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Chapter 1

General Introduction

Analytical chemistry aims at identifying and quantifying one or several species of interest
in a mixture. This task may seem obvious if we refer to the solutions that are analyzed during
practical chemistry courses. Nevertheless, real’ mixtures to analyze are much more com-
plex. For instance, a synthesis usually leads to a mixture containing the product of interest
with additional side-products whose nature and properties are unknown. Biological me-
dia are chemical mixtures of exceptional interest and significance. Their investigation and
detailed analysis require developing analytical tools fulfilling the demanding constraints re-
sulting from their singular features. Indeed, biological samples such as a living cell are highly
complex. In particular, multiplexed observation of myriads of mixture components with the
highest possible spatiotemporal resolution appears highly desirable. