance z between the GRIN lens and the bottom of a quartz cuvette.

We first recorded the signals from a 1 uM Dronpa-2 solution (see Fig. 1.3a). From 0 to 1 mm sample
thickness, both Pre-OPIOM and Speed OPIOM signals increased linearly due to the quasi-homogeneous
distribution of the excitation light within a cone extending up to 1.2 mm from the focal plan (see Fig. 1.2c¢).
Beyond 2 mm the light distribution exiting from the fiber bundle (see Fig. 1.2¢) exhibits a significant

spatial decay along the optical axis. As a consequence, the Pre-OPIOM signal increases more slowly
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Figure 1.2 — Fluorescence endoscopy setup for Speed OPIOM imaging. a: Optical layout of the endoscope
and its interface to a PC-based synchronized modulation and imaging acquisition system; b: Experimental
light intensity profile visualized by autofluorescence of a lysogeny broth (LB) solution along the pathway
of 405 nm UV light emitted from the fiber; ¢: Simulation of the excitation light intensity at the distal end
of the fiber as a function of the sample depth. The computation was performed for a multimode fiber of
0.72 mm in diameter and 0.39 NA plunging into water (n=1.34); d,e: Normalized light intensity pattern
at 480 (d) and 405 (e) nm measured at the distal end of the fiber bundle by microscopy. A uniformity
better than 90% was observed over the whole surface of the fiber bundle; f: Autofluorescence of the fiber
bundle recorded under constant illumination at 480 and 405 nm upon filtering at 525 nm. The zoomed
image depicts the detail of the cores and cladding giving rise to a honeycomb artifact, and the slight

core-to-core coupling.

with increasing the sample depth. In contrast, the Speed-OPIOM intensity experiences more strongly the
change of light intensity by departing from resonance at constant angular frequency so that the zone at
lower light intensities vanishingly contribute to the Speed OPIOM signal. Thus beyond 2 mm, the Speed-
OPIOM intensity reached a plateau as if the Speed OPIOM response was originating from a spatially
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restricted section of the sample, a phenomenon which is not observed in conventional fluorescence
endoscopy. These conclusions could be confirmed with numerical simulations of the Pre-OPIOM and
Speed OPIOM responses to the spatial profiles of exiting light intensity at the distal end of the fiber
bundle. Fig. 1.3b,c show that the Speed OPIOM response is much less spatially extended laterally and
along the fiber axis than the Pre-OPIOM one, which evidences the optical sectioning provided by Speed
OPIOM over an imaging protocol with constant illumination.

A similar experiment has been performed on a dense suspension of Dronpa-2-expressing bacteria. In
this sample, the absorption and scattering of the incident light further contribute to shaping the spatial
profile of light intensity at the end of the fiber bundle. More specifically, absorption and scattering
introduce an attenuation length 1., which restricts the spatial extension of the light profile within the
sample. Fig. 1.3d shows that this phenomenon causes (i) the change of regime of the growth of the
Pre-OPIOM signal to occur at a lower path length and (ii) the Pre-OPIOM signal to grow more slowly
in the regime of large z than in the Dronpa-2 solution. It also explains that the saturation of the Speed
OPIOM signals takes place at half the distance z observed in the Dronpa-2 solution. This trend was
further observed by analyzing the behavior of Dronpa-2-containing samples of increasing opacities: The
larger the sample opacity, the earlier the saturation of the Speed OPIOM signal (see Fig. S5). It was also
in line with the results of numerical simulations, which demonstrated that both Pre-OPIOM and Speed
OPIOM responses are spatially less extended in the bacteria suspension than in the Dronpa-2 solution
(see Fig. 1.3e,f) due to the attenuation length (estimated to A.=3 mm), which further contributes to the
spatial decay of the light profile.

We further explored the optical sectioning ability of the Speed OPIOM protocol by replacing the iris
in the setup shown in Fig. 1.2a with a pinhole of 150 ym diameter in order to illuminate only a small
area (a few fiber cores of the bundle; 25 um diameter) at the proximal end of the fiber bundle. The
resulting point-like source exiting the fiber was used to illuminate the 1 M Dronpa-2 solution, and the
fluorescence intensity from different locations was collected by the fiber bundle. In the corresponding
Pre-OPIOM image, we observed a broad signal originating from integration of the fluorescence response
over the whole illumination profile (see Fig. 1.3g). Conversely, the signal exhibited a much narrower
width in the Speed OPIOM image as only a restricted portion of the illumination profile generated a
significant Speed OPIOM signal (Fig.1.3j). These observations have been satisfactorily accounted for
by the simulation of the spatial profiles of the Pre-OPIOM and Speed OPIOM response to single fiber
illumination (see Fig. 1.3h,k) as well as of the Pre-OPIOM and Speed OPIOM signals gather by the fiber
bundle (see Fig.1.3i,1).

All together, this series of experiments suggest that Speed OPIOM can selectively enhance the in-
focus fluorescent signal while minimizing the out-of-focus background fluorescent signal, which results

in an improvement of axial resolution for optical sectioning.

1.2.4 Speed OPIOM to eliminate autofluorescence in fluorescence microendoscopy

Two different series of experiments have been performed to illustrate the relevance of the Speed OPIOM
protocol to overcome the interference of autofluorescence originating from the specimen and the fiber

bundle materials, which can severly degrade image constrast in fluorescence microendoscopy.>*
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Figure 1.3 — Speed OPIOM for optical sectioning. a,d: Pre-OPIOM (circles) and Speed OPIOM (disks)
signals collected from a 1 uM Dronpa-2 solution (a) and a dense suspension of Dronpa-2-expressing
bacteria (d) as a function of the thickness z of the sample under illumination. The Pre-OPIOM and Speed
OPIOM signals have been obtained after spatial averaging over a disk of 50 pixels (equivalent to a disk
60 um in the sample) of the Pre-OPIOM and Speed OPIOM images. In a, the theoretical calculations
of the Pre-OPIOM and Speed OPIOM signals based on the simulated illumination pattern displayed in
Fig.1.2c are shown as dashed and solid lines respectively (see Supporting information for the detailed
calculations); b,c.e.f: Normalized Pre-OPIOM (b,e) and Speed OPIOM (c.f) responses to the spatial
profiles of exiting light intensity at the distal end of the fiber bundle based on simulated illumination
pattern through the Dronpa-2 solution (b,¢) and a scattering medium with a penetration length of 4.=3 mm
(e,f). Intensities are displayed in common decimal logarithmic scale. Axis unity: mm; g.,j: Pre-OPIOM
(g) and Speed OPIOM (j) images of 1 uM Dronpa-2 solution observed by fluorescence microendoscopy
upon illuminating a small area (a few fiber cores of the bundle; 25 um diameter) at the proximal end of
the fiber bundle; h,k: Normalized Pre-OPIOM (h) and Speed OPIOM (k) responses to the spatial profiles
of exiting light intensity at the distal end of a single microfiber based on simulated illumination pattern
through the Dronpa-2 solution. Intensities are displayed in common decimal logarithmic scale. Axis
unity: um; il: Experimental (i) and simulated (I; for a single illuminated fiber) signal profiles along the
dashed line in g and j (dotted and solid lines correspond to Pre-OPIOM and Speed OPIOM respectively).

Scale bar: 100 um.
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A sensitive tool to monitor gene expression in bioreactors

In situ monitoring of cellular health in bioreactors is a challenge for industrial bioprocessing to ensure
batch-to-batch reproducibility, maximize the yield of production and reduce the risk of contamination
associated to sampling procedures.>**23! In addition to the measurement of metabolites in the culture
medium such as O,, CO; or pH, production of fluorescent proteins (FPs) such as GFP have been recently
introduced as a reporter of the status of cells or bacteria in bioreactors, which allows in turn to feedback
control the culture conditions when needed>%23? using e.g. optogenetic tools.””?>3 As a challenge to
be tackled, the contribution of a strong autofluorescence due to both the complex nature of the culture
broth and the number of fluorescent species with overlapping spectra>>? has to be quantitatively separated
from the fluorescence signals of the reporter. A first proposed method was to extract the fluorescence
signal of a reporting FP by substracting the background signal obtained from a synchronized culture of
non expressing cells.>*23>  Another strategy retrieves the fluorescence signal of the reporting FP by
analyzing the spectral difference between FP and the background.'>” In addition to increasing the overall
complexity of the monitoring protocol, both methods require high levels of reporter expression to secure
sufficient signal-to-noise ratio.

Our Speed OPIOM fluorescence microendoscope provides an efficient and minimally invasive way to
accurately sense in real-time and in situ the production of a weakly expressed RSFP in culture medium.
For illustration, Dronpa-2 was genetically encoded into E. coli BL21 strains with its expression under
control of the lac operator. After cells were primarily grown in LB culture at 37°C, expression of
Dronpa-2 was monitored every 30 or 60 minutes by plunging the fiber in 2 mL of the growth medium
and acquiring Pre-OPIOM and Speed-OPIOM images. It is worthy of note that we fixed the optical
path length between the fiber tip and the bottom of the vessel to 500 um in order to circumscribe the
influence of the optical density (OD) variation of the culture medium during cell growth. Fig. 1.4 displays
the temporal evolution of the Pre-OPIOM and Speed OPIOM signals resulting from spatial averaging
over a disk containing 50 pixels at the center of the collected images. Before induction to trigger the
Dronpa-2 production by addition of isopropyl-3-D-1-thiogalactopyranoside (IPTG), it was impossible
to detect the basal expression of Dronpa-2 with Pre-OPIOM since the autofluorescence arising from
the fiber bundle and the culture medium (see Fig. 1.2f) exceeded the Pre-OPIOM signal from Dronpa-2
and prevented its accurate monitoring (Fig. 1.4a). In contrast, the weak Dronpa-2 expression before
induction was easily detected with Speed OPIOM (Fig. 1.4b). Similarly, although we could early detect
the exponential increase of the Dronpa-2 production from 6 to 12 h after IPTG addition at 5.1 h with
Speed OPIOM, accurate monitoring of this increase required a further 3 h delay with Pre-OPIOM since
Dronpa-2 fluorescence had first to emerge from the autofluorescence background. Hence Speed OPIOM
readily enlarges the dynamic range of fluorescent reporter that can be monitored by microendoscopy. As
such it is well-suited for real time monitoring of cultures of cells even at low levels of expression of the

fluorescent labels.

Imaging fluorophores in plant roots under the soil with wide-field microendoscopy

In a second series of experiments, we imaged the root of a living plant (Camelina sativa) directly in the soil,

either ubiquituously expressing Dronpa-2 or as a wild-type specimen used as a control. Both plants exhibit
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Figure 1.4 — In situ monitoring of Dronpa-2 expression in E. coli cultured in LB for 24 h using Pre-OPIOM
(a) and Speed-OPIOM (b). In b, the insert zooms on the 0-5 h temporal window. Spatial averaging
over a disk of 50 pixels at the center of the Pre-OPIOM and Speed OPIOM images yielded the signals
represented in the figures. For each imaging protocol, the average background level and its incertitude
(x10) were measured with non-transfected E. coli BL21 strains cultured in LB (n=8). They are displayed
in the figures as dashed lines and gray areas respectively. See Supporting Information for the acquisition

conditions.

similar Pre-OPIOM images, which results from the high level of root autofluorescence (Fig.1.5a,b). In
particular, one cannot clearly evidence Dronpa-2 expression in the labeled plant. Furthermore the contrast
between the root and the background is poor, which originates from the signifiant autofluorescence of
the fiber bundle. In contrast, the Speed OPIOM images are strongly different in the labeled plant and
in the wild type. The Dronpa-2 expressing root is selectively imaged with a sharp contrast against the
background, as expected from elimination of the autofluorescence from the root and from the fiber bundle
(Fig.1.5¢). This outcome is confirmed by Speed OPIOM imaging of the wild type root, which provided

a black image.

Multiplexed fluorescence imaging in wide-field microendoscopy

In addition to optical sectioning and elimination of autofluorescence, Speed OPIOM is also endowed with
discriminating reversibly photoswitchable fluorophores by their photoswitching dynamics. To illustrate
this attractive feature, we imaged fixed Hela cells expressing green fluorescent proteins: two RSFPs,
Dronpa-2 and Padron, tagging cell nucleus and mitochondria respectively, and EGFP as a spectrally
interfering fluorophore, localized at the membrane. In the Pre-OPIOM images, the cells could be hardly
distinguished from the fluorescent background originating from the autofluorescence of the fiber bundle,
which precluded to visualize the inner structures labeled with Dronpa-2 or Padron (Fig.1.6a—c). In
contrast, Speed OPIOM efficiently cancelled out the contributions of the autofluorescence background

and EGFP fluorescence. Hence the RSFP signals could be selectively imaged with high contrast and reveal
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Figure 1.5 — Images of Camelina sativa roots in soil obtained by fluorescence microendoscopy. Pre-
OPIOM (a,b) and Speed OPIOM (c,d) images of a root from a genetically transformed plant expressing
Dronpa-2 (a,c) or a wild type plant as a control (b,d). Scale bar: 100 um. See Supporting Information

for the acquisition conditions.

the location of the RSFP-labeled structures. Furthermore, at Dronpa-2 resonance, the cell nuclei labeled
with Dronpa-2 were unambiguously imaged while the structures tagged with Padron were not visible (Fig.
1.6d-f). Similarly, the mitochondria labeled with Padron were selectively imaged (Fig. 1.6g—i) without
interference from the contribution of Dronpa-2 when the illumination parameters were tuned to Padron
resonance. It is interesting to notice that the opposite signs of the Speed OPIOM signals associated to
Dronpa-2 and Padron reflected their opposite photochromic behavior: Dronpa-2 turns dark (respectively
bright) upon illumination at 480 (respectively 405) nm, whereas Padron becomes bright (respectively
dark) upon illumination at 480 (respectively 405) nm. Thus Speed OPIOM emerges as an attractive

protocol for multiplexed fluorescence imaging with excellent contrast in wide-field microendoscopy.
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Figure 1.6 — Speed OPIOM selectively discriminates RSFPs in fixed HeLa cells in the presence of a strong
autofluorescent background. a—c: Pre-OPIOM images; d—i: Speed OPIOM images collected under
resonance conditions for Dronpa-2 (d—f) and for Padron (g-i). Systems: Fixed HeLa cells expressing
Lyn11-eGFP tagging the cell membrane, H2B-Dronpa-2 tagging the nucleus, and Mito-Padron tagging
the mitochondria as indicated in a—c. a,d,g: HeLa cells expressing H2B-Dronpa and Lynl1-EGFP;
b,e,h: HeLa cells expressing Mito-Padron and Lyn11-EGFP; c.f,i: HeLa cells expressing H2B-Dronpa-
2, Mito-Padron and Lyn11-EGFP. Images e and g act as negative controls to show the absence of spectral
interference of (i) Padron and EGFP when using the resonance condition of Dronpa-2 and of (ii) Dronpa-
2 and EGFP when using the resonance condition of Padron. Scale bar: 100 um. See Supporting

Information for the acquisition conditions.
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1.3 Discussion

The preceding results have demonstrated that the application of the Speed OPIOM imaging protocol
considerably improves the performances of an epifluorescent fiber bundle-based one-photon microendo-
scope. Without removing any of its advantages (cheap to construct, simple to use, and enabling full- and
fast-frame rate fluorescence imaging), Speed OPIOM gives access to intrinsic optical sectioning, elimi-
nation of autofluorescence, and multiplexed observations by using a single absorption/emission channel.
In the following paragraphs, we recapitulate its scope and limitations with respect to these issues.

In this account, we evidenced that the Speed OPIOM observable is relevant to endow a one-photon
epifluorescence microendoscope with optical sectioning so as to significantly reduce the effective imaged
volume by tuning the control parameters of illumination to resonance at the sample surface. If one
adds that Speed OPIOM easily discriminates the signal from reversible photoswitchable fluorophores
from autofluorescence, our configuration of fluorescence microendoscope appears especially well-suited
to image superficial structures.’”* Hence one particular field of application could be imaging brain
surfaces in freely moving animals. In fact, manipulating neural function with light and fast frame-
rate in vivo imaging of neural activity are becoming increasingly important.>3%257 Speed OPIOM
would eliminate the fluorescence background from out-of-focus and scattered fluorescence emissions
generally encountered with conventional one-photon epi-fluorescence microendoscopy?>* (we provide
further numerical simulations in Fig. S6a—d). In addition it would open an avenue to multiplexed
endoscopic fluorescence observations?>® with only one wavelength channel to the most compact current
setups, which are limited to imaging one genetically or anatomically defined population.”>® Eventually,
it is worthy of note that our microendoscope is presently not optimized for optical sectioning with Speed
OPIOM since its illumination profiles are essentially identical at 480 and 405 nm. Thus the Speed OPIOM
resonance condition involving the ratio of light intensities is fulfilled along the whole illumination profile
once it is satisfied in the focal plan. As a consequence, optical sectioning only relies on the departure of
the second Speed OPIOM resonance condition, which involves matching light intensities and the radial
frequency of the modulated light. In fact such a present limitation could be overcome by further shaping
the light beams emerging from the fiber.239-262

Speed OPIOM has demonstrated its relevance to eliminate autofluorescence as well as spectral
interferences. Yet it still suffers from the limited precision on phase retrieval when extracting the out-of-
phase component of the fluorescence modulation. Indeed an error on phase retrieval will introduce into
the measured signal a contribution from the in-phase component of the fluorescence modulation, which is
now partially governed by the spectral interferences. We estimate our precision to 3 1073 rad range, which
enables us to enhance the contrast of the targeted fluorophore against spectral interferences by a factor
10%-10°. Another limitation may originate from the enhanced and intrinsic noise of the detector when
the spectrally interfering signal is very strong.'** Our equipment should presently allow us to specifically
detect the OPIOM signal even in the presence of a 10? times stronger non-modulated photon source.

Eventually fluorescence microendoscopy traditionally exploits two categories of fluorescent labels
depending on its applicative fields. Indocyanine green, Methylene blue, and Fluorescein can be presently
used for clinical applications.?!® Biological applications are compatible with a broader library of fluo-

rophores. In particular, the possibility to fluorescently tag biomolecules with absolute specificity through
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genetic fusion provides attractive opportunities to report on gene expression, protein trafficking, and
many other dynamic biochemical pathways.!"!3! OPIOM has to rely on fluorophores, which exhibit
reversible photoswitching under illumination when they are exposed to light. The original OPIOM pro-
tocol exploiting resonant modulated monochromatic light can be used when the backward isomerization
after forward photoswitching is thermally-driven.!** Nevertheless the Speed OPIOM protocol'*? used in
this study should be preferentially adopted when the forward and backward photoswitching processes of
the reversibly photoswitchable fluorescent labels can be photochemically governed at two distinct wave-
lengths (e.g. in RSFPs,!23 159 cyanines, 2132180 and spirobenzopyrans'®?). Indeed the Speed OPIOM
response is twice higher than the OPIOM one and accordingly provides a better signal-to-noise ratio. One
should eventually notice that OPIOM can also be applied to non-photoswitching fluorophores, provided
that they obey a photophysical mechanism, which can be dynamically reduced to a two-state model.'*°
Eventually, with respect to multiplexed observations, one should underline that Speed OPIOM can already
discriminate at least four spectrally similar genetically encodable fluorescent proteins. In particular, such
a state-of-the art would be compatible with the endoscopic analysis of populations of microorganisms

(e.g. in the rhizosphere?%® or the gut) at the single cell level in a noninvasive way.

1.4 Conclusion

In this work, we built up a fiber bundle-based fluorescent endoscopic system with modulatable one-
photon excitations at two wavelengths. Upon adopting the Speed-OPIOM protocol, our cheap endoscope
successively overcome the current limitations of lack of optical sectioning and autofluorescence arising
from the samples or the optical components. Applying Speed-OPIOM protocol improved sensitivity
both for biomonitoring and bio-imaging, as well as provided an unprecedented avenue for multiplexed
fluorescent imaging. Already in the regular epifluorescence configuration, the superior performances of
Speed OPIOM imaging over conventional fluorescence are likely to find applications in diverse areas

such as bioprocessing, clinical diagnostics, plant observation, and surface imaging.

1.5 Supporting Information and Experimental Section

1.5.1 Endoscopic setup for fluorescence imaging
Setup configuration

The optical layout of the device is illustrated in Fig. 1.2. The setup uses two high power color LED chips
(LXZ1-PB0O1, LHUV-0400, LXZ1-PX01; Lumileds, Amsterdam, Netherlands) as excitation lights. Their
lights are collimated by optical condensors L1 (ACL2520U-A, f = 20 mm, Thorlabs, Newton, NJ) and
filtered by band pass filters (ET470/40x, ET405/20x; Chroma Technology, Bellows Falls, VT). The UV
and blue beams are combined by a dichroic mirror (T425LPXR, Chroma Technology) and sent to an afocal
system, which consists of two convergent lenses (L2: AC254-100-A, f = 100 mm, L3: AC254-040-A,
f =40 mm; Thorlabs). An iris (SM1D12C, ®,,,, = 12 mm, Thorlabs) is positioned at the exit pupil of
the afocal system through which lights with different field angles pass. The iris is also at the focal plan of
the lens L4 (AC254-100-A, f = 100 mm, Thorlabs), which is used to conjugate the iris stop to the focal
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plan of the objective (10x, NA=0.5, Zeiss, Jena, Germany). The effective NA of the objective matches
the NA of the fiber to secure a maximal light delivery. The imaging fiber (FIGH-30-850N, Fujikura,
Tokyo, Japan) is a fused silica-based coherent fiber bundle, which consists of 30000 cores of about 5
pm in diameter with a core to core distance of around 7 um. A GRIN lens (NEM-100-06-08-520-S,
GrinTech, Jena, Germany) with a magnification of 1:1 is cemented onto the distal tip of the fiber. The
fluorescence image transferred from the fiber is magnified by the objective, filtered by a emission filter
(ET525/36m, Chroma Tech.) and focused onto the camera (3060cp, iDS, Obersulm, Germany) by a tube
lens of f = 50 mm (AC254-050-A, Thorlabs). The effective magnification goes to 3X.

Video acquisition

In the imaging experiments, we record films for m periods of light modulation (m is an integer). The
acquisition frequency of the camera is set so as to obtain 2N (N is an integer) frames per period of
modulation. Thus the acquisition frequency is fs = 2N f,,,, where f;, is the modulation frequency of the

excitation light. The fluorescence emission acquired at pixel(x,y) of the k™ frame is equal to

N

Ie(x, y, k) = T (Sg(x, y)+Z {“”‘"(x y) sm[ Nf‘ ( 7. +¢acq)] +

n=1
Ip%(x, y) cos fs( +¢acq)]}) (1.1

o«n sin

d <~n cos

(x,y) an (x, y) are respectively the

sinus and cosinus components of the fluorescence signal at harmonlc n around the average value Sg(x, y),

where Ty = ]% refers to the exposure time of one frame, 3

and ¢yeq is a time lag, which may originate from distinct starting times for the light modulation and
the acquisition of the camera. ¢,.q can be easily calibrated by using the fluorescence emission from
instantaneously responding fluorophores (such as EGFP or Fluorescein).

Pre-processing has been performed over the video to compensate for possible photobleaching of the
fluorophores. By assuming the photobleaching to exhibit a linear decay, the compensation factor has been

calculated from the average of two successive periods:

(Ip(x, y, k)Y = Ie(x, y, kYN

K(x,y) = 1.2
(x,y) N (1.2)
Then all the frames over the two periods are corrected as in Eq.(2.3)

I (x, y, k) = Ip(x, y, k) — K(x, y) X k (1.3)

All the frames over the whole video have been corrected for photobleaching by applying the same
algorithm for all the successive pairs of two periods.
The Pre-OPIOM image J.(x, y) is calculated by averaging the frames over the whole film and

normalizing to unit time

f 2mN-1
Ny =50n Y k) (14)
k=0

The demodulation is done by multiplying the k" frame I 7" (x, y, k) with cos "X,f X ( + ¢acq)] and

by averaging over the whole film to get the first order cosinus component, namely the Speed OPIOM
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Acquisition parameters used for Speed OPIOM imaging

Figure Periods  f; fm  Aexi I ? Aex2 IS

(Hz) (Hz) nm Einm?2s! nm Einm™?2s™!

1.3g. 8 60 3.0 480 4.8x1072 405 23x1072
1.5a-d 8 60 3.0 480 4.8x1072 405 23x1072
1.6a,d-f 8 60 3.0 480 4.8x1072 405 23x1073
1.6b,c,g-i 2 10 1/8 480 5x1072 405 1.6x1072

Table S1 — Acquisition parameters used for Speed OPIOM imaging in Figures 1.3, 1.5, and 1.6 of the
Main Text. f; and f, respectively refer to the sampling rate and to the modulation frequency of the

excitation lights.

1.5.2 Reconstruction of the Pre-OPIOM and OPIOM images by removal of the comb
pattern

The images shown in the Main Text have been corrected from the artifact originating from the comb
structure of the fiber bundle by applying an algorithm based on spatial interpolation on the crude images
(see Fig.S1).24® The algorithm first localizes the centers of the individual fiber core through the image,
which defines a set of local maximum points P; identified by their coordinates and absolute fluorescence
levels. The image is then segmented with a Voronoi diagram based on the set of points P; so that the
natural neighbours of any point in the rest of the image Q ¢ P; can be easily defined. The fluorescence
level at the point Q is eventually calculated as the weighted average of its neighbours, where the weight

depends on its geometric relation to each neighbouring points.

Matlab Code to generate Speed OPIOM images with interpolation algorithm

%%% ’im’ is the raw image.
ref=imgaussfilt(im,0.4) ;%pre-processing helps better find the regional maxima

BWi=imregionalmax(ref,4);%find regional maxima of the image

im_core=im.*BW; %the maximal points representing the fiber cores are selected

[Xs,Ys,Vs]=find(im_core) ;% find the coordinates and the absolute values of the cores

% natural interpolation

F = scatteredInterpolant(Xs,Ys,Vs, ’'natural’);
[Xq,Yq]l=find (~BW) ;

Va=F (Xq,YQ) ;
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Figure S1 — Removal of the comb pattern in a Pre-OPIOM images acquired in endoscopy. a: Crude
image acquired from the endoscope. b: Reconstructed image. Note that the algorithm retains the original
fluorescence level imaged from the fiber and smooths the whole image without losing the lateral resolution

defined by one bundle core. See Text for details.

%7676

%replace the other points with the calculated interpolation values
im_inter=zeros(size(im));

ind=sub2ind(size(im),Xq,Yq);

im_inter(ind)=Vq;

im_final=im_inter+im_core;% artifact-removed image

figure; h=imagesc(im_final);axis equal tight;axis off;

1.5.3 Simulation of the Pre-OPIOM and OPIOM signals in fluorescence microendoscopy
Calculation of the spatial profiles of exiting light intensity at the distal end of the fibers

Assumptions The emergent light from a 1X magnification GRIN lens!?) attached to the distal end
of the fiber bundle plunging into a medium of refractive index n was computed by making several

approximations:

* The intensity is considered to be constant across the distal surface of the fiber. This approximation

results from uniformly illuminating the fiber thanks to the Kohler system (see Fig. 1.2d,e);

* Theradiance L of the fiber distal end is angularly constant (Lambertian source) within the acceptance

angle. Indeed, the radiance from each point of the LED source is homogeneous. After being imaged

(2] The magnification of the GRIN lens being 1, Abbe sine condition y - nsin(a) = y’ - n’ sin(a’), (n, n’: the refractive index
of object space and image space, @, a’: angle of the ray to the optical axis when it reaches object and image plan; y, y’: object
and image heights) implies that NA at the exit of the grin lens equals to that of the fiber (NA = NA’ = nsin(ay,) = n’ sin(a),)).
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to infinity after the optics, the spatial homogeneity of the LED chip is transferred to the angular

homogeneity of the radiance at the distal end;

* Absorption or scattering of light in the propagation medium can be characterized as: (1) =
Iolo_ﬁ, where I designates light intensity. A is the light path through the medium and A, is the
characteristic length of penetration, after passing through which the intensity falls to % of its value

at the origin;

* The simulation starts from the focal plan, which can be considered close to the GRIN lens surface
(<50 pm).

Calculation of the spatial intensity profile We first analyzed the spatial profile of the exiting light
intensity at the distal end of a fiber of radius Ry. Since the light distribution is rotationally symmetric
to the optical axis, we only computed the light irradiance / at medium points (r, 0, z) identified by their

cartesian coordinates with origin set at the center of the exit surface of the GRIN lens (see Fig. S2).

: optical
i axis

Figure S2 — Schematic representation of the fiber for simulation of the excitation light intensity at the

distal end of the fiber as a function of the sample depth.

One has
d®r(r,0,2)

I(r,0,2) = s

(1.6)

where r is the distance to the optical axis of the fiber, z is the depth from the end of the GRIN lens and
®£(r, 0, z) is the photon flux passing through an element of area dS at (, 0, z).

When analyzing the points (7, 0, z) close to the fiber (z ~ 2Ry), the exit end of the fiber is considered

as a surface source X. Each element of surface dX at (xg, y,, 0) is considered lambertian within an
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acceptance angle 6,,. The radiance can be expressed as:

L, 6<86
0 6>0,

where 6 is the angle between the light ray and the normal of the surface ¥.. The acceptance angle is
defined by the numerical aperture of the fiber in use, NA= nsin(6,,) = 0.39, where n is the refractive
index of the medium around the fiber.

The flux received by dS at (7, 0, z) from the source element d¥ at (x;, ys, 0) is:

d 4 dSdY cos? @ dSdx cos* 6
Py = L(9)10 e d2G = L(@)lO‘ﬁ% = L(O)107He 222 7 (1.7)
z
In Eq.(1.7), G is the etendue defined as
dxdS cos? 6
@G = d¥ cos 00y = ——— (1.8)
where d is the distance between d¥ and dS, and cos § = § = ——=-—== (see Fig. S2).
(r—xs)*+y3+z?
Finally we get the irradiance at (r, 0, z) from the entire surface ¥:
d®p(r,0,z) 1 f 2
I1(r,0,2) = ———= = — | d°®x(,0,
(r,0,2) 1S as J, F(r,0,2) o)
2 4 .
_ L f L(6)dXdS cos 0]0_% _ f L(0) cos 010_%&:
ds Jy d? T z?

This general expression has been used to calculate the intensity pattern of a single fiber core of Ry=3
um, and the entire fiber bundle of Ry=0.72 mm. Indeed, since the fiber cores are extremely small and
tightly packed, the distal end of the fiber bundle can be considered as an entire light-emitting source

regardless of the core structures.
Calculation of the Pre-OPIOM and OPIOM responses to the spatial profiles of exiting light intensity
at the distal end of the fibers

In the following, we consider that the Speed OPIOM resonance is fulfilled in the focal plan (z = 0). We

correspondingly adopt

1,(0,0,0)

— 1.10
50,00 ~ (10
wth(0,0,0) = 1 (1.11)

where the ratio p; depends on the photoswitching properties of the fluorescent label and T?Z(r, 0, z) des-
ignates the relaxation time associated to photoswitching under illumination with 7;(r, 0, z) and I>(r, 0, z)
(see Eqgs.(101,102) of the Supporting Information of the reference!#?). Neglecting any chromatic aberra-
tion of the fluorescence microendoscope and assuming that the medium exhibits similar absorption and
scattering towards lights at the two wavelengths 480 and 405 nm, we then conclude that the ratio py is
constant within the irradiance profile.

Equipped with the preceding information, one can easily calculate the spatial evolution of the Pre-
OPIOM and Speed OPIOM response from the computed spatial profiles of light intensity. Indeed they
exhibit a well-defined dependence on the light intensities / ? and Ig, which are given in Eqs.(98,100) of

the Supporting Information of the reference.'*3
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* Pre-OPIOM response. At constant ratio pj, the profile of Pre-OPIOM fluorescence intensity S%

can be written
~0  _ &0
Sp = CxIi(r,0,2) (1.12)

where € designates a constant, which depends on the brightness of the fluorophore states, p;, the
cross sections for forward and backward photoswitching at both wavelengths, and the fluorophore

concentration;

* Speed OPIOM response. At constant ratio py, the profile of Speed OPIOM fluorescence intensity

~l,cos

S can be written

[1,(r,0,2)]?
[1,(0,0,0)]2 + [I1(r, 0, )]

Sl,cos _ Q:l,cos x 11(0,0,0)

L (1.13)

where €1¢?% designates a constant, which depends on the brightness of the fluorophore states,
p1, the cross sections for forward and backward photoswitching at both wavelengths, and the
fluorophore concentration. The first Speed OPIOM resonance condition (1.10) is verified at each
position of the illuminated zone since p; remains there constant. In contrast, the second Speed
OPIOM resonance condition (1.11) directly involves the light intensities (see Eqgs.(13-16,18) of
the Supporting Information of the reference'#?) and not anymore their ratio. As a consequence,
it is only verified in the focal plane, which correspondingly generates a faster spatial decay of the

response and an associated better axial selectivity in Speed OPIOM than in Pre-OPIOM.

Simulation of the collected Pre-OPIOM and Speed OPIOM signals from variable thickness of

solution

In the following, we still assume that the Speed OPIOM resonance conditions are satisfied at the focal
plan at z = 0. The fluorescence collected by the fiber arises from the solution under illumination of the
fiber. We consider a dz-thick layer of fluorescent solution at depth z. The intensities of the Pre-OPIOM
and Speed OPIOM signals generated from the layer are respectively given in Eqs.(1.14,1.15)

dIpreorrom(z) dz - f € 11(r,0,2) - 27rdr (1.14)

[11(r,0,2)]?
[1,(0,0,0)12 + [I1(r, 0, 7)]?

- 2nrdr. (1.15)

dloprom(2) dz-f@l’ws -11(0,0,0)

The fluorescence signals collected from the solution of depth z by the fiber with S¢;p., detection
surface integrate the contribution of all the layers within the depth of z. As the S¢;p., and the illuminated

layer at depth z, Sjqyer(2), are small with respect to the distance z between them, we write

2 StiberdIp(2)
IpreorProm(z) = fﬂerT (1.16)
0 9
2 Stiverdloprom(z)
loprom(z) = f it 2 (1.17)
0

The calculation was performed using MatLab, the €° and €S were deduced according to the

experimental measurements of Pre-OPIOM and Speed OPIOM respectively.
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Matlab Code for the calculation of Pre-OPIOM and Speed OPIOM responses at the exit of the fiber

% 'RO’ is the radius of the fiber
% 'NA’ is the numerical aperture of the fiber
% 'n_r’ is the refractive index of the medium

% ’lambda’ is the characteristic penetration length of the light in scattering medium

theta=asin(NA/n_r) ;% acceptance angle of the fiber

delta=0.0005; % size of the differential element on the distal end
xs=-r0:delta:r0;

ys=-r0:delta:r0;

[X,Y]=meshgrid(x,y);

fiber=sqrt(X.A2+Y.22)<R0;% the fiber is round shape

%discretization of the coordinates (r,0,z)in the space
d_r=0.01;d_z=0.5;

r=0:d_r:20; r=r’;

z=0.5:d_z:60; z=z’;

m=length(r); n=length(z);
I=zeros(n,m);
for i=1:m
for j=1:n
D = sart((r(i)-X).A2+(Y).A2+z(j)*2);%distance between the two elementary surfaces
cone = sqrt((X-r(i)).Ar2+Y.422)<(z(j)*tan(theta)) ;%acceptance cone
surface = fiber&cone;
%effective area of the fiber facet that contribute to the illumination of this point
G = deltar2*(z(j)./D).*4./(z(j)*2).*10.4(-D/1lambda) ;
%solid angle and scattering coefficient
I(j,i) = sum(G(surface)); irradiance on point (r,0,z)
end

end

B=I(:,2:m);

B=fliplr(B);

I=[B I];%symmetrical extension

I0=max(I(:));% resonance condition occurs at the maximal intensity

I_opiom=I.*((I0.%I)./(I042+41.22)); %calculation of the Speed OPIOM response
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IN=I/max(I(:)); %normalization

IN_opiom=I_opiom/max(I_opiom(:));\normalization

1.5.4 Calibration of light intensity

Speed OPIOM implementation requires to determine the intensity of the two excitation lights at the
sample (typically at 480 and 405 nm) so as to fulfill the resonant illumination conditions for the desired
reversibly photoswitchable fluorescent proteins. Instead of using a powermeter, we directly exploited the
dynamical photochemical properties of the RSFPs for calibrating the light intensities.

The principle of the calibration experiments is to measure the relaxation time associated to the
conversion between the on and off RSFPs states by applying light jumps on a RSFP-containing sample.
We typically used fixed Hela cells expressing Dronpa-2 or Padron as the calibrating sample put at the
focal plan of the endoscope. In the first step, the sample was submitted to a light jump at 480 nm with
constant light intensity 1%, in which the current of the LED source was set around 500 mA to give the
maximal power. Upon illumination, the RSFP switched from its thermodynamically stable state to its
photoisomerized state, and the fluorescence image was recorded as a function of time. The fluorescent
signal (usually obtained by averaging over the image) was then plotted as a function of time (Fig. S3a,
S4a) and was fitted with Eq.(2.6):

Ir(t) = Ir(0, 11) + Ay, [1 — exp (_TLAI)] (1.18)
where A, is a pre-exponential term, which accounts for the molecular brightnesses of the ON and OFF
states as well as their relative proportions (see!*?). 7,, was extracted from the fit and I ? could be then
retrieved from Eq.(1.19):

—= kS + (01,0, + o211 (1.19)
1

where 02,3, and 02,4, are respectively the molecular action cross-sections for photoisomerization, which
converts 1to 2 and 2 to 1 (see'*?). In the second step, while I ? was still maintained at its original value,
the sample was submitted to a light jump at 405 nm at constant light intensity Ig. A reversed switch took
place. The temporal evolution of the fluorescence emission was recorded (see Fig. S3b,S4b) and fitted
with Eq.(1.20):

t
IF(t) = IF(O’ /119 12) + ﬂ/l]/lz [1 — CXp (_T/l B )] (1.20)
112

where A, 4, is a pre-exponential term, which accounts for the molecular brightnesses of the ON and
OFF states as well as their relative proportions (see'**). 7,,,, was extracted from the fit and Ig could be

then retrieved from Eq.(1.21):

A 0 0
= k5 + (0120, + 02121 + (T12,0, + 021,0,)15 (L.21)
U

where 0122, + 021,2, and 0124, + 0721,, are respectively the molecular action cross-sections for photoi-
somerization at wavelength A or A,, which converts 1 to 2 and 2 to 1.

After repeating this experiment for several values of I? and Ig, we could use the reported values
of o124, + 021,20, = 196 m?mol~! and o120, + 0212, = 413 m?mol~! for Dronpal—2,143 to finalize the

calibration linking the current intensities applied to the LEDs with / ? and Ig .
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Figure S3 — Photoisomerization kinetics of Dronpa-2. a: Evolution of the fluorescence emission of

Dronpa-2 upon illumination at 480 nm (/0 = 4.8 x 1072 Ein.m™2s™!); b: Evolution of the fluorescence

-2.-1
s

emission of Dronpa-2 upon illumination at both 480 and 405 nm (1? = 4.8 x 1072 Ein.m and

1) =23x107% Bin.m %s7").

1.5.5 Autofluorescence of the fiber bundle

The fiber bundle exhibits a significant autofluorescence under illumination in the UV range. For illustra-
tion, we imaged at 525 nm in the air the distal end of the fiber bundle upon reducing the illumination zone
by the iris so that only the central area of the fiber bundle was illuminated with at 480 (I? =4.8x1072
Ein.m~2.s~!") and 405 (Ig = 1.6 x 1072 Ein.m~2.s™!) nm. After averaging 20 images, we obtained the

image displayed in Fig.1.2f.
1.5.6 Materials

Reversibly photoswitchable fluorescent proteins

The RSFPs used in this study are Dronpa-2'#!172 and Padron,!” which belong to the Dronpa'®3 family.
Dronpa-2 contains only one mutation M159T and Padron contains eight mutations: T5S9M, V60A, N941,
P141L, G155S, V157G, M159Y and F190S.

Plasmids

The plasmids for bacterial and cellular expression of Dronpa-2, Padron and EGFP, and the plants

(Camelina and Arabidopsis) expression vector expressing p35S::Dronpa-2; pCVMV::DsRED construct

have been previously described.!+?

Protein production and purification

The plasmid expressing Dronpa-2 carrying an N-terminal hexahistidine tag was transformed in E. coli

DH10B strain. Cells were grown in Terrific Broth (TB). Expression was induced by addition of isopropyl
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Figure S4 — Photoisomerization kinetics of Padron. a: Evolution of the fluorescence emission of Padron
upon illumination at 480 nm (¥ = 5 x 1072 Einm™?s™"); b: Evolution of the fluorescence emission
of Padron upon illumination at both 480 and 405 nm (1? = 5x 1072 Ein.m~2s™! and Ig =1.6x 1072

Ein.m2s71).

B-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM at OD(600 nm)=0.6. Cells were
harvested after 16 h of expression and lysed by sonication in Lysis buffer (30/40 mM imidazole, 50
mM Tris/HCI at pH 7.5, 400 uM 1-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride, 5 mg/mL
DNAse, 5 mM MgCl, and 1 mM dithiothreitol). Insoluble materials were removed by centrifugation
and the soluble protein extract was batch absorbed onto Ni-NTA agarose resin (Thermofisher). The
protein loaded Ni-NTA column was washed with 20 column volumes of 50 mM TRIS/HCI pH 7.5,
20 mM imidazole, 150 mM NaCl. Bound protein was eluted in 50 mM TRIS/HCI pH 7.5, 500 mM
imidazole, 150 mM NaCl. Protein fractions were dialyzed on cassette Slide-A-Lyzer Dialysis Cassettes
(Thermofisher) against 50 mM TRIS/H,SO4 pH 8.0.

Cultures of Escherichia coli

Dronpa-2 was expressed in E. coli BL21 strain. Cells were grown into 2 mL of lysogeny broth (LB) at
37°C, 220 RPM for 1 h. Cells were platted at low density on LB agar plates, and plates were incubated
overnight at 37°C. Dronpa-2 single colonies were then separately transfered to LB-ampicillin media and
incubated at 37°C, 220 RPM. Cells were then diluted and grown in LB at 37°C, 220 RPM. Expression
was induced at 30°C by addition of isopropyl S-D-1-thiogalactopyranoside (IPTG) to final concentration
of ImM at OD(600)= 0.6.

Plant transformation and growth

Camelina sattiva(cv Celine) was transformed with Arabidopsis floral-dip method and transgenic were
selected as described previously.'®> Arabidopsis and Camelina seeds were sown respectively on sucrose-
supplemented medium '8¢

of 16 h light / 8 h dark at 22°C.

or water-soaked paper and grown for 7 days in a growth chamber under cycles
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Mammalian cell culture

U20S HTB-96 (ATCC lot 64048673) cells were cultured in McCoy’s 5SA medium supplemented with
phenol red and 10% (vol/vol) fetal calf serum (FCS), at 37 °C in a 5% CO, atmosphere. For imaging,
cells were seeded in uDish IBIDI (Biovalley) coated with poly-L-lysine. Cells were then transiently
transfected with 2 ug total DNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol for 24 hours prior to fixing. Samples were washed with 1X DPBS and then fixed for 15 minutes

in 4% paraformaldehyde. Imaging was performed in 1X DPBS.

1.5.7 Supplementary Figures
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Figure S5 — Normalized Speed OPIOM signals collected from three Dronpa-2 containg samples exhibiting
different opacities. e: Quasi-transparent Dronpa-2 solution; B: Suspension of Dronpa-2-expressing
bacteria; A: dense suspension of Dronpa-2-expressing bacteria after centrifugation. The Pre-OPIOM
and Speed OPIOM signals have been obtained after spatial averaging over a disk of 50 pixels (equivalent
to a disk 60 um in the sample) of the Pre-OPIOM and Speed OPIOM images.
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Figure S6 — Normalized Pre-OPIOM (a,c) and Speed OPIOM (b,d) responses to the spatial profiles of
exiting light intensity at the distal end of the fiber bundle (a,b) or of a single microfiber (¢,d) based on
simulated illumination pattern through a scattering medium with a penetration length of 1,=100 um,
which is representative of attenuation distances in the mice brain.”6* Intensities are displayed in common

decimal logarithmic scale. Axis unity: pm.
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Chapter 1

General conclusion and perspectives

1.1 Conclusion

This PhD work has explored a variety of novel applications of Speed OPIOM for versatile biological

observations, relying on the instrumental development of two imaging devices.

Instrumental development

In this work we independently developed a macroscope and a microendoscope for fluorescence observa-
tions at different scales, both of which were designed for selective imaging with the implementation of
Speed OPIOM. The macroscope was an all home-built device with optimized dual-excitation and dual
color fluorescence imaging. This device has been used for remote and selective fluorescence imaging of
macro scale samples, allowing us for fast and efficient detection of targeted RSFP probes regardless of the
lighting environment and the autofluorescence background from the sample. A simple microendoscope
based on fiber bundles was subsequently built with a similar logic, but the dual-color excitation system
was optimized for fiber-based illumination. Both of the instruments were experimentally validated of the

optical and electronical robustness, which permit reliable measurements in diverse environments.

Valuation of Speed OPIOM

Speed OPIOM selective imaging against autofluorescence has been described in a previous work in the
context of fluorescence microscopy. In this work, this point was further evidenced in macroscopic and
endoscopic imaging of more complex biological or non-biological media. Experiments have also verified
the ability of Speed OPIOM for multiplexed imaging as well as for quantification of targeted fluorescent
probes in the presence of an interfering fluorescent background. It has also been validated to be a
powerful tool for fluorescence imaging in the presence of ambient light (e.g. indoor light, artificial light
in greenhouse, and out-door sunlight). More importantly, Speed OPIOM has been shown to significantly
improve the sensitivity and signal-to-noise ratio for imaging fluorescent probes against autofluorescent
media. Compared to traditional fluorescence detection methods, Speed OPIOM lowers the detection limit
by 1-2 orders of magnitude and enhances the SNR by at least a factor of 10. Likewise, in the presence of

constant ambient light illumination, Speed OPIOM permits to extract signal of interests which are 1073
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less intense. Furthermore, with the endoscope setup, we have evaluated the possible application of Speed
OPIOM in optical sectioning. It has been evidenced by numerical simulations as well as by experimental
validations that the intensity decay of the excitation lights around the focal plan leads to a tightly confined
Speed OPIOM response, which declines more rapidly outside the focus compared to the light-induced
fluorescent signal. This fact suggests that Speed OPIOM might find applications in optically sectioned

imaging with optimized axial resolution.

Observation of new biological systems

Thanks to the two innovative imaging devices built in this work, we were able to observe a series of
biological samples at different scales, extending the application of Speed OPIOM to new areas. The
macroscope has been used for imaging of fluorescent blots on strongly-autofluorescent nitrocellulose
membranes, which has opened for Speed OPIOM an opportunity for sensitive and quantitative analysis of
blotting assay. It was then found efficient in screening bacteria producing different fluorescent proteins,
by selectively imaging bacterial colonies grown on highly autofluorescent culture media. In this work,
the macroscope was principally adopted for the measurement of exogenous fluorescence emission in
living plant leaves under outdoor conditions, through which the expression of stress-related gene could
be quantified so as to achieve specific and sensitive detection of diverse biological and non-biological
stresses. The fiber endoscopic device has found unprecedented application in bioprocess for real time
bacterial production tracking, relying on a sensitive fluorescent detection of targeted FP probes among
complex compounds from the culture media. It has also offered a new way for multiplexed cell imaging

with optical fibers.

1.2 Perspectives

Following the organization of the preceding section, the three axes deserve further OPIOM developments.

Instrumental development

As far as instrumental developments are concerned, we are willing to adapt OPIOM to fluorescence
imaging techniques, which exploit scanning for image acquisition (e. g. confocal microscopy). In
particular, we will design and implement temporal control of light excitation and detection in scanning
microscopies in order to add the option of dynamic contrast on commercial optical instruments, which
are widely accessible on imaging platforms. Interestingly these scanning microscopy techniques rely on
illumination with high light intensities, which should enable us to expand the collection of reversibly
photoswitchable fluorescent labels beyond the ones engaged in photoisomerizations (e.g. fluorophores

photoswitching between their first singlet and triplet states).

Valuation of Speed OPIOM

As far as Speed OPIOM developments are concerned, this PhD work has opened new perspectives with

the observation of intrinsic optical sectioning in the fluorescence microendoscope. This feature seems
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attractive to simplify the optical setups endowed with high spatial 3D resolution and it is under current

evaluation in the group.

Observation of new biological systems

Eventually our application of Speed OPIOM to observe plants has motivated our interest to evaluate its
application by relying on endogeneous fluorophores instead on exogeneous fluorescent labels. In the
first place, we would be willing to evaluate whether the dynamic response of the fluorescence from the
photosynthetic apparatus contains valuable information which could complement spectral analysis to read

out the physiological status of plants.
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A.l. ARTICLE: RESONANT OUT-OF-PHASE FLUORESCENCE MICROSCOPY AND REMOTE IMAGING OVERCOME
SPECTRAL LIMITATIONS

— NN

ARTICLE

Resonant out-of-phase fluorescence microscopy
and remote imaging overcome spectral limitations

Jéréme Quérard'?, Ruikang Zhang'2, Zsolt Kelemen3, Marie-Aude Plamont’2, Xiaojiang Xie"?4, Raja Chouket'?,

Insa Roemgens'2, Yulia Korepina'?, Samantha Albright2, Eliane Ipendey'2, Michel Volovitch®®,

Hanna L. Sladitschek’, Pierre Neveu’, Lionel Gissot3, Arnaud Gautier 1'2, Jean-Denis Faure3,

Vincent Croquettes, Thomas Le Saux"? & Ludovic Jullien'?

We present speed out-of-phase imaging after optical modulation (OPIOM), which exploits
reversible photoswitchable fluorophores as fluorescent labels and combines optimized per-
iodic illumination with phase-sensitive detection to specifically retrieve the label signal. Speed
OPIOM can extract the fluorescence emission from a targeted label in the presence of
spectrally interfering fluorophores and autofluorescence. Up to four fluorescent proteins
exhibiting a similar green fluorescence have been distinguished in cells either sequentially or
in parallel. Speed OPIOM is compatible with imaging biological processes in real time in live
cells. Finally speed OPIOM is not limited to microscopy but is relevant for remote imaging as
well, in particular, under ambient light. Thus, speed OPIOM has proved to enable fast and
quantitative live microscopic and remote-multiplexed fluorescence imaging of biological
samples while filtering out noise, interfering fluorophores, as well as ambient light.
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n fluorescence microscopy and remote imaging, the dis-

crimination of a fluorophore usually results from optimizing

its brightness and its spectral properties'. Despite the wide-
spread use of fluorescence for labeling biological samples, this
approach still suffers from limitations. First, extraction of a
fluorescent signal is challenging in light-scattering and auto-
fluorescent samples. Second, spectral deconvolution of over-
lapping absorption and emission bands can only discriminate a
few labels, falling short from the several tens needed for advanced
bioimaging? 3.

Following our previous works exploiting kinetic parameters for
selective discrimination®™®, we have introduced Out-of-Phase
Imaging after Optical Modulation (OPIOM), an imaging tech-
nique enabling selective imaging of photoactive fluorescent labels
such as reversibly photoswitchable fluorescent proteins (RSFPs)’
using their photoswitching kinetics as discriminating
parameters'® 11, Other imaging protocols have exploited RSFP
photoswitching kinetics for selective fluorescence imaging. In
optical lock-in detection (OLID), the observable is the correlation
coefficient between the total fluorescence emission and a refer-
ence signal from the targeted photoswitchable fluorophore over
several cycles of dual-wavelength-driven photoswitching!? 13, In
synchronously amplified fluorescence image recovery (SAFIRe),
the amplitude of the fluorescence modulation generated by
modulating a secondary light source depopulating dark states of
the fluorophore is used to build the image'®. As SAFIRe, OPIOM
relies on a periodically modulated illumination but it exploits
phase-sensitive detection and easily predictable resonance con-
ditions involving the illumination control parameters and the
RSFP photoswitching dynamics to selectively retrieve the con-
tribution of a fluorescent probe of interest from the amplitude of
the overall out-of-phase fluorescence response. The requirements
for driving RSFP photoswitching at a slow rate and non-
optimized extent have limited however the use of OPIOM for live
fluorescence imaging!® 11,

Here we introduce a powerful protocol, speed OPIOM, for
multiplexed imaging of fluorescent labels under adverse optical
conditions. Like OPIOM, speed OPIOM combines periodic
illumination matched with RSFP photoswitching kinetics and

@ Modulated illumination

Fluorophores

phase-sensitive detection. However, speed OPIOM differs from
OPIOM by a much-optimized periodic illumination modality
relying on an extensive theoretical background. Speed OPIOM
correspondingly enables the fast and remote imaging of an RSFP
expressed in a strongly autofluorescent biological sample under
ambient light and the fast, quantitative and simultaneous
microscopy imaging of several spectrally overlapping RSFPs in
both fixed and live cells.

Results

Speed OPIOM principle. To drive RSFP photoswitching at
optimal rate and extent, speed OPIOM does not use one modu-
lated light source like the original OPIOM,'® but two modulated
light sources synchronized in antiphase at two wavelengths
driving RSFP photoswitching between its bright and dark states
(angular frequency of modulation @ = 2n/T, where T is the period
of light modulation; mean intensities <I;> and <I,>) (Fig. 1a).
Tens to hundreds images are acquired for at least two periods of
light excitation. The speed OPIOM algebraic signal S is the out-
of-phase component of the modulated fluorescence signal, which
is directly retrieved without any further processing after lock-in
detection with efficient noise rejection by Fourier transform of the
acquired images (Fig. 1b). S exhibits a sharp resonant maximum
when <I;> and <I,> are tuned to maximize sensitivity of the
average concentrations of the exchanging RSFP states to changes
of light intensities, and w is matched with the inverse of the RSFP
photoswitching relaxation time (Supplementary Note 1). Inter-
estingly, this maximum is twice as high as in OPTOM'® 11, For a
given RSFP, S is maximal only when the ratios <I,>/<I;> and w/
<I;> take specific values that depend only on the photochemical
and kinetic properties of the RSFP, and is negligible otherwise.
Each RSFP has singular photochemical and kinetic properties,
and thus its own resonant conditions. Hence, tuning <L>/<I;>
and w/<I;> to the resonant values of a specific RSFP allows to
selectively image this RSFP (Fig. 1b), filtering out the contribution
of non-resonant fluorophores as well as ambient light. In addi-
tion, in contrast to OPIOM, which has been limited by the
thermally driven back conversion of the photo switched RSFP'?,

Fluorescence emission

, b In
—
t ON OFF
— Out S
2n/w ON
b
Speed OPIOM
In situ Fourier
calibration ———p transform
v _— '

t

Fig. 1 Principle of speed OPIOM. a A sinusoidally modulated antiphase-synchronized dual illumination generates the quadrature-delayed component S
(in red) of the fluorescence emission used for selective speed OPIOM imaging of RSFPs. b After in situ calibration, the fluorescence images are recorded
under modulated illumination and processed to yield S after Fourier transform
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imaging speed can be simply increased by increasing the excita-
tion light intensities, provided that RSFP photoconversion still
obeys a two-state exchange.

Acquisition of the speed OPIOM discrimination map. To test
the discriminative power of speed OPIOM, we used eight RESPs:
Dronpa!®, Dronpa-2'°, Dronpa-3'7, RSFastLime!® '8, rsEFGP'°,
rsEFGP220, Padron!8, and Kohinoor?!, which exhibit maximal
emission in a narrow (505 nm; 522 nm) wavelength rangelS’21
precluding spectral discrimination (Supplementary Fig. 1).
Dronpa, Dronpa-2, Dronpa-3, RSFastLime, rsEFGP, and
rsEFGP2 are switched to a dark or a bright state by blue and
violet light, respectively (negative photochromism), whereas
Padron and Kohinoor exhibit the opposite behavior (positive
photochromism). We investigated the photoswitching behavior of
these RSFPs and established that it obeys a two-state kinetic
model at time scales longer than a few milliseconds, yielding
robust photochemical and kinetic parameters with respect to
environmental changes (Supplementary Note 2). Interestingly,
resonant illumination conditions matching a specific RSFP could
be easily determined directly on the imaging setup using a simple
series of light jump experiments (Supplementary Note 3) and
either purified RSFPs or fixed cells among others (Supplementary
Note 2). We then computed the speed OPIOM response with
varying illumination parameters for the eight assessed green
RSFPs and determined that each RFSP had a distinct response
maximum—analogous to an individual detection channel—in the
parameter space of illumination intensities and frequencies
(Fig. 2).

Speed OPIOM is a quantitative imaging protocol. To evidence
that speed OPIOM provides quantitative information, we used a
microfluidic device containing six chambers filled with Dronpa-2
solutions at five different concentrations and with the spectrally
similar non-photoactive fluorescent protein EGFP. A home-built
epifluorescence microscope equipped with two light emitting
diodes (LEDs; Supplementary Fig. 2) driven for intensity, angular
frequency of modulation, and phase was used to image the
microfluidic device by tuning illumination to the Dronpa-2
resonance conditions. We recorded the processed speed OPIOM

4
Dronpa-2
Dronpa-3
31 Kohinoor
;/-T— rsEGFP
Y
iy ( 4
o rsFastLime
>
k)
9
0
-3 -2 -1 0 1

logqg (<l>/<ly>)

Fig. 2 Map of RSFP discrimination with speed OPIOM. The illumination
parameters <l,>/<l;> and w/<l;> (here in rad Ein"'m?2) can be tuned to
single out the observable S from multiple RSFP targets (See Supplementary
Note 2 for the RSFP photochemical and kinetic parameters). The contours
correspond to >95% of the maximal S value with </;>=1Eins'm™2
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image together with the pre-OPIOM image (built from the
average fluorescence intensity) (Supplementary Fig. 3). Dronpa-2
fluorescence emission was visible in both pre-OPIOM and speed
OPIOM images. In contrast, as expected from the in-phase
modulation of its fluorescence emission only, no EGFP signal
could be detected on the speed OPIOM image, which evidenced
the anticipated selective imaging of Dronpa-2 with speed
OPIOM: for EGFP and Dronpa-2 at 3 and 6 pM concentrations,
respectively, pre-OPIOM and speed OPIOM images with 1:0.8
and 1:7600 intensity ratios were obtained. Furthermore, the five
chambers containing Dronpa-2 exhibited relative intensities
directly reflecting their concentration, which demonstrated that
the speed OPIOM signal is proportional to the probe con-
centration as theoretically predicted.

Speed OPIOM eliminates spectral interferences. We then
showed that speed OPIOM could selectively retrieve a targeted
RSFP signal in biological samples in the presence of interfering
non-photoactive fluorophores and autofluorescence (Fig. 3). In
microscopy of mammalian cells expressing both Dronpa-2 and
EGFP (Fig. 3a), these two proteins could not be distinguished in
the pre-OPIOM image (Fig. 3b), whereas only Dronpa-2 con-
tributed to the speed OPIOM channel (Fig. 3c and Supplementary
Fig. 4). Hence, speed OPIOM efficiently suppressed the signal
from spectrally interfering non-photoactive fluorophores.

Speed OPIOM for fluorescence remote imaging under ambient
light. We then showed that speed OPIOM is not limited to
microscopy but is relevant for remote imaging as well, in parti-
cular, under ambient light (Fig. 3d). Hence, we implemented
speed OPIOM on a home-built fluorescence remote imaging
setup (Supplementary Fig. 5) and successfully discriminated an
RSFP in the highly demanding situation of remote imaging of a
labeled autofluorescent plant sample under ambient light:
whereas Dronpa-2-expressing Camelina seedlings were undis-
tinguishable from wild-type seedlings in the pre-OPIOM image
(Fig. 3e), Dronpa-2 was unambiguously revealed in the speed
OPIOM channel (Fig. 3f). Thus, speed OPIOM is appropriate for
selective RSFP imaging against an autofluorescent background
even in ambient light.

Speed OPIOM discriminates distinct spectrally similar RSFPs.
We first discriminated RSFPs with close resonance conditions but
opposite photoswitching behaviors using the sign of their speed
OPIOM signal (Fig. 4a): RSFPs with negative photochromism
like Dronpa-3 contribute positively to the signal, whereas
RSFPs with positive photochromism like Kohinoor contribute
negatively. Thus, unlike pre-OPIOM (Fig. 4b), speed OPIOM
easily distinguished Dronpa-3 and Kohinoor (Fig. 4c, d and
Supplementary Fig. 6).

RFSPs possessing distinct values of the resonant illumination
parameters can be imaged sequentially by adjusting the
illumination conditions to the resonant values of each RSFP
(Fig. 4e). Accordingly, in contrast to pre-OPIOM (Fig. 4f), the
spectrally undistinguishable Dronpa and Dronpa-2 could be
imaged in a microfluidic device and in mammalian cells with
high-contrast enhancement in their respective speed OPIOM
channels (Fig. 4g-h; Supplementary Figs. 7 and 8). Hence, in the
microdevice, the pre-OPIOM and speed OPIOM images of
Dronpa and Dronpa-2 at concentrations of 1 and 18 pM yielded
1:1.2 and 1:27 intensity ratios with Dronpa-2 as the target
(respectively, 1:2 and 1:8 with Dronpa as the target).

In speed OPIOM, multiplexed RSFP imaging is not limited to
sequential modifications of the (<I;>, <I,>, ®) set but can be
parallelized (and correspondingly further accelerated) for RSFPs
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Fig. 3 Speed OPIOM selectively retrieves an RSFP signal in the presence of spectral interferences. In contrast to pre-OPIOM (b, e), speed OPIOM
microscopy (a) and remote (d) imaging selectively unveils a RSFP target (square in a, d, Dronpa-2 in ¢-f) in cells (@) and Camelina seedlings (d) even in the
presence of a spectrally interfering fluorophore (disk in a, d, EGFP in b, ¢), autofluorescence or ambient light (d) and (e, f). Systems: Fixed Hela cells
expressing H2B-Dronpa-2 (at the nucleus) and Lyn11-EGFP (at the cell membrane). b, ¢ Camelina, ubiquitously expressing Dronpa-2 or wild type
(respectively top and down in e, f). The images were recorded at 37 °C (b, ¢) and 20 °C (e, ). Scale bars (um): 10 (b, ¢), 875 (e, f). See Supplementary

Tables 1 and 3 for the acquisition conditions
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Fig. 4 Speed OPIOM selectively discriminates RSFP signals in the presence of interfering RSFPs. Tuning the illumination parameters enables the selective
imaging of RSFPs exhibiting similar resonance conditions but opposite photochromism (a) or distinct resonance conditions using light modulation, either
sequentially at one frequency (e) or simultaneously at multiple frequencies (i). Pre-OPIOM and speed OPIOM images tuned to the resonance of Dronpa-3
and Kohinoor (b-d), Dronpa-2 (f, g) and Dronpa (h), or tuned to optimize orthogonality between Dronpa-2 and Padron (j-I). Systems: Fixed Hela cells
expressing pGal-Dronpa-3 and H2B-Kohinoor (b-d), H2B-Dronpa-2 and Lyn11-Dronpa (f-h), or H2B-Dronpa-2 and Mito-Padron (j-I). Localizations: pGal
(cytoplasm), H2B (nucleus), Lyn11 (cell membrane). The images were recorded at 37 °C. Scale bars: 20 um. See Supplementary Tables 1 and 2 for the

acquisition conditions

sharing identical resonance for <I,>/<I;> by modulating
illumination at multiple resonant modulation frequencies (Fig. 4i
and Supplementary Note 1). Hence, Dronpa-2 and Padron
(Fig. 2) could be imaged simultaneously in a single speed OPIOM
acquisition superposing two periodic illumination regimes tuned
to the resonant frequency of each RFSP (Fig. 4j-1 and
Supplementary Fig. 9).

4
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Speed OPIOM for real time fluorescence imaging. In speed
OPIOM, the frequency of image acquisition can be increased by
increasing <I;> and <I,> at constant value of the <I,>/<I;>
ratio. Hence, speed OPIOM gives access to imaging biological
processes in live cells. To illustrate this opportunity, we mon-
itored the nuclear translocation of ERK2 fused to Kohinoor upon
epidermal growth factor (EGF) stimulation in cells with an
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Fig. 5 Speed OPIOM can track quantitatively fast biological processes. Live Hela cells expressing MEKT, Kohinoor-ERK2 (initially located in the cytoplasm)
and Lyn11-Dronpa-3 before (a-c¢) and after (d) addition of epidermal growth factor (EGF). The figure in e displays the temporal evolution of the absolute
value of the ratio p of the speed OPIOM Kohinoor signals in the nucleus and in the cytoplasm. Pre-OPIOM and speed OPIOM images tuned to the
resonance of Dronpa-3 and Kohinoor (a-e). Localizations: Lyn11 (cell membrane). The images were recorded at 37 °C. Scale bars: 20 um. See
Supplementary Table 1 for the acquisition conditions

lyn-EGFP +

Speed OPIOM

Speed OPIOM Speed OPIOM

Fig. 6 Speed OPIOM can independently image four spectrally similar fluorescent proteins without high-contrast enhancement. Pre-OPIOM (a) and speed
OPIOM images tuned to selectively image Dronpa-2 (b), Padron (c), and Dronpa (d). In e, overlay between the pre-OPIOM image from the Dronpa-2
acquisition and speed OPIOM images collected in (b-d). Systems: Fixed U20S cells expressing H2B-Dronpa-2, Mito-Padron, Dronpa-GTS, and Lyn11-EGFP.

Localizations: H2B (nucleus), Lyn11 (cell membrane), Mito (mitochondria), GTS (Golgi). The images were recorded at 37 °C. Scale bars: 20 um. See

Supplementary Table 1 for the acquisition conditions

interfering Dronpa-3 membrane label (Fig. 5a—d). Speed OPIOM
allowed following the rapid Kohinoor-ERK2 nuclear transloca-
tion (Fig. 5e), demonstrating that speed OPIOM can be used to
track quantitatively fast biological processes.

Speed OPIOM for multiplexed fluorescence imaging. Finally we
demonstrated that speed OPIOM could overcome spectral lim-
itations for multiplexed imaging. Hence, Dronpa, Dronpa-2, and
Padron could be first imaged in a microdevice with high-contrast
enhancement using three acquisitions involving different (<I;>,
<I,>, w) sets (Supplementary Note 5). They were subsequently
imaged in cells (Fig. 6a-d and Supplementary Fig. 10) to build a
merged image unambiguously displaying four spectrally similar
fluorescent proteins—EGFP, Dronpa, Dronpa-2, and Padron
(Fig. 6e).

Discussion
In this paper, we used RSFPs to show that speed OPIOM is a
powerful approach for multiplexed fluorescence imaging against a
background of spectral interferences. Speed OPIOM efficiently
filters out autofluorescence, scattered and ambient light, opening
up great prospects for remote fluorescence imaging within highly
autofluorescent biological samples under broad daylight. Speed
OPIOM has enabled live imaging of biological processes at the
second time scale but is compatible with a speed of image
acquisition of up to 50 Hz by adjusting the illumination light
intensities. Eventually, as speed OPIOM only requires the mod-
ulation of illumination light and phase-sensitive detection of the
fluorescence, such features could be easily implemented on
existing fluorescence imaging setups in addition to optical filters
for spectral discrimination.

Speed OPIOM distinguishes spectrally similar RSFPs (but
other photoswitchable fluorophores®>=2> would be relevant as

18:969

well) by leveraging their photochemical and kinetic character-
istics. Thanks to its phase-sensitive detection scheme, speed
OPIOM is both reference-free and band-pass-selective thereby
overcoming some limitations encountered with SAFIRe and
OLID (Supplementary Note 5). Despite intrinsic limitations
associated to noise (Supplementary Note 6) and precision on
phase retrieval (currently 3 x 107 rad), speed OPIOM imaging
can typically enhance contrast of photoswitchable fluorophores
against non-photoactive spectrally interfering fluorophores or
ambient light by a 10%-10% factor. Eventually, speed OPIOM
application will be facilitated by the ever-expanded number of
RSEPs developed for super-resolution microscopy; by requiring
one order of magnitude departure of the photochemical proper-
ties for efficient discrimination, we estimate that speed OPIOM
should soon give access to multiplexed imaging of five to ten
distinct RSFPs. Hence, speed OPIOM should considerably
expand the scope of fluorescence microscopy and remote imaging
at video rate.

Methods

Reversibly ph itchable fluorescent proteins. Most of the RSFPs used in this
study take part to the Dronpa!® family. Dronpa-2'® and rsFastLime!® contain only
one mutation M159T and V157G respectively whereas Dronpa-3!7 has two
mutations: V1571/M159A. Padron!® carries eight mutations: T59M, V60A, N94I,
P141L, G155S, V157G, M159Y, and F190S. Kohinoor?! is a Padron variant con-
taining seven mutations (according to the Padron sequence): N1021, L141P, F173S,
$190D, D192V, K202R, and E218G. rsEGFP1 (EGFP(T65A, A206K)'°) and
rsEGFP2 (EGFP(T65A, Q69L, V163S, A206K)*°) have been obtained from EGFP
and contained two and four mutations, respectively.

Plasmids. The plasmids for bacterial expression of Dronpa—zw, Dronga—?»w,
Dronpaze, Kohinoor (pRSET-Kohinoor) 1 rsEGFP1 (pBAD-rsEGFP)1 , and
rsEGFP2 (pBAD-rsEGFP2)? carrying an N-terminal hexahistidine tag were pre-
viously described. The plasmid for bacterial expression of rsFastLime was obtained
by introducing the V157G mutation in that of Dronpa, using the QuickChange
Site-Directed Mutagenesis Kit (Stratagene).
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The plasmid pcDNA3-Kohinoor-H2B for mammalian expression of
H2B-Kohinoor was previously described by Nagai and coworkers?!. The
plasmid for mammalian expression of Lyn11-EGFP (with a N-terminal
MGCIKSKGKDSAGGGS sequence for membrane targeting) was previously
described!?. The plasmid pfJWCAG90 for mammalian expression of MEK1 was
previously described by Gautier et al*’. The plasmid for mammalian expression of
Dronpa and Dronpa-3 with a N-terminal MGCIKSKGKDSAGGGS sequence
(Lyn11) for membrane targeting (Lyn11-Dronpa and Lynl1-Dronpa-3) were
obtained by insertion of the genes encoding Lynl1-Dronpa and Lynl1-Dronpa-3
in the pIRES vector (Invitrogen) using BgIII and NotI restriction sites. The plasmid
for mammalian expression of Dronpa-2 fused at the C terminal of the histone H2B
(H2B-Dronpa-2) was obtained by insertion of the genes encoding H2B-Dronpa-2
in the pIRES vector (Invitrogen) using BgIII and NotI restriction sites. The plasmid
for mammalian expression of Dronpa-3 fused to the C terminal of -galactosidase
(pGal-Dronpa-3) was obtained by inserting the genes encoding #Gal-Dronpa-3 in
the pIRES vector (Invitrogen) using Bg/II and NotI restriction sites. The plasmid for
mammalian expression of Kohinoor fused to the N terminal of ERK2 (Kohinoor-
ERK2) was obtained by inserting the genes encoding Kohinoor-ERK2 in the
pEGFP-C vector (Clontech) using Nhel and Kpnl restriction sites. The plasmids for
the mammalian expression of EGFP fused to the membrane anchoring (lyn)
peptide from the mouse tyrosine-protein kinase Lyn, Dronpa fused to a 25 aa
Golgi-targeting signal (GTS) from human Golgi phosphoprotein 2 (GOLPH2),
Padron fused to the N-terminal mitochondrial targeting signal (MTS) of either
COX4 or COX8 and Dronpa-2 fused to human H2B for chromosomal location
were assembled using MXS chaining®®. We sequentially inserted a CMV
promoter (or sSCMV for Padron), the lyn (MGCIKSKRKDVEN), MTS
(MLSLRQSIRFFKPATRTLCSSRYLL or MSVLTPLLLRGLTGSARRLPVPRAKIHSL),
GTS (MKSPPLVLAALVACIIVLGFNYWIA) peptide tags or the H2B coding
sequence to plasmids containing the coding sequences of EGFP, Dronpa, Padron,
or Dronpa-2, respectively, coupled to the bovine growth hormone (BGHpA,
alternatively SV40LpA for Padron) polyadenylation signal. The expression blocks
CMV::GTS-Dronpa-BGHpA and CMV:Lyn-eGFP-BGHpA were further
combined to give a bicistronic plasmid. CMV::MTS-Padron-BGHpA and CMV::
H2B-Dronpa-2-BGHpA blocks were similarly combined.

The Camelina expression vector expressing p35S:Dronpa2 construct was
achieved as follow. The gateway-cassette from pUBN-GFP-Dest? amplified by
PCR using primers 5'-tgacgcgtaaggggatctagaatcacaagtttgtacaaaaaagetg-3' and
5'-ttaatcacactcaccatctcgaggatcaccactttgtacaagaaag-3’ and Dronpa-2 coding
sequence amplified from Dronpa-2pDONR207 with primers 5’-atggtgagtgtgatta
aaccagaca-3’ and 5’fggctgcggccgcctcgactacttggcctgcctC§gcagctcag—3’ were cloned in
one step in BamHI Xhol-digested pBinGlyRed vector®, creating pD2. The doubled
CaMV 35S promoter was amplified from pMDC833! with primers 5'-ggggacaag
tttgtacaaaaaagcaggcttccagtgecaagettggegtgect-3' and 5'-ggggaccactttgtacaagaaaget
gggtegtegaggtectctecaaatgaaatg-3’, recombined into pDONR207 (Invitrogen) and
eventually recombined into pD2.

Protein production and purification. The plasmids expressing Dronpa, Dronpa-2,
Dronpa-3, rsFastLime, Padron, and Kohinoor carrying an N-terminal hex-
ahistidine tag were transformed in E. coli DH10B strain. Cells were grown in
Terrific Broth (TB). Expression was induced by addition of isopropyl -p-1-thio-
galactopyranoside (IPTG) to a final concentration of 1 mM at ODgqq 0.6. Cells
were harvested after 16 h of expression and lysed by sonication in Lysis buffer
(30/40 mM imidazole, 50 mM TRIS/HCI at pH 7.5, 400 pM 4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride, 5 mg ml™! DNAse, 5mM MgCl, and

1 mM dithiothreitol). Insoluble material was removed by centrifugation and the
soluble protein extract was batch adsorbed onto Ni-NTA agarose resin (Thermo-
fisher). The protein loaded Ni-NTA column was washed with 20 column volumes
of 50 mM TRIS/HCI pH 7.5, 20 mM imidazole, 150 mM NaCl. Bound protein was
eluted in 50 mM TRIS/HCI pH 7.5, 500 mM imidazole, 150 mM NaCl. Protein
fractions were dialyzed on cassette Slide-A-Lyzer Dialysis Cassettes (Thermofisher)
against 50 mM TRIS/H,SO, pH 8.

The plasmids pBAD-rsEGFP and pBAD-rsEGFP2 were transformed in E. coli
BL21 cells (Merck Millipore). Cells were grown in Lysogeny Broth (LB)
supplemented with 0.1% glucose w/v. Expression was induced by addition of
arabinose to 0.2% w/v at OD600 0.4. Cells were collected after 4 h of expression and
lysed by sonication in 50 mM PBS pH 7.4, 150 mM NaCl and a cocktail of protease
inhibitors (Sigma Aldrich). Insoluble material was removed by centrifugation and
the soluble protein extract was batch adsorbed onto Ni-NTA agarose resin
(Thermofisher). The protein loaded Ni-NTA column was washed with 20 column
volumes of 50 mM PBS pH 7.4, 150 mM NaCl, 20 mM imidazole. Bound protein
was eluted in 50 mM PBS pH 7.4, 150 mM NaCl, 0.5 M imidazole. Protein fractions
were dialyzed on cassette Slide-A-Lyzer Dialysis Cassettes (Thermofisher) against
50 mM PBS pH 7.4, 150 mM NaClL.

Mammalian cell culture and transfection. HeLa and U20S cells were grown

at 37°C in 5% CO, atmosphere in DMEM with GlutaMAX-1 complemented
with 10% fetal bovine serum (FBS) and 1% penicillin / streptomycin. Cells were
transiently transfected with Genejuice (Merck) according to the manufacturer’s
protocol. Cells were washed with Dulbecco’s phosphate-buffered saline (DPBS) and
fixed with 2% paraformaldehyde (PFA) solution.

6
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Camelina sativa transformation and growth. Camelina sativa (cv Celine) was
transformed following an improved method of the traditional Arabidopsis floral-
dip method and transgenic were selected as described previously®2. Seeds were
sown on water-soaked paper and grow for 7 days in a growth chamber under cycles
of 16 h light at 22°C/8 h dark at 16°C.

Reagents and solutions. All solutions were made up using purified water
(Direct-Q 5 apparatus; Millipore, Billerica, MA). The Britton-Robinson buffer was
prepared from acetic acid: 4 mM; phosphoric acid: 4 mM; AMPSO: 4 mM, NaCl:
150 mM. All experiments conducted to determine the photophysical and photo-
chemical properties of the purified proteins were performed in Britton-Robinson
buffer (pH 7.5) at 37 °C, using protein concentrations of 10 uM, unless stated
otherwise.

pH measurements. By assimilating activity and concentration, the proton con-
centration was directly measured after calibration of the pH meter (Standard pH
meter PHM210, Radiometer Analytical equipped with a Radiometer Analytical
PHC3359-8 combination pH electrode (Hach, Loveland, CO).

Spectroscopic instruments. Absorption spectra of proteins were recorded at 37 °C
on a Cary 300 UV/Vis spectrophotometer (Agilent Technologies, Santa Clara, CA),
equipped with a Peltier 1 x 1 thermostated cell holder (Agilent Technologies). The
samples were placed in 55 pl quartz cuvettes (0.3 cm x 0.3 cm light path; Hellma
Optics, Jena, Germany). Fluorescence measurements used for kinetic analysis were
acquired on a LPS 220 spectrofluorometer (PTI, Monmouth Junction, NJ),
equipped with a TLC50 cuvette holder (Quantum Northwest, Liberty Lake, WA)
thermoregulated at 37 °C. Light intensities were controlled by varying the current
on two LED light sources. The first one (LXZ1-PB01 from Philips Lumileds, San
Jose, CA) was filtered at 480 + 20 nm (HQ 480-40 from Chroma Technology Corp,
Rockingham, VT) whereas the second one (LHUV-0405, Philips Lumileds) was
filtered at 405 + 20 nm (F405-40; Semrock, Rodchester, NY). The LEDs were
supplied by a DC4100 LED driver (Thorlabs, Newton, NJ). The two light sources
were collimated with ACL2520U condenser lenses (Thorlabs) and beams were next
combined thanks to a dichroic filter (T425LPXR, Chroma Technology Corp).
Photon fluxes were measured with a Nova II powermeter (Laser Measurement
Instruments).

Microfluidic devices. Each microdevice was composed of a circular glass coverslip
(0.17 mm thick, 40 mm diameter; Menzel-Glaser, Braunschweig, Germany) and a
PDMS stamp (RTV615; General Electrics, Fairfield, CT) including either four
400 pm x 400 pm x 20 pm square chambers separated by 150 pm x 20 pm walls or
six 250 pm x 125 pm x 20 pm chambers separated by 100 pm x 20 pm walls. Each
chamber was connected to a sample reservoir punched in the PDMS stamp
through a 40 pm x 20 pm channel. Before assembly, the coverslip and the PDMS
stamp were rinsed with ethanol and dried under a nitrogen flow. The bottom glass
surface of the microdevice was placed on a 0.4 mm thick copper disk in which a
8 mm hole had been opened for further observation with the objective. To fill the
micro-chambers with appropriate solutions, the air dissolved in the PDMS was
pumped for 3 min at 50 mbar at room temperature and sample solutions were
added to each reservoir, which resulted in the autonomous and controlled loading
of the device.

Microscopy epifluorescence setup. We used a home-built epifluorescence
microscopy setup (Supplementary Fig. 2). The samples were illuminated using a
LXZ1-PB01 LED (Philips Lumileds) filtered at 480 + 20 nm (F480-40; Semrock,
Rochester, NY) and a LHUV-0405 (Philips Lumileds) LED filtered at 405 + 20 nm
(F405-40; Semrock, Rochester, NY) as light sources. Each LED was supplied by a
LED driver (LEDD1B, Thorlabs, Newton, NJ) and modulated synchronously to
each other by a waveform generator (33612 A, Keysight Technologies). A lens
(ACL2520U; Thorlabs, Newton, NJ, f= 20 mm) was placed just after each diode to
collimate the light sources. The two light beams were next combined thanks to a
dichroic mirror (T425LPXR, Chroma, Bellows Falls, VT) and a second pair of
lenses was used to focus the light at the back focal plane of the objective after being
reflected by the dichroic filter (Di-FF506, Semrock, Rochester, NY). Fluorescence
images at 525 + 15 nm (F525-30; Semrock, Rochester, NY) were acquired for the
microdevices with a 10 x fluar (NA 0.5, Carl Zeiss AG, Feldbach, Switzerland)
objective and for cell imaging with a 60 x UPlanApo (NA 1.2, Olympus Cor-
poration, Tokyo, Japan) objective. Objectives were mounted on a home-built
microscope equipped with a Luca-R CCD camera (Andor Technology, Belfast,
UK). The bottom surface of the imaged sample was placed on a 0.4 mm thick
copper disk in which a hole of 8 mm in diameter had been opened for observation
with the objective. This metal holder was itself mounted on an aluminum block
thermostated at 37 + 0.2 °C with two thermoelectric Peltier devices (CP 1.0-63-05
L-RTV; Melcor, Trenton, NJ). The stage temperature was monitored with a
TCS610 thermistor (Wavelength Electronics, Bozeman, MT) and the feedback loop
was driven by a MPT10000 temperature controller (Wavelength Electronics,
Bozeman, MT). The average excitation intensities were calibrated in imaging
conditions by measuring the relaxation times associated to the photoisomerizations
of Dronpa-2 containing samples upon irradiation with one or two wavelengths
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(Supplementary Note 3). Triggering of the camera acquisition was synchronized
with the onset of the periodic excitation light (using the option “External start” in
the Solis software, Andor Technology). A fixed phase delay ¢, between the dates
of camera recording and light excitation was observed accordingly (due to inte-
gration of the signal over the exposure time and the triggering of the camera). This
phase delay has been previously calibrated using a microfluidic device filled with
Fluorescein or using cells expressing EGFP:!? the I;1°% and I%" first-order in-
and out-of-phase components of temporal evolution of Fluorescein (or EGFP)
emission were extracted (see the Matlab code given in Supplementary Note 4) and
(acq Was computed as ¢ocq = arctan(Iz"°"Y ;™). This value was then used for
further image analysis.

Setup for remote fluorescence imaging. We used a home-built remote sensing
setup (Supplementary Fig. 5) for macro imaging. In addition to the two LED
sources at 480 and 405 nm used in the microscopy setup, we introduced a
LXZ1-PBO1 LED (Philips Lumiled) filtered at 550 + 15 nm (ET550/15x; Chroma,
Bellows Falls, VT) to possibly excite red fluorescent emitters (for example DsRed).
The three light beams were combined by three dichroic mirrors (T425LPXR,
T505LPXR, 59004bs; Chroma, Bellows Falls, VT). A beam expander system con-
sisted of one divergent lens (ACN254-040-A, f = —40 mm, Thorlabs, Newton, NJ)
and two convergent lenses (AC508-100-A, f= 100 mm, Thorlabs, Newton, NJ) has
been used so that the light is clearly focused at a distance of up to 130 mm away
where the sample is placed. With this setup, we can detect both green (525 nm) and
red (600 nm) fluorescence emissions. A specially designed objective with three
elements has been correspondingly used to correct for the chromatism of these two
channels. The sample image is acquired by a color CMOS camera (UI-3060CP, iDS
Imaging Development Systems GmbH, Obersulm, DE). The sample is positioned
on a z-axis translation stage, which allows us to find the focus. The average exci-
tation intensities have been calibrated by measuring the relaxation time of the
Dronpa-2 photoisomerization. The modulated signals are generated by the com-
puter and applied to the LEDs through an Arduino microcontroller. The acqui-
sition of the camera is synchronized with the modulated excitation light. A series of
images of the red (DsRed) and the green (Dronpa-2) channel can be separately
acquired by the camera and sent back to the computer for later processing. The I/O
control system and the image processing are accomplished with a home-made
software coded in C.

Softwares. Data treatment, image analysis, and theoretical computations were
performed using Igor Pro (WaveMetrics), MATLAB (The MathWorks), and
Gnuplot and Mathematica (Wolfram Research) softwares.

Data availability. Data available on request from the authors.
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Supplementary Figure 1: Normalized emission (Acxc = 480 nm) spectra of the RSFPs, which have been used in this
study. Solvent: Britton-Robinson buffer (pH 7.5); T =310 K.
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Supplementary Figure 2: Epifluorescence setup for Speed OPIOM and PDMS Imaging device.
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Supplementary Figure 3: Quantitative imaging of Dronpa-2. A microfluidic device with six rectangular chambers
(250 125x20 um?) was filled with solutions of Dronpa-2 (D2) or EGFP (E) (the numbers in a indicate the concentrations
in pM). The images recorded with a 10 x objective correspond to the pre-OPIOM (a) and Speed OPIOM (b) images
resulting from imaging the microfluidic device at Aoy, = 525 nm by sinusoidally modulating dual illumination tuned to the
resonance of Dronpa-2 (Aexc,1; 17 w; f; @) = (480 nm; 7.1 x 1073 Ein m ™2 s™1; 2.8 rad s~ 1; 0.44 Hz; 100%), (Aexc,2; 195
w; f; @)= (405 nm; 3.4 x 1073 Einm~2 s71; 2.8 rad s~ '; 0.44 Hz; 100%); Average fluorescence intensity, (I2) (c), and
average amplitude of the out-of-phase response, (Ié’out> (d), in function of the total concentration P;; = [Dronpa-2];
of Dronpa-2. Experiments were performed at 37°C in pH 7.5 50 mM HEPES buffer. Dronpa-2 fluorescence emission can
be detected in both pre-OPIOM and Speed OPIOM images. In contrast, as expected from the absence of an out-of-phase
contribution in its fluorescence emission, EGFP only gives a signal on the pre-OPIOM image, thus demonstrating the
expected selective Speed OPIOM imaging. Furthermore the five chambers filled with Dronpa-2 show relative intensities
directly reflecting their concentration in both pre-OPIOM and Speed OPIOM images, which confirms the theoretical
prediction that the Speed OPIOM signal is proportional to the label concentration.

147



A.2. ELECTRONIC SUPPLEMENTARY MATERIAL

b

a
If (a.u) 1" @.u)
6000 3000
5000 2000
4000 1000
0
3000
-1000
2000
-2000
1000 -3000
C
7 (@)
4500
4000
3500
3000
2500
2000
1500
1000

Supplementary Figure 4: Control experiment. Fixed Hela cells expressing either H2B-Dronpa-2 (a,b) or (¢,d) Lyn11-
EGFP. Pre-OPIOM (a,c¢) and Speed OPIOM (b,d) images result from analyzing a movie recorded with a 60 x objective at
525 nm under sinusoidal light modulation at a single angular frequency of modulation tuned on the resonance of Dronpa-2
(Aexc,1; I{); w; f; o) =(480nm; 6.4 x 1072 Einm~2 s~ ;25 rad s~'; f = 4 Hz; 100%), (Aexc,2; Ig; w; f; a) = (405 nm;
3.0 x 1072 Ein m~2 s7!; 25 rad s~!; f = 4 Hz; 100%). Experiments were performed at 37°C. Dronpa-2 fluorescence
emission is detected in both pre-OPIOM (a) and Speed OPIOM (b) images. In contrast, as expected from the absence of
an out-of-phase contribution in its fluorescence emission, EGFP gives a signal on the pre-OPIOM image (c) but not on
the Speed OPIOM one (d). Scale bars: 5 um.
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Supplementary Figure 5: Remote imaging fluorescence setup for Speed OPIOM.
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Supplementary Figure 6: Fixed Hela cells expressing SGal-Dronpa3 and H2B-Kohinoor (a,b), Gal-Dronpa3 (c¢,d) or
H2B-Kohinoor (e,f). Pre-OPIOM (a,c,e) and Speed OPIOM (b,d.f) images result from analyzing a movie recorded with a
60 x objective at 525 nm under sinusoidal light modulation (Aexc 1; I7; w; f; @) = (480 nm; 2.8 x 107! Einm~%s71; 25
rad s~1; 4 Hz; 100%), (Aexc,2; IS; w; f; @) = (405 nm; 1.0 x 1072 Ein m~2 s71; 25 rad s~!; 4 Hz; 100%). Experiments
were performed at 37°C. Dronpa-3 and Kohinoor cannot be discriminated in the pre-OPIOM image. In contrast, they are
easily distinguished in the Speed OPIOM image where they exhibit a positive and a negative signal respectively. Scale
bars: 10 um.
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Supplementary Figure 7: Selective and quantitative Speed OPIOM imaging of Dronpa-2 or Dronpa. A microfluidic
device with four square chambers (400x400x20 um?®) was filled with solutions of Dronpa-2, Dronpa or EGFP as de-
scribed on the scheme (a; the numbers indicate the concentrations in uM). The pre-OPIOM (b,d) and Speed OPIOM (e,
e) images result from imaging with a 10 x objective the microfluidic device at Acy, = 525 nm by sinusoidally modulating
dual illumination tuned to the resonance of either (b, ¢) Dronpa-2 (Aexc 15 I ?; w; f; ) = (480 nm; 1.5 x 10~2 Ein m—2
s71; 6.28 rad s~1; 1 Hz; 100%), (Aexc,2; Ig; w; f; @) = (405 nm; 8.6 X 1073 Ein m~2 s~ %; 6.28 rad s~ 1; 1 Hz; 100%)
or (d, ) Dronpa (Aexc.1; I¥; w; f5 a) = (480 nm; 5.0 x 1072 Ein m~2 s71; 0.63 rad s—%; 0.1 Hz; 100%), (Aexc,2; 13
w; f; ) = (405 nm; 1.0 x 1073 Ein m~2 s7!; 0.63 rad s~!; 0.1 Hz; 100%). Experiments were performed at 37°C in
pH 7.4 HEPES buffer. Dronpa and Dronpa-2 cannot be discriminated in the pre-OPIOM image. In contrast, they are
orthogonally distinguished in the Speed OPIOM images targetting Dronpa and Dronpa-2 respectively.
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Supplementary Figure 8: Control experiment. Fixed Hela cells expressing either H2B-Dronpa-2 (a,b,¢) or Lynl1-
Dronpa (d,e.f). Pre-OPIOM (a,d) and Speed OPIOM (b,c,e.f) images result from analyzing a movie recorded with a 60
x objective at 525 nm under sinusoidal light modulation (Aexc,1; I9; w; f; ) = (a,b,e: 480 nm; 1.5 x 1072 Einm 2 s~ 1;
6.3 rad s™1; 1 Hz; 100%) and (c,d.f: 480 nm; 5.7 x 1072 Ein m—2 s~!; 0.63 rad s~ !; 1 Hz; 100%), (Aexc,2; Ig; w; f;
a) = (a,b,e: 405 nm; 8.7 x 1073 Ein m~2 s~ !; 6.3 rad s~ ;1 Hz; 100%) and (¢,d.f: 405 nm; 1.0 x 1073 Ein m~2 s~ 1;
0.63 rad s—'; 0.1 Hz; 100%). Experiments were performed at 37°C. Dronpa and Dronpa-2 cannot be discriminated in the
pre-OPIOM image. In contrast, they are orthogonally distinguished in the Speed OPIOM images targetting Dronpa and
Dronpa-2 respectively. Scale bars: 10 um.
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Supplementary Figure 9: a: Pre-OPIOM image of fixed Hela cells expressing H2B-Dronpa-2 and Mito-Padron; b-g:
Control experiment. Multiplexed imaging of fixed Hela cells expressing either Dronpa-2-H2B (a, b, ¢) or Padron-Mito
(d, e, f). Pre-OPIOM (b, e) and Speed OPIOM (c¢,d, f, g) images result from analyzing at w; (¢, f) or wo (d, g) a movie
recorded with a 60 x objective at 525 nm under sinusoidal light modulation at two modulation frequencies (Aexc,1; I 0,
wi fi; was fo; o B) = (480 nm; 1.0 x 1072 Ein m~2 s~!; 0.2 rad s—'; 0.032 Hz; 15.8 rad s—'; 2.52 Hz; 50%; 100%),
(Rexc,2; 19 wis f1; was fo; a; B) = (405 nm; 1.0 x 1072 Ein m ™2 s71; 0.2 rad s71; 0.032 Hz; 15.8 rad s~ 1; 2.52 Hz; 50%;
100%). Experiments were performed at 37°C. Dronpa-2 and Padron cannot be discriminated in the pre-OPIOM image.
In contrast, they are orthogonally distinguished in the Speed OPIOM images targetting Dronpa-2 and Padron respectively.
Scale bars: 10 pm.
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Supplementary Figure 10: Images of fixed UO2S cells expressing either H2B-Dronpa-2 (a-d), Mito-Padron (e-h),
Dronpa-GTS (i-1), and Lyn11-EGFP (m-p); Control experiments. Pre-OPIOM (a,e,i,m) and Speed OPIOM (b-d, f-h.j-
I,n-p) images result from analyzing a movie recorded with a 60 x objective at 525 nm under three different sinusoidal
light modulations (b,f,j,n: (Aexc,1; I¥; w; f; @) = (480 nm; 2.5 x 1072 Ein m2 s71; 6.3 rad s~ %; 1 Hz; 100%), (Aexc,2;
IS; w; f; @) = (405 nm; 1.9 x 1073 Einm 2s~!; 6.3rad s~ !; 1 Hz; 100%); ¢.g.k,0: (ACXCJ; I?; w; f; a) = (480 nm;
2.3 x 1072 Einm~2s71; 0.6 rad s71; 0.1 Hz; 100%), (Aexc,2; 195 w; f; ) = (405 nm; 4.3 x 1072 Ein m~2 s~ %; 0.6 rad
s71; 0.1 Hz; 100%); d,hLp: (Aexc,1; I; w; f; @) = (480 nm; 2.4 x 1072 Ein m~2 s71; 0.2 rad s™1; 0.03 Hz; 100%),
(Aexc,2; IS; w; f; ) = (405 nm; 2.8 x 107* Einm—2s71; 0.2 rad s~1; 0.03 Hz; 100%). Experiments were performed at
37°C. Dronpa, Dronpa-2, and Padron cannot be discriminated in the pre-OPIOM image. In contrast, they are orthogonally
distinguished in the Speed OPIOM images targetting Dronpa, Dronpa-2 and Padron respectively. Scale bars: 10 um.
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Supplementary Methods
Video acquisition

In the imaging experiments, we recorded movies over an integer number of periods of light modulation (in general 2m
periods, where m is an integer). The acquisition frequency of the camera was set in order to transfer 2n (n is an integer)
frames per period of light excitation, which triggered CCD acquisition start. Thus, using Eq. (80), the fluorescence
emission at pixel (x,y) of the k™ frame is equal to

In(z,y, k) = Ip(z,y) + Z {”n Sm (x,y)sin { <I%T + ¢acq>:| + IE (2, y) cos [n (k;l—ﬂ + ¢acq>:|} €))
In Eq.(1), the constant phase lag ¢,.q reflects the fact that light modulation do not share the same starting date with
CCD recording which integrates the signal over exposure time. ¢acq can be easily calibrated by using the fluorescence
emission from an instantaneously responding fluorophore (for example Fluorescein, EGFP). Acquisition in quadrature
was subsequently achieved through phase sensitive detection.'/1>/ The pre-OPIOM image corresponding to the average

signal over the whole movie, equal to J%.(z, y), was first computed using Eq.(2)

4nm—1

(Ir(z,y, k)~ = Z Ip(z,y, k )

4nm

Using Eq.(161), the k" frames Ir(x,y, k) were next multiplied by cos <%ﬂ + qbacq) and averaged over the whole

duration of the movie to give rise to the Speed OPIOM image :

L cos 1 4nm—1 k
N ) = g S [y ) 05 (4 b ®
k=0

In the presence of photobleaching of the probe, image analysis has to be modified to correct from bleaching.[G]’ (7]
Assuming a linear decay of the fluorescence signal due to photobleaching, the recorded emission signal at pixel (x,y) of

the k™ frame I (x,y, k) was written using Eq.(1)
I (z,y, k) = Iv(z,y, k) + B(z,y) x k. )

B(x,y) was calculated from the average signals (If*"(z,y, k))i’;rg_l and (I}*%(x,v, k))i:;;ll computed over the

first and last m periods
(L (@, 9, b)) et — (E™ (2, )22

B = 5
(z,9) 2nm ®)
Then, all frames were corrected for photobleaching using :

(2, y, k) = Y (2, y, k) — B(x,y) X k. (6)

I (x,y, k) was subsequently processed as Ir(x,y, k) above to extract the Speed OPIOM image.

Ccos (

In section , we provide the Matlab code, which we used to compute JF x,y) (Speed OPIOM image) in our imaging

experiments.
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Cell imaging with epifluorescence microscopy

This series of experiments has been performed upon applying sinusoidal 480 nm and 405 nm light modulations of large
amplitude (100%) and in antiphase. Otherwise indicated, the temporal dependence of the fluorescence intensity Ir(z, y, t)
of each image pixel was analyzed with Eqs.(2-6) to provide the J%(z,y) (pre-OPIOM) and the J3°(z,y) (Speed
OPIOM) images. To reduce noise, the processed images have been subsequently filtered upon applying a 3 pixels X
3 pixels median filter. The acquisition parameters, which have been used for Speed OPIOM imaging of cells are reported

in Supplementary Tables 1 and 2.

Remote fluorescence imaging of Camelina sativa seedlings

This series of experiments has been performed upon applying sinusoidal (f = 2.5 Hz) 480 nm (I) = 3.8 1072 Ein
m~2 s71) and 405 nm (19 = 2.2 1072 Ein m~2 s~!) light modulations of large amplitude (100%) and in antiphase.
Otherwise indicated, the temporal dependence of the fluorescence intensity Iv(x,y,t) of each image pixel was analyzed
over 8 periods with Eqs.(2-6) to provide the J%(z, y) (pre-OPIOM) and the J3:°**(z, y) (Speed OPIOM) images. The
acquisition parameters, which have been used for Speed OPIOM remote imaging of Camelina seedlings are reported in

Supplementary Table 3.

Acquisition parameters used for Speed OPIOM imaging

The acquisition parameters, which have been used for Speed OPIOM imaging of cells are reported in Supplementary
Tables 1 and 2. The acquisition parameters, which have been used for Speed OPIOM remote imaging of Camelina

seedlings are reported in Supplementary Table 3.
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Supplementary Table 1: Acquisition parameters used to image Dronpa, Dronpa-2, Dronpa-3, and Kohinoor at 37°C in
Figures 3-6 of the Main Text (MT) and in Supplementary Figures 4, 6, 8, and 10 (SI).

Figure MT;SI  Objective Periods : Images  Aexc,1 19 Aexc,2 19 w f a
(mm) (Einm2s ') (@mm) Enm2sh) (ads™h) Hz) %

3b,c;4 60x 10 : 160 480 6.0 1072 405 3.51072 25.1 4 100
4b—d,5a-d;6 60x 10 : 100 480 7.21072 405 1.3 1072 6.3 1 100
4f,g:8 60x 10 : 100 480 1.51072 405 8.71073 6.3 1 100
4h;8 60x 2:200 480 571072 405 1.01073 0.63 0.1 100
6a,b;10 60x 10 : 100 480 251073 405 191073 6.3 1 100
6¢;10 60x 2:80 480 231072 405 431072 0.6 0.1 100
6d;10 60x 2 : 400 480 241072 405 281074 0.2 0.03 100

Supplementary Table 2: Acquisition parameters used to simultaneously image Dronpa-2 and Padron with a 60x objec-
tive at 37°C in Figure 4 of the Main Text (MT) and Supplementary Figure 9 (SI).

Figure MT;SI  Aexc,1 19 Aexc,2 19 w1 fi « w2 fo B
(mm) (Einm2s ') @mm) Enm2sh) (@qads™h) Hz) % (@ads™!) Hz) %
4j-1;9 480 1.0102 405 1.0 1072 0.2 0.032 50 16 2.5 100

Supplementary Table 3: Acquisition parameters used to image Dronpa-2 under its resonant conditions at 20°C in Figure
3e,f of the Main Text (MT).

Figure MT  Periods : Images  Acxc 1 19 Aexc,2 19 w f a
(nm) (Einm~=2s™ Y (mm) (Einm2s!) (ads™!) Hz) %
3e,f 8:160 480 3.81072 405 221072 15.8 2.5 100

Evaluation of the contrast enhancement associated to Speed OPIOM image processing The contrast enhancement

Xt/i associated to Speed OPIOM image processing was calculated from the signals J% , 3%’;08, I8 3%’205 originating

from areas containing the targeted RSFP and the spectrally interfering fluorophore

Xt/i = 76 . (7)

In the case of microdevice imaging, J% , I35, J% ;. TS were extracted from signal integration over the chambers

containing the targeted or the interfering species.
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Supplementary Note 1: Photoswitchable fluorophore responses to dual illuminations

The model

The dynamic behavior of a reversibly photoswitchable probe P illuminated with a light of intensity I(¢) involving two

components [ (¢) and I5(t) at wavelengths A; and As is assumed to be reliably described by the two-state exchange (8)

k12 (l‘)
1 = 2 ®)

ko1 (1)

where the thermodynamically most stable state 1 is photochemically converted to the thermodynamically less stable
state 2 at rate constant ki2(t) = o12,111(t) + o12,212(t) from which it can relax back to the initial state 1 either by a
photochemically- or a thermally-driven process at rate constant ko (t) = 021,111 (t) + 021,212(t) + k‘QAl where 012,111 (%),
o12,202(t), o21,111(t), 021,212(t), and kQAl are respectively the photochemical and the thermal contributions of the rate
constants. In that case, the molecular action cross-sections for photoisomerization o121 and o211 (at A1), 0122 and 021 2
(at Ay), and the thermal rate constant kQAl fully define the behavior of the photoswitchable probe.

We assume that the system is either uniformly illuminated or that it can be considered homogeneous at any time of its

evolution. Then we rely on the two-state exchange (8) to write Eqs.(9-10) describing the concentration evolutions:

dl

il —k12(t) 1+ ko1 (t) 2 )
d2
e kia(t) 1 — ko1 (t) 2. (10)

Response to light jumps

In relation to the experiments aiming to acquire the photochemical properties of the investigated reversibly photoswitch-
able fluorescent proteins (RSFPs), we first consider two types of light jump experiments: (i) sudden illumination at A;

and Ao; (ii) sudden change of illumination at A; and As.

Sudden illumination at A; and A,

When the system is suddenly submitted to a constant illumination defined by the intensity I(t) = I? + I = IY, the

forward and backward rate constants become

kia(t) = kfy = k?Z,l + k?m (11)

kat(t) = k9 = kgl,l + kgm + k). (12)

158



A.2. ELECTRONIC SUPPLEMENTARY MATERIAL

where
Koy = o211} (13)
K, = ooaal} (14)
Koo = 012213 (15)
k1o = oa2lf (16)

Starting from the thermodynamically stable state 1, the temporal evolution of the concentrations in 1 and 2 evolves as

t
0
2-20 = 19-1=-2%xp (——0) (17)
T12
where
1
0
e = ——5 (18)
kDo + k9,

designates the relaxation time of the photoswitchable fluorophore and 1° and 2° the concentrations of 1 and 2 at the

photostationnary state reached after 77,

1
0 0 _
1" = P —2 T[(%Ptot (19)
where
kO
Ky = 7 (20)
21

and the total concentration in reversibly photoswitchable probe P, P,y = 1 + 2.

The fluorescence emission I (¢) results then from the individual contributions of the species 1 and 2. It can be written

Ip(t) = [Q111(t) + Q212(t)] [1(t) + [Q1,21(t) + Q222(1)] I2(2) 21

where Q11 and Q2,1, and Q1 2 and 2 » are the molecular brightnesses of 1 and 2 at the wavelengths A, and A respec-

tively. From Eqgs.(17,19), one subsequently derives

Ie(t) (Qa1 — Q1) IV + (Q22— Q12) I3 KY, t
o) T 1(0) T K0, {1 S (‘Eﬂ (22

where

Ir(0) = (Ql,lI? + Q1,2-78> Prot.- (23)

Starting from I (0), the fluorescence emission exponentially decays toward

1 K9 1 K9
I = S — ——12_ )70 S — 12_ ) 191 Prot. 24
F(00) {(le TR, + Q2,11 mn K%) 1+ Ql,zl TR, + Q2,21 &Y ) Yot (24)

159



A.2. ELECTRONIC SUPPLEMENTARY MATERIAL

In particular, when the light jump is made at A; alone, the expressions (22-24) become

with

Ir(0) =

Ip(c) =

Sudden change of illumination at A, and A,

_ 1+(

Q1117 Pt

K1y
1+ KY,

Q21
Q11 1)

)

1 K,

IV Py
Q1,11+K?2 +Q2’11+K?2> 14tot

(25)

(26)

(27)

We now assume that the system is first illuminated at A; and Ay with intensity I%! = T ? o Ig 1. As shown above, its

composition exponentially evolves toward the steady-state given in Eq.(28)

100,1
with
and
0,1
ki3
0,1
koy

1
= Piot — 2001 — 71 N Kloél Piot
K01 Ky
12 01
k?l

0,1 0,1
o211y + 012,215

0,1 01 , 1A
o111y + o121y 4+ k5,

which is typically reached beyond 7&1 given in Eq.(32)

T12

01 1
01 ;01
ki + Koy

(28)

(29)

(30)
€1y

(32)

Then the system is suddenly submitted to a change of constant illumination at A; and A, defined by the final intensity

12 =7 ? 24 IS 2 During this second kinetic regime, the forward and backward rate constants become

k12 (t)

ka1 (t)

0,2 0,2 0,2
kiy = o217 + 012,215

02 0,2 02, 1A
ko = 00111y + 0212157 + ki

and the temporal evolution of the concentrations in 1 and 2 evolves as

t
2992 = 12021 = (290 - 2% exp |~
-

where

T12

02 1
02 02
ki + Koy
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designates the relaxation time of the photoswitchable fluorophore in the second kinetic regime and 1°°? and 2°°2 the

concentrations of 1 and 2 at the second photostationnary state typically reached in the second kinetic regime after 7&2

1
12 = Py —2%%2=_—"__P (37)
tot 1—|—K10é2 tot
where
1,02
Ky = 5 (38)
21

The fluorescence emission Iy (t) is again given in Eq.(21). From Eqgs.(35,37), one subsequently derives

Ir(t) [(QQ,l ~ Q) 1Y + (Q22 — Qu ) IS’Q} K3 K t
5y — Lt 2 02 o1 | Prot |1 —exp | —— (39)
15:(0) I£(0) 1+ K)y  1+KY% :

T12

BB(0) = (Quul™! +@212%1) PP + (Q121° + Q002 ) 13 (40)
Starting from I}%(O), the fluorescence emission exponentially decays toward
If(c0) = (Q1,1 1°0% 4 Q2,12°°’2) 0+ <Q1,21°°’2 + Q2,22°°’2> 9° 41)
Response to periodic dual light modulation

In the following subsections, we analyze the response of the fluorescence emission from the reversibly photoswitchable
fluorescent probe P when it is submitted to various periodic dual light modulations. We first introduce the principle of
theoretical analysis, which is common to all the presently considered periodic dual light modulations. Then we apply this

theoretical analysis to specific cases.

Principle of the theoretical analysis

Master equation We consider that the reversibly photoswitchable fluorescent probe P is submitted to dual illumination
involving two components: a periodic illumination I;(t) at wavelength A; with average light intensity I{ and a periodic

illumination I5(t) at wavelength Ay with average light intensity 9. In the most general case, we write

I(t) = Ii(t)+ I2(t) (42)

Lty = I [1+ ah;(t)] (43)

with j =1 or 2. In Eq.(43), o measures the amplitude of light modulation and the h;(t) designate periodic functions.

Eqs.(42,43) are used to express the rate constants with Eqs.(44,45)

kia(t) = ko [L+ ahi(t)] + kfgy [1 4 aha()] (44)

kor(t) = K9yq [1+ ()] + KD o [1+ aho(t)] + ki) (45)
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Upon expanding the concentration expressions by introducing the function f (t),
2 = 294+af(t) (46)
1 = 1°—af(t), (47)

the system of differential equations governing the temporal evolution of the concentrations in 1 and 2 is solved with

Eqgs.(9,10) to yield

df (x
fd(x ) f ()4 o= 6uf (@)] () + [ — bof ()] h(e) (48)
where
t
. - L (49)
T12
a, = 0(1)2A(1)2,1T?2 (50)
b, = a(012,1+021,1)-’?7§2 D
a, = 0(1)2A(1)2,2792 (52)
b, = a(oms+ous) 9T (53)
and
/092 = k?210:k3120 54
oy kS
AD _ 12,1 B 21,1 (55)
2 k??,l + k(1]2,2 k81,1 + kgl,Q + kg
oy kS
A?Q,Q = e o~ (50)

ko1 4 ks o K9y 1 + kS5 + ki
designate the steady-state rate of reaction (8) (with 19 and 2° given in Eq.(19)) and the differences of the relative contri-
butions of the average of the modulated light (19 and I3 respectively) to drive the transition from 1 to 2 or from 2 to 1

respectively.

Expression of the concentrations Beyond the relaxation time 7, one enters into a permanent regime in which f ()
is a continuous periodic function. In the cases considered in this work, light modulation involves one (denoted w) or two
(denoted w; and wy) fundamental modulation frequencies.

In the first situation, the Fourier series associated to f (x) can be written
+0o0 )
f(0x) =a® + Z [a”’cos cos (nfz) + b"™*" sin (nﬁx)} (57)
n=1
where

0 = wr, (58)

162



A.2. ELECTRONIC SUPPLEMENTARY MATERIAL

and a™° and b™*™ designate the amplitudes of the n-th components of the Fourier series.
In contrast, in the second situation, the Fourier series associated to f () can be expressed as

+oo +oo
f(brz,002) = a®+ Z Z {a"’m’cos cos [(nfy + mb) ] + b5 sin [(nf; + mby) x]} (59)

n=-—00 Mm=—00

where

01 = wit)h (60)

Oy = wyrd (61)

and a®, @™™<% and b5 designate the amplitudes of the zeroth and {n, m}-th components of the Fourier series.
Either the @ and 6™, or the a”, a™"™°%, and b™" terms can be extracted from Eq.(48) upon identifying the
amplitudes of the components of the same order. The resulting set of equations can then be transformed to explicit the

amplitudes of the concentration modulations at all modulation frequencies. Thus we write either

—+o0
2 = 2°+a Z [2"’51“ sin (nfzx) + 2™ cos (n@x)} (62)
n=1
400 .
1 = 1°—« Z {zn’sm sin (nfx) + 2™ cos (nezr)} (63)
n=1
where
2° = 24 ad (64)
1° = 1°—ad (65)
2n,sin _ _ln,sin — bn,sin (66)
SMCOS [ mC0S _ m,cOo8. 67)
or
+oo +oo )
2 = 2°+a Z Z {zn’m’sm sin [(nfy + mBs) x| + 2M™° cos [(nhy + mbs) x}} (68)
n=-—00 m=—00
+00 +00 .
1 = 1°—«a Z Z {2”"“75‘“ sin [(nfy + mbz) z] + 2™ cos [(nhy + mbs) x}} (69)
n=-—00 m=—00
where
22 = 204 44" (70)
1° = 19— qd® (71)
2n,m,sin _ _ln,m,sin _ bn,m,sin (72)
SMME0s  _ nmcos _ m,m,cos. (73)
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Expression of the fluorescence intensity ~We first defined in Eq.(74) the observable O; associated to the observation at

the wavelength A; with j =1 or 2
0j(t) = Qu 1) + Q2,;2(1). (74)
Then we subsequently extracted fluorescence emission Iy (t) from Eq.(75)
Ir(t) = O1(t)11(t) + O2(t)I2(t). (75)

When the temporal dependence of 1(¢) and 2(¢) is given in Eqs.(62,63)

0;(t) = OF + Zl [D?’Sin sin (nfz) + O] cos (n@x)] . (76)

with
O = Q1% +Q2;2° = Q151° + Q2,;2° + (Q2,; — Q1,5) cad® (77)
D?,Sin — (QQJ’ . QIJ) abn,sin (78)
OF” = (Quj — Q1) aad™® (79)

and
Ip(t) =02+ > [3%’51]“ sin (nfx) 4+ IE° cos (n@x)} . (80)

n=1

In contrast to the expressions of the amplitudes of the O;(t) terms which are generic, the expressions of the amplitudes
of the Ir(t) terms depend on the temporal dependence of the illumination.

When the temporal dependence of 1(¢) and 2(¢) is given in Eqs.(68,69)

o0 +oo .
Oit) =07+ > > {OF™ ™ sin [(nfy + mba) ] + O™ cos [(nd + mba) ]} 81)
with
9 = Q1%+ Q2,;2° + (Q2; — Quy) ad® (82)
D;l,m,sin _ (QQ,]‘ _ Ql,j) O[bn,m,sin (83)
D?,m,cos _ (QQ,j o Ql,j) oS (84)
and
+0o0 +o0o )
Ip(t) = 3% + Z Z {J%’m’sm sin [(n6 + mb) ] + Ip™ cos [(nb + mbs) x]} . (85)

n=-—00 mM=—00
Again, whereas the expressions of the amplitudes of the O;(t) terms are generic, the expressions of the amplitudes of the

Ir(t) terms depend on the temporal dependence of the illumination.
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Periodic dual light modulations of small amplitude

In a first subsection, we consider the cases of dual light modulations of small amplitude denoted ¢ instead of « in the

following. In these cases, the general master equation can be linearized, which permits to derive analytic expressions.
Sinusoidal modulation at a single angular frequency of modulation at two wavelengths

Derivation of the theoretical expressions We first considered for I(¢) the superposition of two sinusoidal modula-
tions of small amplitude: i) at wavelength A; around the averaged value I at angular frequency of modulation w and ii)
at wavelength A, around the averaged value I3 at the same angular frequency of modulation w but with a phase delay ¢.

We adopted

I(t) = IY[1+ehi(t)] 4+ I3 [1 + cho(t)] (86)
hi(t) = sin(wt) (87)
hao(t) = sin(wt+ ) (88)

with ¢ < 1. At the first-order expansion in the light perturbation, f(z) = fi1(0x) + f2(6x) is solution of Eq.(48) when
f1(0x) and fo(0x) are solutions of Eq.(89)

df(fz)
dx

= —/;(62) + ayhy(6x) (89)

with j = 1 or 2 respectively. Beyond the relaxation time 7{ given in Eq.(18), we derived

2° = 20 (90)
o= 1 1)
1,sin 1,sin a, a, (COS @Y+ 0 sin (p)
e = 92
: . 1462 + 1+ 62 (92)
: , a0 a, (sin ¢ — 6 cos
Z1,005 _ _ll,cos —_ : —: 92 + 2 ( lIll(p+ 62 (P) (93)

In the specific case of the RSFPs considered in this work, the photochemically driven transition from the state 1 to the
state 2 (respectively from the state 2 to the state 1) is exclusively governed by illumination at wavelength A; (respectively

A2). Upon considering that the rate of the 2 to 1 conversion is mainly governed by photochemistry, one then deduces

a, = —a,. Under such conditions, Eqs.(92,93) become
pbsin — _ q1sin T e —C:92 [(1 — cosp) — Osin ] (94)
plicos — _qLeos — : 1192 [0 (1 — cosp) + sing]. (95)
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Eqs.(94,95) show that ¢ = 7 is especially favorable to increase the amplitudes of the fluorescence response to light

modulation. This ¢ value has been adopted in Speed OPIOM. Eqgs.(94,95) yield

) . 2a 1 Ky !
Jusin _ _jusin _ L _ 90 70 AD — 9A0 12 Piot (96)
T 12712821 (@r9,)? 12,1 (14 K%)% 1+ (wr%)®
2&19 WTO K WTO
JLCos _ _ j1cos _ _2p0 FOAN0 P12 _9AD 12 12 Piot 97)
Lot TR g )T T KD L (o)
and the terms of the fluorescence intensities are
B = (@1’ Quu2) I+ (Qio1° + Qu22") I o
% 1,1 2,1 1 1,2 2,2 2
3%75“1 = ¢ { [(Ql,l 19 + Q2,120> I? - (Ql,Qlo + Q27220) 120}} t
€ 1,1 — Q21) 1 12 —22) 4o 1 |
(Q Q )IO + (Q Q )IO 1,sin (99)
j;cos - ¢ [(Ql,l _ QQ,I) I? + (QI,Q - Q2,2) IS} 11,08 (100)

Optimal out-of-phase response Speed OPIOM differs from (one-color) OPIOM in the limit where the exchange
between the states 1 and 2 is essentially driven by the photochemical contributions. We correspondingly chose to focus
the subsequent analysis in a range of light intensities (19,19) such that o111 0 +o21,21 9> kZAl. Moreover, we adopted the

Dronpa-2 values of the kinetic parameters to draw the following theoretical figures. The resulting normalized out-of-phase

amplitude, [15% | = [1%°°/ P, |, as a function of the control parameters 19 /1% and w/I? is plotted in Supplementary
Figure 11a.
|1¢08 | exhibits a single optimum when the two resonance conditions (101,102) are fulfilled

(o121 + 0211) I = (0122 + 0212) IY (101)

w=2(0121 +0911) I} (102)

The optimization of 1155 results from the independent optimisation of the terms a, and 6/[1 + 6?] in Eq.(97). a,
measures the composition shift A2 from the steady-state 2° after a light intensity jump of amplitude AT = 19! Tt is
maximized when Eq.(101) is fulfilled. The second term, 6/[1 + 6?], is maximized upon matching the angular frequency
of modulation of the light modulation w with the exchange relaxation time 7, so that § = 1. When w > 1/7Y,, the
exchange is slow compared to the light variations and the couple {1,2} has not enough time to respond: both i**" and
i vanish. Conversely, when w < 1/7(, i%* cancels and the concentrations of 1 and 2 oscillate in phase with the

light modulation.

. 0 0 2 . . .
"From the expression (19), one can show that dzilo = Af = A?ZJK?Z Piot/ (1 + K?Q) using K9y = k?z/kgl with the expressions of k¥,
1

and k9, given in Egs.(11,12).
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Supplementary Figure 11: Theoretical computation of the response of a photoswitchable fluorophore 1 = 2 submitted

to dual light harmonic forcing of small amplitude given in Eq.(86) with ¢ = 7. The normalized amplitude of the out-of-

phase oscillations in 1 concentration [1%5% | (a) and the normalized Speed OPIOM signal |J3° /(e P;ot )| (b) are plotted
A

versus the ratios 19/19 and w/I? (in rad Ein~' m?) when I = 100%. o12,1 = 196 m? mol 1, o911 = 0 m?

mol™!, 5199 =0m? mol™, 0912 =413 m? mol !, k5 = 1.4 x 1072571,

Sinusoidal modulation at two modulation frequencies at two wavelengths Then we considered for I(¢) the super-
position of two sinusoidal modulations of small amplitude at modulation frequencies w; and ws (i) around the averaged

value I9 at wavelength A; and (ii) around the averaged value I3 at wavelength A,. We adopted

I(t) = IY[1+ehi(t)] 4+ I3 [1 +cho(t)] (103)
hi(t) = sin(wit) + Bsin (wat) (104)
ha(t) = —sin(wit) — Bsin (wat) (105)

with ¢ < 1. At the first-order expansion in the light perturbation, f(z) = f1(61x) + Bf2(02x) is solution of Eq.(48)
when f1(61x) and fo(62x) are solutions of Eq.(106)

dfj((iijx) = —fj(0;z) + (&, — a;)sin(¢;z) (106)
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with j = 1 or 2 respectively. Beyond the relaxation time 71 given in Eq.(18), we derived

o

2 =

0

1 =

1,0,sin

2 =

1,0,C08

2 =

0,1,sin

0,1,c08

2 =

20
10
_qrosin _ (a, —a,)
1467
_qLocos _ _ (a, —a,)0,
14067
_lo,l,sin _ B(al B az)
1+ 63
a, —a,)0
_lo,l,cos _ _B( 1 22) 2
1+ 02

(107)
(108)
(109)

(110)

(111)

(112)

In the specific case of the RSFPs considered in this work and by considering that the rate of the 2 to 1 conversion is

mainly governed by photochemistry, one has a,

Zl,o,sin

51,0,c08

2o,1,sin

50,1,¢08

—a, and Eqs.(109,112) become

_ll,o,sin — 2al
1+ 6%
_qLocos 20,0,
1+ 67
; 2a
_lo,l,sm _ 1
61+9§
008 — _ 3 2(11922

and the associated terms of the oscillating fluorescence emission are

~O
JF

~1,0,sin

JF

1,0,C08

I¥

~0,1,8in

JF

0,1,C08
jF

(@111°+ @212°) 1 + Q121"+ ©2,52°) I3

e {(Qu11° +@o12°) I — (Q121° + @222°) I} +
{[@11— Q) I+ Qi — Qap) ] 27

€ [(Qu — Qo) I+ (Q12 — Q22) IS] 110,08
eB{(Qua1° +@212) I} — (Qu21° + Q222°) I8} +
{[(Qu1 — Qua) 19+ (Quz — Qo) 19] 10257

e [(Q1 = Q1) I + (Qua — Q) I§] 1o,

(113)

(114)

(115)

(116)

(117)

(118)
(119)

(120)

(121)

Hence the Speed OPIOM signal from the superposition of two antiphase-related sinusoidal modulations of small

amplitude around the averaged values 9 and I3 at two different modulation frequencies, wi and wy, is equal to the

sum of the Speed OPIOM signals from sinusoidal modulations of small amplitude around the averaged values 9 and

I9 at the modulation frequencies wy and wy. This dual frequency excitation is correspondingly relevant to selectively

and simultaneously image two different reversibly photoswitchable fluorophores sharing an identical resonance condition

(101) for the intensities I ? and [ g but associated to different resonant modulation frequencies w; and ws given in Eq.(102).
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Periodic dual light modulations of large amplitude

The use of sinusoidal modulations of small amplitude is favorable to derive simple analytical expressions. However,
it generates only weak variations of the probe signal because of the small modulations, which is a drawback to reliably
extract the out-of-phase amplitude of the first order response. To circumvent this limitation, we also analyzed the response

of a reversibly photoswitchable probe to periodic modulations of large amplitude.

Sinusoidal modulation at a single angular frequency of modulation at two wavelengths Following the analysis
performed in the corresponding regime of sinusoidal modulation of small amplitude, we considered for I(¢) the superpo-
sition of two sinusoidal modulations of large amplitude at a same angular frequency of modulation w in phase opposition

at wavelengths A, (around the averaged value [ ? ) and A5 (around the averaged value I 8 ):

I(t) = IV (14 ahy ()] + 19 [1 + aho(t)] (122)
hi(t) = sin(wt) (123)
ha(t) = —hy(t) = —sin (wt). (124)

Following the general derivation given in subsection , we used the differential equation (125)

df (6z)
dx

= —f(0z)+[(ap —a,) — (by — b,) f(0x)] hi(Ox) (125)

governing the temporal evolution of the concentrations in 1 and 2 to derive the ™ and b terms beyond the relaxation

time 715.

e Zeroth order:

bl,sin

R (T S (126)
e First order:
. a2,cos
—ab9 = b 4 (a, —a,) — (b, — b,)a + (b, — b,) 5 (127)
) b?,sin
bLsme _ _al,cos _ (bl _ bz) 5 (128)
e Ordern > 1:
av%Snp — bn,sin _ (blgibl) (an+1,cos _ an—l,cos) (129)
bn,sinna —  _gmcos _ w (bn-i-l,sin - bn—Lsin) (130)
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from which we obtained the expressions of the concentration terms for 1 and 2 with Eqs.(64-67).

To analyze the dependence of 1%°° = —2% on the control parameters I3 /19 and w/I?, we first analytically
retrieved the 2n 4+ 1 unknown parameters (a0,. .. a"eos prsiny upon truncating the Fourier expansion (57) at increasing
orders n. Supplementary Figure 12 displays representative results, which have been obtained with n = 5. One can notice

that the first order parameters a'“°® and b1**" totally dominate the temporal response of the concentrations in 1 and 2.

a b
1 F A 1 x
0.75f 0.75¢
s = 0.5 Z = 0.5
SIS oo
0.25F 0.25F
0 b . 4 A N 0 4 a N
0 1 2 3 1 0 1 2 3 1
n™ order n™ order

Supplementary Figure 12: Computation of the amplitudes of the Fourier terms, a™* (a) and b™*™ (b) for a reversibly
photoswitchable fluorophore 1 = 2 submitted to light harmonic forcing given in Eqs.(122-124). The numerical compu-
tation has been performed upon truncating the Fourier f expansion at the fifth order (n = 5). 0121 = 196 m? mol 1, 0211

A
=0 m? mol! 0122—0m mol 1 0212—413m mol ! k:21 =14x10"2s" 1 10_100m 10—33><10 3
Eins™'m™2and w=2.78 rad s~
Supplementary Figure 13 displays the dependence of the normalized amplitude, | 1559 |=| 1% /P, |, on I3 /17

and w/I when a = 1. Truncation of the Fourier expansion of the f(fx) function at the fifth order (n = 5) is sufficient to

1,co8
norm

| on 19 /19 and w/I{ does not significantly evolve beyond n = 3. | 11.5%

yield convergence: the dependence of | 1 norm

exhibits an optimum in the space (13 /17w /1), whose position and amplitude are very close to those observed with a
sinusoidal modulation of small amplitude (Supplementary Table 4).

Note that the error done when taking the analytical expression of the resonance conditions, valid only for a modulation
of small amplitude, is vanishing, no matter which amplitude « is used.

Adopting the expression (76) for the observable O;, we used the expression (122) for the light intensity to derive

I = (93 + laoysm) I+ (Dg - %agysm) 13 (131)
= <ao° + O — laDi’COS) I+ (—aog + O + %aD) I3 (132)
s~ (o1 agmn) T ET—— %)
j;,sin _ |:Dn 51n+ a Dn 1,co8 D?+1,COS>} I?—k {szl,sin_ %a (Dlzlfl,cos _Dr21+1,cos)} IS (134)
j%,cos _ { mcos | a Dn-‘rl sin D:—l,smﬂ 1—? T |:Dt21,cos . %a (Dg+1,sin 792—1,5111)} IS (135)
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Supplementary Figure 13: Theoretical dependence of the normalized amplitude of the out-of-phase oscillations in 1
concentration, | 1559 |=| 1%/ P, |, of a reversibly photoswitchable fluorophore 1 = 2 submitted to light harmonic
forcing given in Eqs.(122-124) on I9/I) and w/I? (in rad Ein~! m?). The numerical computation has been performed
upon truncating the Fourier f(fz) expansion at various orders n (a: 1, b: 2, ¢: 3, d: 4, e: 5). The dependence observed

in a regime of small amplitude modulation, | lrluffr; |, is shown in f. o121 = 196 m? mol 1, 021,1=0 m? mol™ 1, oy 2=

0m? mol ™!, o910 =413 m? mol ™%, k§} = 1.4 x 1072571 I) = 1007A The markers correspond to isodensity
curves : 0.03 (double-dash), 0.08 (dot small-dash), 0.13 (dot long- dash) 0 18 (dot) and 0.23 (dash).

forn > 1.
Supplementary Figure 14 compares the dependence of the absolute value of the normalized out-of-phase first-order
amplitude | Jgio o [=] T /{[(Q21 — Q1)) + (Q22 — Q12)I9]aPot} | on I9/1V and w/I{ obtained in the

case of the largest amplitude modulation (computed using Eq.(133) with @ = 1) with that obtained for a modulation

of small amplitude (computed using Eq.(100) with & = € = 1). The position and the amplitude of the optimum are

A
similar in both cases: using I = IOOUL, we found ngR =44 x 1073 Bins~! m™2, wf = 2.99 rad s—!, and
12,11+021,1
\ J;Cr?grm |= 2.59 x 10! in the case of a sinusoidal modulation of large amplitude, and IS’R =3.6x 103 Eins ' m 2,
=290rad s, and | I [=2.56 x 107" in the case of a sinusoidal modulation of small amplitude.

Sinusoidal modulation at two modulation frequencies at two wavelengths We then considered for I(¢) the superpo-

sition of two antiphase sinusoidal modulations of large amplitude at modulation frequencies w; and wo at wavelength A,
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. or R
Amplitude n I?ﬁ I“(;W 100 | 135en
(rad Ein—! m?)
Small - 047 394 2.49
Large 1 047 394 2.49
Large 2 047 394 2.49
Large 3047 394 2.49
Large 4 047 394 2.49
Large 5 047 394 2.49

Supplementary Table 4: Coordinates and amplitude of the | 115 | extremum from a reversibly photoswitchable
fluorophore 1 = 2 submitted to light harmonic forcing given in Eqs.(122-124) (with & = 1) as a function of the
truncation order n of the Fourier expansion of the f(fz) function. The Table also provides the coordinates and the

amplitude of | 15595 | extremum observed in the corresponding regime of small amplitude modulation.

a b

)

3

70
1

10%10(
.
g
.

]U ]0
logyo(22) log1(=5)

Supplementary Figure 14: Theoretical dependence of the absolute value of the normalized amplitude of the out-of-
phase oscillations of fluorescence intensity, | I | [=| Tp*/{[(Q21 — Q1)) + (Q22 — Qu2)[3]aPix} | for a
reversibly photoswitchable fluorophore 1 = 2 submitted to superposition of light harmonic forcing given in Eq.(86) with
¢ =  (a) or in Eqs.(122-124) (b; & = 1) on I3 /I and w/I? (in rad Ein~! m?). The numerical computation has been
performed upon truncating the Fourier f expansion at the fifth order (n = 5). Q2,1/Q1,1 = 0.01, Q2,2/Q1,2 = 0.01, and
Q1,1/Q1,2 =155 0121 =196 m? mol~!, 0921,1=0 m? mol~!, O122= 0m? mol !, o912 =413 m? mol !, kQAl =1.4x10"2

sThIY = 100% The markers correspond to isodensity curves : 0.03 (double-dash), 0.08 (dot small-dash), 0.13
(dot long-dash), 0.18 (dot) and 0.23 (dash).

(around the averaged value [ ?) and Ay (around the averaged value I S). We adopted

I(t) = IV (14 ahi ()] + IO [1 + aho(t)] (136)
hi(t) = sin(wit) + S sin (wat) (137)
ho(t) = —sin(wit) — Bsin (wat) (138)

with « (1 4+ ) < 1. The dual frequency excitation has been considered to simultaneously image two different reversibly
photoswitchable fluorophores sharing identical resonance condition (101) for the intensities I and I3, but significantly

differing in their resonant angular frequency of modulation given in Eq.(102). Considering the typical one order of mag-

172



A.2. ELECTRONIC SUPPLEMENTARY MATERIAL

nitude wide bandwidth of the resonance phenomenon along the angular frequency of modulation axis (see Supplementary
Figure 11), we denoted w; the smallest angular frequency of modulation and assumed the ratio wy/w; to be an integer n.
Beyond the relaxation time 7'?2, we relied on Eq.(48) to extract the amplitudes a,, and b,, of the Fourier series given in

Eq.(57). We derived

e Zeroth order:

CLO _ _(bl ; bz) (bl’sm +an,sin) (139)
e First order:
_qbeosp — _plsin + (al _ az) —a° (bl _ bz) + w {CLZ,COS + (an-i-l,cos _ an—l,cos)} (140)
bl’Sin9 _ 7a1,cos - w {bQ,Sin + ﬁ (bn-l-l,sin + bn—l,sin)] (141)
e Order2 <i<n-—1:
ai7cosz-0 — bi7sin + ([312;[]7-) [(ai—l,cos _ ai+1,cos) + 6 (an—i7cos _ an-l—i,cos)] (142)
pomig = —qieon - BB [ sy g (gran g gooin)] (143)
+ n' order:
g = I (a — 0,) = e (b — 0,) + P [ (e - nte)]
prsing g _ _ gnicos _ (b, ; b,) [Ban,sin + (bn+1,sin _ bnfl,sin)} (145)
e Ordern +1 <17 < +4o00:
gicosig — pisiny (B . b.) [(aimteom — qitheos) 4 g (gimmees — gitneos)] (146)
pisingg  —  _gicos _ @ [(bi-f-l,sin . bz‘—l,sin) 18 (bz‘+n,sin . bi—n,sin)} (147)

from which we retrieved the expressions of the concentrations in 1 and 2 using Eqgs.(62-67).

For each reversibly photoswitchable fluorophore, we evaluated the n-dependence of the interference of the sinusoidal
light modulation at the out of resonance angular frequency of modulation. To proceed, we only retained in Eqs.(139-147)
the amplitudes a** and b**'™ with i = 0,1,2,n — 1,n,n + 1,2n. Indeed they directly originate from the linear and
non-linear terms in Eq.(48) and were correspondingly expected to dominate the amplitude values of main Speed OPIOM
interest.

The n-dependence of the analytically retrieved unknown parameters (a*°°%,b"™) with i = 0,1,2,n — 1,n,n + 1,2n

is displayed in Supplementary Figure 15 for 4 < n < 500 for a reversibly photoswitchable fluorophore exhibiting the

173



A.2. ELECTRONIC SUPPLEMENTARY MATERIAL

Dronpa-2 photochemical parameters (vide infra) when it is resonant at w (Supplementary Figure 15a,c,e) or nw (Sup-
plementary Figure 15b,d,f) angular frequency of modulation. The corresponding parameters (a’°°,b"*™) are compared
with the ones associated to the same reversibly photoswitchable fluorophore, when it is submitted to a large sinusoidal
modulation of illumination at its resonant angular frequency of modulation.

L,cos and ™% exhibit orthogonal

As shown in Supplementary Figure 15, the Speed OPIOM-relevant amplitudes a
behavior as soon as n > 10: In an equimolar mixture of two reversibly photoswitchable fluorophores sharing identical
resonance condition for the intensities I{ and I3 but different resonant modulation frequencies respectively equal to w
and nw, > and a™* would be respectively dominated by the species resonating at w and nw. Moreover the values
of a'*® and @™ observed with sinusoidal modulation of large amplitude at two modulation frequencies, resonant and
non-resonant, fairly compare with the values obtained with a large sinusoidal modulation of illumination at the single
resonant angular frequency of modulation, which underlines the robustness of these observables.

The amplitudes of the observable O; (t) terms can be obtained from Eqs.(76,77,78,79). Then fluorescence emission
Ir(t) is extracted from Eq.(80) by using the temporal dependence (136) of the exciting light source with wy = nwy and
the expression of O;(t) given in Eq.(76). Upon retaining the dominating terms O, D;’Sin and D;’COS in Eq.(76) with
1=0,1,2,n—1,n,n+1,2nand j = 1,2, we derived

e Zeroth order:

j% _ (Dg 4 %Di,sin 4 O;_ﬁg?sin> 110 T (Di _ %Di,sin _ %Dg,sin> Ig (148)
e First order:
j;‘,sin _ _Di’sm + OZD: o %Di,cos + % (Drlel,cos _ Dtl1+1,cos):| I?
T |:D;’Sin o OCDZ + %D;’COS + 0;76 (thl+1,cos o thl—l,cos):| IS
- (149)
j;cos _ Di,cos + %Di,sin + O‘?ﬁ (D:-‘rl,sin +Dll1—1,sin):| I{)
5 «a sin &B in —1,sin
+ {D;,cos o Egi,s o 7 (thwrl,s + thl 1,8 )} Ig
* Second order:
~2sin 2,sin & G1,cos 0 2sin @ q1,cos 0
JF — <Dl7 + EDl) ) Il + (027 - 5027 ) ]2 (150)
jlz:,cos _ <Di,cos _ %Di’sm) I? + (Di_,cos + %D;’Sin) ]20 (151)
s (n— 1)" order:
j%—l,sin _ (szl,sin o %D;—gcos + %Di,cos) I? + (Drzlfl,sin 4 %Dg,cos _ %D?cos) IS (152)
j;—l,cos _ <D?—1,COS + %D:,sin T %Di,sin> I? + <Drll—1,cos o %Dg,sin o %D;sin> IS (153)
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Supplementary Figure 15: Computation of the amplitudes of the Fourier terms, a%%% = a°* /Py (filled markers)
and bisin = pisin/ P, o (empty markers) (i = 0 (stars), 1 (circles), 2 (squares), n — 1 (hexagons), n (triangles up), n + 1
(triangles down), 2n (diamonds)), for a reversibly photoswitchable fluorophore 1 = 2 submitted to superposition of
light harmonic forcing at two modulation frequencies w and nw given in Eq.(136) (a = 0.5, 8 = 1) upon fulfilling the
resonance condition (101) for the intensities I{ and I3. The computed parameters (a’°%, b*S1%) obtained for the reversibly
photoswitchable fluorophore under identical resonance condition for the intensities 19 and I3, when it is submitted to a
large sinusoidal modulation of illumination at its single resonant angular frequency of modulation are shown as dotted

lines. o191 = 196 m? mol ™!, o911 = 0 m? mol™, 22 = 0 m? mol™}, 091 2 =413 m? mol %, k5 = 1.4 x 1072 s71;

10 =100t
1= 012,1+021,1
reversibly photoswitchable fluorophore equal to 2.78 rad s~! is w (a, ¢, e) or nw (b, d, f) to cover both cases when the

non-resonant frequency is either larger (a, c, ) or smaller (b, d, f) than the resonant one.

,and I = 3.3 x 1073 Ein s~! m~2. The resonant angular frequency of modulation for the considered
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« n™ order:
j%’sm _ D?’Sin 4 CYBD? + % (Dlll—lﬁos _ Dl;—&-l,cos) _ %Dimcos} I?
+ Df;ysin _ OZBDZ 4 % (DZ—H’COS _ Drzl—l,cos) + %DEH’COS} Ig
- N of (154)
j%,cos — D?’COS _ 59?—1,s1n + 7 (Din,sm + D‘r;-l—l,sln):| I?
+ _Dn,cos + ggn—l,sin o % (Dzn,sin _’_Dn—&-l,sin)} Ig
i 2 92 2 2 2
* (n+ 1)" order:
j%-i-l,sin _ (D:+1,sin + %D;—t,cos 4 %Di,cos) [? + (Drzl+1,sin _ %Dg,cos _ %D?cos) IS (155)
~ Q i af ; « . af .
JII}-H,COS _ <D?+1,c05 - 592,5111 o ?01,5111) I? + <Dt;+1,cos + 5Dl;,sm + 70?511’1) Ig (156)
» 2n™ order:
~2nsin 2n,sin O‘B n,cos 0 2n,sin aﬁ n,cos 0
JF — Dl + 791 Il + DZ - 702 IQ (157)
jén,cos — (Din,cos _ %Dy,sin) I? + (Din,cos + O‘_fgtz,sin) Ig (158)

The n-dependence of the analytically retrieved unknown parameters (jilsm,jilcos) withi =0,1,2,n —1,n,n+1,2n

is displayed in Supplementary Figure 16 for 4 < n < 500 for a reversibly photoswitchable fluorophore exhibiting the
Dronpa-2 photochemical parameters (vide infra) when it is resonant at w (Supplementary Figure 16a,c,e) or nw (Sup-
plementary Figure 16b,d,f) angular frequency of modulation. The corresponding parameters (ﬁ;lsmjiﬁcos) are compared
with the ones associated to the same reversibly photoswitchable fluorophore, when it is submitted to a large sinusoidal
modulation of illumination at its resonant angular frequency of modulation.

Supplementary Figure 17 further compares the dependence of the absolute value of the normalized out-of-phase first-
order amplitudes | 3300 [=] Tp“/{[(Q21 — Qi) 1T + (Q22 — Qu2) B]aPioc} [ and | TR =] T /{[(Q2,1 —
Q11) 1) +(Q22—Q12)19]aPt } | on I9/17 and w/IY in the case of a reversibly photoswitchable fluorophore submitted to
the sinusoidal modulation of large amplitude at two modulation frequencies w and nw (n = 10, « = 0.5 and 8 = 1) with
that obtained for a large sinusoidal modulation of illumination at a single angular frequency of modulation for the same «
K we found 197 = 3.5 x 1073 Ein

012,1+021,1

s7'm?, wf = 2.87 rad s~ for | I, | and I9% =50 x 1073 Bins~! m~2, nwf = 33,2 rad s for | I e |

value. The position of the optimum is similar in both cases: using 19 = 100

in the case of the sinusoidal modulation of large amplitude at two modulation frequencies, and IS’R = 3.5 x 1073 Ein

sTim™2, wh = 2.87rad s~! for | IR | and I3 = 3.5 x 1073 Bin s~ ! m2, Wk = 28.7 rad s~ for | IF°%_|in

the case of a large sinusoidal modulation of illumination at a single angular frequency of modulation. The amplitudes of

the optimum fairly compare as well: we computed | jll'_':,cr(l)(?rm |=2.49 x 107! and | 3;’3)3111 |= 2.55 x 10! for the dual
frequency modulation, and | Jlfq’,cfsrm |=2.49 x 107! and | J%’zfrm |= 2.49 x 10~! for the single frequency modulation.
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Supplementary Figure 16: Computation of the amplitudes of the Fourier terms, j%iﬁnm (empty markers) and ﬁi;fgzrm

(filled markers) (¢ = 0 (stars), 1 (circles) , 2 (squares), n — 1 (hexagons), n (triangles up), n + 1 (triangles down), 2n
(diamonds)), for a reversibly photoswitchable fluorophore 1 = 2 submitted to superposition of light harmonic forcing at
two modulation frequencies w and nw given in Eq.(136) (o = 0.5, 5 = 1) upon fulfilling the resonance condition (101)
for the intensities 19 and 13. Q21/Q11 = 0.01, Q2,2/Q1,2 = 0.01, and Q1,1/Q1,2 = 15; 0121 = 196 m* mol ™}, 091 1 =
0 m? mol™!, o122 =0m? mol™%, g1 2 =413 m? mol ™1, k§} = 1.4 x 1072571 I) = 100%, 19 =33x1073
Ein s~! m~2. The resonant angular frequency of modulation for the considered reversibly photoswitchable fluorophore
equal to 2.78 rad slisw (a, ¢, e) or nw (b, d, f) to cover both cases when the non-resonant frequency is either larger (a,

¢, e) or smaller (b, d, f) than the resonant one.
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Supplementary Figure 17: Theoretical dependence of the absolute value of the normalized amplitude of the out-of-
phase oscillation of fluorescence intensity, | Jge  |=| Tp“/{[(Q21 — Q11)I) + (Q22 — Q1.2)IY]aPiot} |, for

F norm
a reversibly photoswitchable fluorophore 1 = 2 resonant at angular frequency of modulation w (a,b) or nw (¢) and

submitted to modulated illumination given in Eq.(136) with wo = nw; (a,c) or Eq.(122) (b) on I9/IY and w/I{ (in
A
rad Ein™! m2). I = 100=—2L—: Q1/Q1.1 = 0.01, Q22/Q12 = 0.01, and Q11/Q12 = 15: n = 10, a = 0.5,

B =1, 0191 = 196 m> mol™, 0911 =0 m? mol™!, 5122 = 0 m? mol ™!, a1 2 = 413 m? mol™%, k5} = 1.4 x 1072
s~1. The markers correspond to isodensity curves : 0.03 (double-dash), 0.08 (dot small dash), 0.13 (dot long dash), 0.18
(dot) and 0.23 (dash). Note that the theoretical dependence of the absolute value of the normalized amplitude of the
out-of-phase oscillation of fluorescence intensity, | I |= T /{{(Q21 — Q1)1 + (Q22 — Qu2)[F]Prot }
for a reversibly photoswitchable fluorophore 1 = 2 resonant at angular frequency of modulation nw and submitted to

modulated illumination given in Eq.(122) on I8 /I and w/I? is the same as displayed in b.

s

cos jn,cos

Supplementary Figures 16 and 17 show that the amplitudes 3;4 and Jp " observed with sinusoidal modulation of
large amplitude at two modulation frequencies fairly compare with the values obtained with a large sinusoidal modulation
of illumination at a single angular frequency of modulation as soon as n > 10. Hence, it is possible to perform simul-
taneous and selective imaging of two different reversibly photoswitchable fluorescent proteins provided that they share
identical resonance conditions for the intensities I and I3 but resonant modulation frequencies differing by at least one

order of magnitude.

Retrieval of concentrations from the fluorescence intensity

Extraction of J%, J;*Sin, I from the overall signal Ir(¢)

In the cases experimentally addressed in this manuscript, the fluorescence intensity associated to the photoswitchable
probe adopts the general expression (80) by modulating light. 3%, J5°™", and J5 can be easily retrieved from the
experimental trace of the observed signal I (t) (either global or from each analyzed pixel).
J% can be obtained upon averaging Ir(t) over an integer number k of the period T = 27/w of the modulated
illumination
kT

1
Int' = T I (t)dt = 3. (159)
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/Jl,sin ~1,C08

The first-order amplitudes J" and J7 " can be extracted from the fluorescence signal upon computing the integrals

Int"s™ and Int!eos
2 kT

Intl,sin =
kT Jo

Ir(t) sin (wt) dt = 3™ (160)
1,cos 2 - ~1,C08
Intheos = _/ Ip(t) cos (wt) dt = T, (161)
kT Jo

Eqgs.(160,161) illustrate orthogonality between the various components of the fluorescence intensity in Eq. (80). In
particular, the computed integral Int°°S used to extract the Speed OPIOM image does not contain any contribution from
the constant amplitude J%, as well as from the in-phase amplitude Jllfin. This mathematical property is crucial to eliminate
the contributions of non-photoactive fluorescent interfering species, which fluorescence response contains constant and

in-phase terms only.

Quantifying a targeted photoswitchable probe

In the presence of light modulation, J;COS can be reliably evaluated from its expression in the case of a sinusoidal light

modulation of small amplitude given in Eqs.(97,100). However this approach requires the effort to acquire the values
of all parameters involved in this expression. Alternatively, quantification can proceed by calibration with the pure re-
versibly photoswitchable probe at a reference concentration. Eq.(97,100) shows that Jixcos is proportional to the overall
concentration in reversibly photoswitchable probe. Thus quantification can be simply achieved by recording the fluores-

cence intensity from a calibrating solution of the reversibly photoswitchable probe at a known concentration P&, The

concentration of the reversibly photoswitchable probe, which is retrieved at first-order is

jl,COS

Py = SE__pel (162)

1+ tot -
jl,COS,Ca
F

Supplementary Note 2: Determination of the RSFP Kkinetic parameters

The photochemical behavior of the RSFPs has been already extensively investigated.[s]’[lg] At short time scales, the de-
tailed mechanisms involved in the photoisomerization process are quite complex and not yet fully established. In the
present study, we did not attempt to bring any additional mechanistic information. In contrast, we aimed at building
two-state models relevant to account for the dynamic behavior of the investigated RSFP at the second time scale in the
physiological pH range.

We applied cycles of photoisomerization on RSFP solutions at micromolar concentrations in Britton-Robinson pH 7.5
buffer20] (acetic acid: 4 mM; phosphoric acid: 4 mM; AMPSO: 4 mM). The solutions have been illuminated at 480 nm
at constant light intensity up to the photosteady state upon recording the temporal evolution of the fluorescence emission
at 522 nm. Then the solutions were submitted to a 405 nm light source at constant light intensity upon recording again
the temporal evolution of the fluorescence emission at 522 nm. This series of experiments has been reproduced at various

light intensities (Supplementary Figures 18-25).
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Supplementary Figure 18: Photoisomerization kinetics of Dronpa. a,c: Temporal evolution of the normalized fluores-
cence emission at 522 nm of Dronpa solutions (10 uM) upon illumination at 480 (a: I = 6.4x10~* Ein s~! m~2) and
405 and 480 (c: I? =6.4x10~* Ein s~ m~2, 120 =3.7x107° Ein s7! m~2) nm. The exponential fits with Egs.(25) (a)
and (39) (c) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light intensities
I ? (b, refering to 1/ 792’1) and IS (d, refering to 1/ T{)2’2). Linear fit (solid line) enables to extract 743,480 T 931 480 from the

slope and an order of magnitude of kEAT from the value on the y-axis for I = 0 (b) and 073 405 T 037 405 from the slope
(d). T = 37°C in pH 7.5 buffer.

Analyses of the relaxation times associated to photoisomerizations at 480 nm

At pH 7.5, the temporal evolution of the fluorescence emission of the 480 nm-illuminated solutions was shown to sat-
isfactorily obey the exponential behaviour predicted in Eq.(25) for all the investigated RSFPs and at all studied 480 nm

light intensities (Supplementary Figures 18-25). We correspondingly extracted from a global fit:

e The relaxation time T?él from the curvature of the temporal evolution. Then we used its linear dependence on light
intensity 19 given in Eq.(163) derived from Eq.(18)

1
1 = (o + oz, I+ k5 (163)
1

T2
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Supplementary Figure 19: Photoisomerization kinetics of Dronpa-2. a,c: Temporal evolution of the normalized fluores-
cence emission at 522 nm of Dronpa-2 solutions (10 M) upon illumination at 480 (a: I f =7.0x10"* Eins~! m~2) and
405 and 480 (¢: 19 =7.0x10~* Ein s™! m™2, I9 = 2.0x10~* Ein s~! m~2) nm. The exponential fits with Eqs.(25) (a)
and (39) (c) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light intensities
I f (b, refering to 1/ 792’1) and IS (d, refering to 1/ 7'{)2’2). Linear fit (solid line) enables to extract 713,480 T 921 480 from the

slope and an order of magnitude of kEAT from the value on the y-axis for I = 0 (b) and 073 405 T 037 405 from the slope
(d). T = 37°C in pH 7.5 buffer.

A.

__ __ 2 :
to extract 073 450 + 053 480 and an order of magnitude of k2 T

* The relative brightness Q5 ,o,/Q7 4, Measured upon illuminating at 480 nm and collecting fluorescence at 522

nm, from the amplitude of the temporal evolution.

Supplementary Figures 18-25 display the results, which have been obtained for Dronpa, Dronpa-2, Dronpa-3, RS-
FastLime, rsEFGP, rsEFGP2, Padron and Kohinoor. The values of the extracted photochemical and kinetic parameters

are given in Supplementary Table 5 together with data from the literature.

?In this subsection, we overlined the states 1 and 2 to emphasize that the possibly pH dependent values of the cross section for photoisomeriza-
tion, the rate constant for thermally-driven relaxation as well as the brightness have been measured at pH 7.5.
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Supplementary Figure 20: Photoisomerization kinetics of Dronpa-3. a,c: Temporal evolution of the normalized fluores-
cence emission at 522 nm of Dronpa-3 solutions (10 uM) upon illumination at 480 (a: [ ? =5.8x1073 Ein s~! m~?) and
405 and 480 (c: I? =15x10"2 Eins~' m~2, 120 =1.8x1073 Ein s~' m~2) nm. The exponential fits with Egs.(25) (a)
and (39) (c) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light intensities
I ? (b, refering to 1/ 792’1) and IS (d, refering to 1/ T{)2’2). Linear fit (solid line) enables to extract 713,480 T 921 480 from the

slope and an order of magnitude of k% from the value on the y-axis for I = 0 (b) and 073 405 T 037 405 from the slope
(d). T'= 37°Cin pH 7.5 buffer.

Analyses of the relaxation times associated to photoisomerizations upon illumination at 405 and 480 nm

At pH 7.5, the temporal evolution of the fluorescence emission of the 405/488 nm-illuminated solutions was shown to
satisfactorily obey the exponential behaviour given in Eq.(39) for all the investigated RSFPs and at all studied 405 nm
light intensities (480 nm light intensity remaining fixed to a constant value). We correspondingly extracted from a global
fit the relaxation time 7?2’2 from the curvature of the temporal evolution. Then we used the linear dependence of its inverse

value on light intensity I given in Eq.(164) derived from Eq.(18)

1 0 0, 1A
02 (0§,1 + JE;) Iy + (Uﬁ,z + UE,2> I3 + kg (164)
1
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Supplementary Figure 21: Photoisomerization kinetics of rsFastLime. a,c: Temporal evolution of the normalized fluo-
rescence emission at 522 nm of RSFastLime solutions (10 uM) upon illumination at 480 (a: I? =7.0x10~* Eins~! m~2)
and 405 and 480 (c: I =7.0x10~* Eins~™' m~2, I9 = 1.4x10~* Ein s—' m~2) nm. The exponential fits with Egs.(25) (a)
and (39) (c) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light intensities
I f (b, refering to 1/ 792’1) and IS (d, refering to 1/ 7'{)2’2). Linear fit (solid line) enables to extract 743,480 T 921 480 from the
slope and an order of magnitude of kEAT from the value on the y-axis for I = 0 (b) and 075 405 T 957 405 from the slope
(d). T'= 37°C in pH 7.5 buffer.

to extract oq3 405 + 057 405.3’4 Supplementary Figures 18-25 display the results, which have been obtained for Dronpa,

Dronpa-2, Dronpa-3, RSFastLime, rsEFGP, rsEFGP2, Padron and Kohinoor. The values of the extracted photochemical

3In view of literature analysis of the photoisomerization process for RSFPs,®I17) we have considered for the numerical simulations that

photoisomerization at 405 nm totally exhausted the 480 nm photoswitched-on state 2 so as to adopt

05,405 ~ 0 m” mol ™" (165)

for all the investigated RSFP. In fact, a deviation from the null value for 073 405 does not alter the values of the light intensities and angular frequency
of modulation at resonance, but only the absolute values of the RSFP response to the light modulation. Hence, equipped with the 073,405 T O3, 405
value, we could derive an estimate of 073 405 by using Eq.(165).

*Although we could directly access the relative brightness Q?, 150/ QT, 405 from an independent experiment upon collecting fluorescence at
522 nm (see Supplementary Table 5), the global fit relying on Eq.(39) proved too constraining in order to reliably retrieve the relative brightness
Q3. 105/ Q7,405 measured upon illuminating at 405 nm and collecting fluorescence at 522 nm. Therefore we have adopted the value of the ratio
Q§,430/QT,480 as an order of magnitude of Q§’405/Qi405. The estimates of Q§,480/QT,480’ Q§,405/QT,405’ and QT,4go/QT,405 for Dronpa-2 have
been used to draw the Supplementary Figures.
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Supplementary Figure 22: Photoisomerization kinetics of rsEGFP. a,c: Temporal evolution of the normalized fluores-
cence emission at 522 nm of rsEGFP solutions (10 uM) upon illumination at 480 (a: I = 4.6x10™* Ein s~! m~2) and
405 and 480 (c: I? =4.6x10"* Ein s~ m~2, 120 =52x10"* Ein s~} m~2) nm. The exponential fits with Eqs.(25) (a)
and (39) (c) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light intensities
I f (b, refering to 1/ 792’1) and IS (d, refering to 1/ 7'{)2’2). Linear fit (solid line) enables to extract 743,480 T 921 480 from the

slope and an order of magnitude of kEAT from the value on the y-axis for I = 0 (b) and 073 405 T 037 405 from the slope
(d). T = 37°C in pH 7.5 buffer.

and kinetic parameters are given in Supplementary Table 5 together with data from the literature.

Robustness of the RSFP photochemical behavior

Robustness towards environmental changes

The relaxation times 7'?2’1 and 7'92’2 determine the resonance conditions for Speed OPIOM. To evaluate their robustness,
we measured the values of the relaxation times 7'?2’1 and T&’Q of Dronpa-2 and at 37 °C in various environments: (i)
an aqueous solution at pH 7.5; (ii) the cytoplasm of live cells; (iii) the cytoplasm of fixed cells. The results are shown

in Supplementary Table 6. They evidence the absence of any significant variation of Tfél and 7102’2 among the three
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Supplementary Figure 23: Photoisomerization kinetics of rsEGFP2. a,c: Temporal evolution of the normalized fluores-
cence emission at 522 nm of rsSEGFP2 solutions (10 uM) upon illumination at 480 (a: [ ? =4.6x10"* Ein s~! m~?) and
405 and 480 (c: I? =4.6x10"* Ein s~ m~2, 120 =52x10"* Ein s~ ! m~2) nm. The exponential fits with Eqs.(25) (a)
and (39) (c) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light intensities
I f (b, refering to 1/ 792’1) and IS (d, refering to 1/ T{)2’2). Linear fit (solid line) enables to extract 713,480 T 921 480 from the

slope and an order of magnitude of kEAT from the value on the y-axis for I = 0 (b) and 073 405 T 037 405 from the slope
(d). T = 37°C in pH 7.5 buffer.

investigated experimental conditions, which suggests resonance conditions for Speed OPIOM to be robust.
We did not observe any significant change of 7'92’1 and 7'{)2’2 in the three investigated conditions. From Eqs.(163,164),

we correspondingly concluded that the RSFP photochemical parameters 075 445+ 057 450 and sz—1 were

093,405 T 937 405°

not markedly sensitive to the environment at a same pH.

Robustness towards changes of the image acquisition frequency

Eqs.(101,102) suggest that increasing I9 and 19 at constant I /19 ratio would enable us to increase w (and correspond-
ingly the image acquisition frequency) while maintaining the resonance condition. However, this prediction is only

relevant as long as the photoswitching behavior of the RSFPs is correctly accounted for by the two-state model (8). To
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Supplementary Figure 24: Photoisomerization kinetics of Padron. a,c: Temporal evolution of the normalized fluores-
cence emission at 522 nm of Padron solutions (10 uM) upon illumination at 480 (a: [ f =7.0x10"* Ein s~! m~2) and
405 and 480 (¢: 19 =7.0x10~* Ein s™! m™2, I9 = 4.8x10~* Ein s~! m~2) nm. The exponential fits with Eqs.(25) (a)
and (39) (c) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light intensities
I f (b, refering to 1/ 792’1) and IS (d, refering to 1/ T{)2’2). Linear fit (solid line) enables to extract 743,480 T 921 480 from the

slope and an order of magnitude of kEAT from the value on the y-axis for I = 0 (b) and 073 405 T 037 405 from the slope
(d). T = 37°C in pH 7.5 buffer.

evaluate the scope of its relevance, we submitted fixed H2B-Dronpa-2 cells labelled at the nucleus to light jump exper-
iments at larger light intensities than done above by using our microscope instead of our fluorimeter for illumination
(Supplementary Figure 26).

Even at the highest investigated 480 nm light intensity giving rise to fluorescence drops at the millisecond time scale,
the temporal evolution of the fluorescence emission of the illuminated cells was shown to satisfactorily obey the expo-
nential behaviour predicted by the two-state kinetic model in Eq.(25) (Supplementary Figure 26a). Moreover we could
observe the theoretically predicted linear dependence of the inverse of the relaxation time 1/7¢, on the light intensities 9

(Supplementary Figure 26b) with the same 075 450 T 957 480 value as observed in Supplementary Figure 19. We similarly
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Supplementary Figure 25: Photoisomerization kinetics of Kohinoor. a,c: Temporal evolution of the normalized fluores-
cence emission at 522 nm of Kohinoor solutions (10 uM) upon illumination at 480 (a: [ ? =6.4x10"* Ein s~! m~?) and
405 and 480 (c: I? =6.4x10~* Ein s~ m~2, 120 =3.7x107° Ein s~! m~2) nm. The exponential fits with Egs.(25) (a)
and (39) (c) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light intensities
I f (b, refering to 1/ 792’1) and IS (d, refering to 1/ T{)2’2). Linear fit (solid line) enables to extract 743,480 T 931 480 from the

slope and an order of magnitude of kEAT from the value on the y-axis for I = 0 (b) and 073 405 T 037 405 from the slope
(d). T = 37°C in pH 7.5 buffer.

observed that the fluorescence emission from 405/488 nm-illuminated cells satisfactorily exhibited the exponential be-
haviour predicted with the two-state kinetic model in Eq.(39) at all studied 405 nm light intensities (480 nm light intensity
remaining fixed to a constant value). Gratefully the linear dependence of the inverse of the relaxation time T{)Q’Q on light
intensity I3 given in Eq.(164) derived from Eq.(18) provided the same 073 405 T 737 405 value than observed at lower light
intensities.

Hence we could conclude that the two-state kinetic model used to model the RSFP photoswitching behavior is relevant
down to the millisecond time scale, which suggests that image acquisition frequencies as high as 50 Hz could be used

with Speed OPIOM.
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Supplementary Table 5: Photochemical and kinetic parameters of Dronpa, Dronpa-2, Dronpa-3, RSFastLime, rsEGFP,
rsEGFP2, Padron, and Kohinoor at pH 7.5 and at 37 °C.

RSFP Q?izg 012480 * 937480 72,405 T 937 405 g;—i:g kS

(m? mol™1) (m? mol™) s
Dronpa ~0.01¢ 5.1+0.5 354.5 £ 0.1 ~31 (24+2) x 107%?
Dronpa-2 ~0.01 196 + 8¢ 413 £25 ~13 (14 £4) x 10734
Dronpa-3  ~ 0.01 29 4 2¢ 331 +4 ~12 (1.0+0.3) x 1071/
rsFastLime ~ 0.019 36 £5 648 + 11 ~18 (242) x 10737
rsSEGFP ~0.01 72+ 13 581 + 13 ~ 11 (84 5) x 10731
rsEGFP2 ~0.01 113 +8 672 + 18 ~5 (3+£3)x 1073
Padron ~6 36 +1 96.8 £ 0.6 ~6 (04+6) x 10747
Kohinoor ~6 56 +£3 233 +2 ~ 17 (04+1) x 1073

@ 0,06 is given in; ' © 2 107% s~ is reported in;[* 11 ¢ 157 m? mol~! in;[6) ¢ 3 10~2 and 1.5 10~2 s~ are respectively
reported in¥ and;® € 21 m? mol=! in;¥ / 0.17 s~ in;[6) 9 0.015 is given in;™") 7 2 1073 s~ is reported in;[%- 1] 7 7
10~% is reported in;[*8) 7 1 10~% s~ 1 is reported in;!™') # 1 10~* s~ is reported in.['7]

Supplementary Table 6: Dependence of the relaxation times 792’1 and 7&2 of Dronpa-2 on the environment at pH 7.5

and at 37°C. For fixed and live cells, the measurement was performed on ten different cells in the same field of view.

Sample 7'82’1 (ms) T102’Z (ms)
in vitro 359 £ 1 163 + 1
Fixedcells 338 9 1577
Live cells 350+£9 162 +7

Supplementary Note 3: Speed OPIOM implementation

The implementation of Speed OPIOM requires (i) to determine the light intensities at the sample of the two light sources
used for RSFP photoswitching (typically 480 and 405 nm) and (ii) to set up the relevant illumination conditions to target

the desired reversibly photoswitchable fluorescent proteins (RSFPs).
Measurement of light intensities

Instead of using a powermeter (which is not always accessible in a laboratory of Biology), we propose to directly exploit
the photochemical properties of the RSFPs which have been measured during this study and which are expected to be
used for Speed OPIOM imaging. The principle of the calibrating experiments is to apply light jumps on RSFP-containing
samples and to analyze the temporal evolution of the collected fluorescence emission to extract the light intensities sought
for. We recommend to use calibrating samples at the closest to the original samples to be subsequently observed with
Speed OPIOM. We typically use fixed cells expressing Dronpa-2 in the nucleus for most of our experiments. Such a

calibrating sample has been shown photochemically reliable beyond the month timescale.
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Supplementary Figure 26: Photoisomerization kinetics of Dronpa-2 at large light intensities. a,c: Temporal evolution of
the normalized fluorescence emission of fixed H2B-Dronpa-2 labelled cells upon illumination at 480 (a: I = 1.8x10~!
Ein s~! m~2) and 405 and 480 (¢: 1Y =3x107? Eins ! m~2, I§ =7.6x10~! Ein s~! m~2) nm. The exponential fits with
Egs.(25) (a) and (39) (¢) are shown as solid lines; b,d: Dependence of the inverse of the relaxation time 1/ 7'?2 on the light
intensities [ ? (b, refering to 1/ 7{32’1) and [’ g (d, refering to 1/ TPéQ). Linear fit (solid line) enables to extract 05 40+ 057 450
from the slope (b) and 073,405 T 937 405 from the slope (d). 7" = 37°C. ’ ’

In a first step, the RSFP-containing sample is briefly illuminated (typically at 405 nm) to restore the RSFP thermo-
dynamically stable state (denoted 1 in Section ).> The sample is then submitted to a light jump (typically at 480 nm) at
constant light intensity I and the fluorescence image is collected as a function of time. The fluorescence signal (obtained
by integration over the RSFP-containing zone) is then plotted as a function of time. One should typically observe the
temporal dependence observed in Supplementary Figure 19a when using Dronpa-2 (or the corresponding figures for the

other RSFPs). This temporal dependence is subsequently fitted in the time window where the fluorescence signal varies

3Indeed, the calibrating sample may have been exposed to sunlight so as to yield some photoswitched state (denoted 2 in Section ).
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from its initial steady-state value Ir (0, A1) with the law given in Eq.(166)

[F(t) = IF(O,AQ) +Al1 |:1 — exp (—L>:| (166)

7_11

which derivation is given in subsection . 7y, is extracted from the fit and [ D is subsequently derived from Eq.(167)

(L _ ké)

0 T\ 21

0 = (167)
(Uﬁ,xl + UE,M)

by expressing 7, in second and by using the values of kZA—1 and (oﬁ an oo /h)’ which are given in Supplementary
Table 5. This experiment can be reproduced for several values of the light powers in order to calibrate the light source at
A1

In a second step, the RSFP-containing sample is illuminated (typically at 480 nm) at constant light intensity 9. Tt
is then submitted to a light jump (typically at 405 nm) at constant light intensity I3 while maintaining light intensity I
at a constant value. The fluorescence image is again collected as a function of time and the temporal dependence of the
fluorescence signal (obtained by integration over the RSFP-containing zone) is subsequently plotted. One should typically
observe the temporal dependence observed in Supplementary Figure 19c when using Dronpa-2 (or the corresponding
figures for the other RSFPs). This temporal dependence is subsequently fitted in the time window where the fluorescence

signal now varies (starting from the steady-state value I (0, A1 A) reached before application of the I3 jump) with the

1 —exp (_T)th )} . (168)

Ta, 2, 18 extracted from the fit and 1 9 is subsequently derived from Eq.(169).

law given in Eq.(168)

Ir(t) = IF(O»lle)_‘_‘Alllz

L — _ 0 LA
0 {@ B (012,11 + ‘721,/11) L kg}
ko (169)

(UE,M + Uﬁ,b)

by expressing 7y,,, in second, and by using the values of I 9 (obtained from the calibration indicated above) and kZA—1,

(oﬁ A, T 027 /11) , and (O’ﬁ 2 T 027 lz) which are given in Supplementary Table 5. This experiment can be reproduced

at several powers of the second light source in order to calibrate the light source at As.

Setting up illumination to target RSFPs

Once the light sources have been calibrated, it is possible to determine the illumination conditions to be used to specifically

target the RSFPs in the sample. We successively consider two situations:

e The sample contains one RSFP and the goal is to eliminate the fluorescence signal from interfering species (for

example auto-fluorescence, ambient light, non-photoactive fluorophores). In such a situation, it is worth to adopt
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the resonance conditions (101,102) for the targeted RSFP since they maximize the Speed OPIOM RSFP signal
while maintaining an exclusive contrast against optical interferences. One should preferentially adopt the highest
available light intensities compatible with resonance in order to increase both the temporal resolution of Speed
OPIOM imaging and the signal to noise ratio. Denoting I}"** and I5"** for the highest available intensities of the
two light sources and using data given in Supplementary Table 5 for the values of 019 3, +021 3, and 012 3, + 021 2,,

one should adopt

II’II&X
= 1T (170)
+ Imax
19 (o124 0210) If 171
(0122, +0212,) 2
if (0122, + 0212, ) I < (0120, + 091.2,) 15
IIII&X
110 — (0.12;12 + 0.21;12) 2 (172)
(0120 T 0210,) 2
Imax
n = 2 (173)
2
if (012,2, + 021,2,) 11" 2 (0122, + 021.2,) I3
Then the resonant angular frequency of modulation of the illumination modulation is equal to
w = min (o124, +0212,) ", (G120, + 0210,) I3, (174)
and the corresponding period 7" equal to
2
T — il (175)

min [(o12,2, + 021.2,) I, (012, + 021,2,) 18]

gives the Speed OPIOM temporal resolution, which is equal to one period of illumination modulation;

The sample contains several RSFPs and the goal is to discriminate their individual contributions (still by elimi-
nating optical interferences). In such situations, the goal is to set illumination conditions so as to maximize the
normalized response (| Jllgiifrm =] 35 /{[(Q21 — Qi1)I} + (Q22 — Q12)I]aPio} |) of the desired RSFP
while keeping the normalized responses from others RSFPs below a threshold (typically 10%). We provide a Math-
ematica computable document (Speed OPIOM.cdf) where the user can enter the desired responses from the RSFPs
among the eight RSFPs described in the paper to identify set(s) of 19, I9 and w values where the desired imaging

conditions are fulfilled. This application can be opened using Mathematica CDF player which is freely available at

https://www.wolfram.com/cdf-player/ after registration.
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Supplementary Note 4: Matlab code for OPIOM imaging

function [IFO,IFlout,IFloutmed,Phase]l=opiom_(filename,period,phi_acq,n_per,skip_per)
% Computes pre-0PIOM (IFO), OPIOM (IFlout), OPIOM

% median-filtered (IFloutmed) and phase (Phase) images

% We assume movie acquired is already loaded in Matlab

% (as camera manufacturer usually provide code to import files)

% ’filename’ is the matrix to be treated

% ’period’ is the period of the light excitation defined as frame number
% ’phi_acq’ is the phase delay between the dates of camera recording

% and light excitation previously calibrated with fluorescein or EGFP

% ’n_per’ is the total number of periods used for calculation

% ’skip_per’ is the number of periods to skip before calculation

h

npts = period*n_per;
first = skip_perx*period;
[X,Y,Z]=size(filename) ;

Holder = zeros(X,Y,npts);

IFlout = zeros(X,Y);

IFlin

zeros(X,Y);

for i=1:npts
Holder(:,:,i)=filename(:,:,i+first);

end

%hhthly Photobleaching correction assuming a linear decaylhhhhl

% Calculate the average signal over the first half of periods
linePointl=mean(Holder(:,:,1:((npts)/2)),3);

%Calculate the average signal over the last half of periods
linePoint2=mean(Holder(:,:, ((npts)/2+1):end),3);

% Calculate the slope B(x,y) (See Eq. XXX)
slope=(linePoint2-linePoint1)/(npts/2);

%Correction for photobleaching
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for i=1:npts
Holder(:,:,i)=(Holder(:,:,i)-slope.*i);

end

%hlth’s Data processing %hkhhk

% Compute pre-0PIOM image
IFO = mean(Holder,3);

% Compute OPIOM image
for i=1:npts

IFtlout(:,:) = (IFlout(:,:) + (Holder(:,:,i)).*cos(pi*(2xi-1)/period + phi_acq));

IF1in (:,:) (IF1in(:,:) + (Holder(:,:,i)).*sin(pi*(2*i-1)/period + phi_acq));

end

IFlout = 2.*IFlout ./ npts;

IF1lin = 2.*IFlin ./ npts;
IFloutmed=medfilt2(IFlout, [3,3]);
Phase = atan(IFiout./IF1in);

%%% Display Pre-Opiom image
figure;imagesc(IF0) ;colormap(gray(4096)) ;colorbar;

%%% Display Opiom image
figure;imagesc(IFloutmed) ;
colormap (gray (4096)) ;

colorbar;

Supplementary Note 5: Comparison of the selective contrasts obtained with Speed
OPIOM, SAFIRe and OLID

To compare the selective contrasts obtained with Speed OPIOM, SAFIRe and OLID, we recorded a movie from a mi-
crofluidic device with four rectangular chambers filled with solutions of the spectrally similar Dronpa-2, Padron, Dronpa,

or EGFP under the three resonant conditions associated to each RSFP. The movie has been subsequently used to build the
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Speed OPIOM, SAFIRe and OLID images from which we eventually analyzed the contrasts of the targeted RSFP against

the various spectrally interfering fluorescent proteins.
Acquisition conditions

Supplementary Table 7 displays the acquisition parameters used to image Dronpa-2, Padron, Dronpa and EGFP in Sup-

plementary Figure 27.

Supplementary Table 7: Acquisition parameters used to image Dronpa-2, Padron, Dronpa and EGFP at 37°C in Supple-
mentary Figure 27.

Figure 27 Objective Periods : Images  Aexc.1 19 Aexc,2 19 w f a

(mm) (Einm2s™') (@@mm) Einm2s') (ads™h Hz) %
a,b,c,d 10x 10 : 100 480 251073 405 191073 6.3 1 100
e,f,g,h 10x 2:80 480 23102 405 43102 0.6 0.1 100
ikl 10x 2 400 480 24102 405 281074 02 003 100

Computation of the SAFIRe and OLID images
SAFIRe

The SAFIRe images were computed from the time series of the Speed OPIOM experiment as:

S(a.) = VIR (@,9)? + T )2 (176)
where J3°* (2, y) and 3;’Sin(x, y) were respectively given in Egs.(3) and (177)
. | Anm—l .
W (e y) = 5 I;) {(Ip(x,y,k)) X sin (7 + ¢acq)} . (177)
OLID

The OLID images were computed from the time series of the Speed OPIOM experiment as:

) = 4%1 (Ir(2,y, k) — Te(,y. k)i ) Ipr(z,y, k) — <IF,R(:r,y,k)>i‘;‘3‘1)

(178)
=0 Ozy Ox,y,R

where v (x,y, k) (resp. I r(x,y,k)) is the fluorescence intensity at pixel (x,y) (resp. (Zref, Yres), for example within
the reference) of the k™ frame during the photoconversion cycle. (Ir(z,y, k)" " and (Ir g(z, v, k)>2r;r8_1, and o,
and o, 4 g respectively designate the mean values and the standard deviation (std) values of the fluorescence intensity at

the considered pixels.
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Speed OPIOM, SAFIRe and OLID images
Results

Supplementary Figure 27 displays the obtained Speed OPIOM, SAFIRe and OLID images.
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Supplementary Figure 27: Comparison of the selective contrasts obtained with Speed OPIOM, SAFIRe and OLID.
A microfluidic device with four rectangular chambers (250x 125x20 um?) was filled with solutions of Dronpa-2 (D2),
Padron (P), Dronpa (D), or EGFP (E) (the numbers in a indicate the concentrations in uM). The pre-OPIOM (b.f,j), Speed
OPIOM (c,g,k), SAFIRe (d,h,l) and OLID (e,i,m) images have been recorded with a 10 x objective at Aey, = 525 nm by
sinusoidally modulating dual illumination tuned to the resonance of Dronpa-2 (b,c,d,e; Aexc 1; I ?; w; f; a) = (480 nm;
2.5 x 1073 Binm 2 s71; 6.3 rad s71; 1 Hz; 100%), (Aexc,2; I9; w; f; @) = (405 nm; 1.9 x 1073 Ein m 2 s~1; 6.3 rad
s~1; 1 Hz; 100%), Padron (f,g,h,i; Aexc,1; I?; w; f; @) = (480 nm; 2.3 x 1072 Einm~2 s71; 0.6 rad s~ '; 0.1 Hz; 100%),
(Rexc,2; 193 wi f; ) = (405 nm; 4.3 x 1072 Einm 2 s7%; 0.6 rad s~ 1; 0.1 Hz; 100%) and Dronpa (jyk,Jym; Aexc,1; 17 w;
fi ) =480 nm; 2.4 x 1072 Ein m~2 s71; 0.2 rad s—*; 0.03 Hz; 100%), (Aexc,23 IS; w; f; @) = (405 nm; 2.8 x 1074
Ein m~2 s7%; 0.2 rad s—'; 0.03 Hz; 100%); Solvent: pH 7.5 50 mM HEPES buffer; T = 310 K. For OLID, we used as
the reference signal the time-averaged fluorescence emission from a 20 x 20 pixels area (displayed as a red square in the
pre-OPIOM image series) from the microfluidic chamber containing the targeted protein.

-1000

196



A.2. ELECTRONIC SUPPLEMENTARY MATERIAL

Discussion

As expected, Speed OPIOM selectively provides the image of the targeted RSFP while erasing the signals from non-
targeted RSFPs as well as from non-photoactive fluorophores. More precisely, significant contrast enhancements have

been obtained in Supplementary Figure 27 as displayed in Supplementary Table 8.

Supplementary Table 8: Contrast enhancements X/ (defined in Eq.(7)) obtained with Speed OPIOM imaging in a
mixture containing Dronpa-2, Padron, Dronpa and EGFP at 37°C (see Supplementary Figure 27).

Figure27 t i Xt /i
b,c, Dronpa-2 EGFP 220
b,c Dronpa-2  Dronpa 13
b,c Dronpa-2 Padron 67
f,g Dronpa EGFP 210
f.g Dronpa  Dronpa-2 4.9
f.g Dronpa Padron 11
J.k Padron EGFP 170
J.k Padron  Dronpa-2 2.0
j.k Padron Dronpa 16

SAFIRe is not under optimal conditions to eliminate the signal from spectrally interfering fluorophores since the
modulated light intensity at 480 nm is also the wavelength for exciting all the fluorophores.® Hence the SAFIRe image is
mainly dominated by the zeroth order term which is present in the 3;’51“ contribution (see Eqs.(99,131)) of Eq.(176) and
the final SAFIRe image exhibits a strong similarity with the pre-OPIOM image.

Eventually, the extracted OLID images underline the significance of the angular frequency of modulation of the
periodically modulated illumination to govern the OLID relevance to selectively discriminate a targeted RSFP from spec-
trally interfering fluorophores. It is only when the phase lag between the targeted RSFP and the interfering fluorophore
is equal to 7/2 or 37 /2 (which is not strictly the case in Supplementary Figure 27) that OLID can efficiently eliminate
the interfering contributions. In particular, this condition cannot be simultaneously met when the spectral interferences

originate from a mixture of RSFPs and non-photoactive fluorophores since they are associated to different phase lags.’

To benefit at most from SAFIRe, image recovery is achieved through selective fluorescence enhancement via modulating a secondary excitation
light source at much lower energy than the observed emission.

"Under our experimental conditions, the fluorescence emission from all the fluorescent proteins experience a sinusoidal temporal modulation at
steady-state. For the targeted RSFP (f = ¢, k = n) and for the interfering fluorophore (f = i, & = m), we adopt

+o0 ,Jk

Ies(t) = 32 [1 + > 5o sin (kb + d)n,,f)} (179)
k=1 "Ff

where k is an integer, ¢ ¢ is fixed to zero, and ¢y, ; # 0. In the case of RSFPs,

2
~T n,sin 2 ~T,COS
JF)f:\/ (385) +(JF"f ) (180)
1,sin

whereas ﬁéy 5 =I5 ; and Jg ; = 0 (n > 2) in the case of non-photoactive fluorophores. Then Eq.(178) yields p
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This feature explains the incomplete discrimination of the targeted RSFPs against the spectrally interfering fluorophores

in Supplementary Figure 27.8

Supplementary Note 6: Speed OPIOM limitations arising from noise considerations

All modulation-based techniques such as Speed OPIOM are limited by the enhanced and intrinsic noise of the detector.
We have correspondingly measured the noise of the instrument alone and under a constant non-modulated illumination
using the Sony IMX 174 camera on our home built setup for remote Speed OPIOM imaging as an example. We eventually
derived an order of magnitude of the minimal OPIOM signal, which can be reliably extracted in the presence of an

interfering non-modulated signal.

Theoretical derivations

The data treatment of the camera consists of averaging N, periods of signal at the modulation frequency f,,; it is equiva-
lent to applying a narrow band-pass filter having a width f,,/N.. When the camera receives a non-modulated stray light
component, we consider that ny electrons are produced at each camera frame. It gives rise to a current I, = ng.e.f,
where f. designates the acquisition frequency of the camera. Speed OPIOM filters out this signal. However this light
also produces photon noise at all frequency components that will blur the actual Speed OPIOM signal. For a mean level
ns (evaluated by the current Iy = ngs.e.f.), the photon noise (evaluated by the square of the current I,, = ny.e.f. or
similarly by the square of the electron number n,,) that appears on the entire bandwidth is given by Schottky noise for-
mula 12 = 2I,.e. fn,/N., where e is the electron charge. We correspondingly derive (1,,.¢.f.)? = 2.n .e.f..e.fm /N, and
finally n2 = 2.1, f,n/ fo-Ne. Even when no light is sent to the camera, a noise remains corresponding to the reading noise
of each pixel of the camera. By introducing n, as the number of electrons injected as noise in each frame in each pixel,

we derive the intrinsic camera read noise as n2f,,/ (f..IN.). We eventually extract the expression of the global noise in

 Interfering RSFPs

+oo
_ 1 ~T n
p = Toror Z_;JF‘,th,i (cos ¢n) (181)
¢ Non-photoactive fluorophores
1
p = s———Tp Tk {cosd1). (182)

202,y02,y,R

Two features are worth to be pointed out:

e At a given angular frequency of modulation, the phase lags ¢; depend on the photoswitching kinetics of the spectrally interfering fluo-
rophores. In particular, they cannot be simultaneously fixed to /2 or 37 /2 for all interfering fluorophores;

« The dominating J% , and J% ; terms in Eqs.(181,182) contains zeroth order contributions from the J%5™ and 355%™ terms, which are non-
g Jr ¢ F,i q F,t F,i
vanishing for the interfering fluorophores.

Thus, in contrast to Speed OPIOM, OLID cannot simultaneously eliminate kinetically distinct interfering fluorophores
81n particular, note that the PDMS autofluorescence (especially when excited at 405 nm) generates non-vanishing OLID signals.
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Eq.(183):

n, = [fm/(fc-Nc)].(anrzns) (183)

We now respectively call O and S (in electrons per second on a single pixel) the OPIOM signal and the non-modulated
light (they respectively yield O/ f. and S/ f. electrons per image) and we choose the camera frequency f. = 2.5/ns so
that the camera is half way to saturation (n;). By considering that Eq.(183) gives n2 = [f,./ (fe.Ne)] .2.n5 at high light

intensity, we can evaluate the minimal OPIOM detectable signal O,,;,, against the non-modulated signal S as

S.fm
Ne

Omin = 2 (184)

Noise measurement

Supplementary Figure 28 displays our measurement of the total noise after demodulation of our Sony IMX174 camera,

which has been illuminated with a non-modulated light source either with 1/4, 1/2, or nearly full light capacity of the

camera.

Noise vs light level

_l T T T T | T T T T | T T T T =

300

100
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0 10000 20000 30000
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Supplementary Figure 28: Measurement of the noise from the Sony IMX174 camera on our home built setup for remote

Speed OPIOM imaging. Markers: experimental points; line: theoretical prediction based on the n, value provided by the
manufacturer (n, = 7.e).

Eq.(183) describes correctly the observed behavior. With ny = 32000e, f,,,/f. = 20 and N. = 9, we got an excellent

agreement between the observed behavior and the one predicted using the value indicated by the manufacturer.
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Derivation of the minimal OPIOM contribution to the fluorescence signal

In practice, f. can span 1 to 100 Hz with ng = 32000e (well depth of the IMX174 camera). Then S can be in the range of
3.2 x 10* t0 3.2 x 10% e s~! on a single pixel (for example 1.53 x 10~ to 1.53 x 10~2 W), which yields O,,;, = 120
to 1200 e s~ ! (corresponding to 5.76 x 10~17 to 5.76 x 10~'®W. Thus at the maximum non-modulated light illumination,
we can reliably detect an OPIOM signal which is 2666 times smaller (with a 100 times smaller non-modulated light
illumination, the accessible ratio is still 266). Finally it is worth of note that all these numbers have been computed for a

single pixel. However averaging data on 10x 10 pixels would already increase the signal quality by a factor 10.
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Résumé

L’analyse de 1’émission de fluorescence sur un modele foliaire a permis de mettre au point un premier dispositif
optique pour la macro-imagerie par fluorescence qui met en ceuvre le protocole Speed OPIOM (Out of Phase
Imaging after Optical Modulation) pour observer la fluorescence de plantes vivantes marquées avec des protéines
fluorescentes réversiblement photo-commutables génétiquement encodées. Ce systéme optique a été congu pour
obtenir une image de bonne qualité des canaux d’émission rouge et vert sur une surface d’environ 4 X 4 mm?2. Il a
permis aux biologistes de mesurer le niveau d’expression des sondes fluorescentes dans les plantes vivantes, sans
interférence de 1’autofluorescence et de la lumiere ambiante, méme en plein soleil. Ce macroscope de fluorescence
a également trouvé d’autres applications en macro-imagerie de fluorescence, par exemple 1’analyse de Western
blots et la sélection bactérienne sur des supports fortement autofluorescents. Un endoscope a faisceau de fibres
optiques intégrant Speed OPIOM a également été construit. Ce second dispositif optique a également amélioré le
contraste de ’image sur un fond autofluorescent. De plus, il a été utilisé pour mettre en évidence un phénomene de

sectionnement optique a ’aide d’une série de simulations numériques et de mesures expérimentales.

Mots-clés : macro imagerie, plante sentinelle, autofluorescence, lumiére ambiante, endoscopie, sectionnement

optique.

Abstract

Based on an analysis of the fluorescent emission on a leaf model, a first optical setup has been built for macro-scale
fluorescence imaging, which implements the Speed OPIOM (Out of Phase Imaging after Optical Modulation)
protocol to observe the fluorescence of living plants labeled with genetically-encoded reversibly photoswitchable
fluorescent proteins. The optical system was designed to image both the red and green emission channels with
good quality over an area of about 4 X 4 mm2. This setup allowed biologists to measure the level of expression
of fluorescent probes in living plants, without interference from autofluorescence and ambient light, even under
sunlight. This fluorescence macroscope also found other applications in fluorescence macro-imaging, e.g. western
blot analysis & bacterial selection, against the autofluorescence of the substrate. A fiber bundle-based endoscope
incorporating Speed OPIOM has also been built. This second optical setup improved as well the contrast of the
image against an autofluorescent background. In addition, it has been used to evidence optical sectioning by a
series of numerical simulations and experimental measurements.

Keywords : macro imaging, sensor plant, autofluorescence, ambient light, endoscopy, optical sectioning.



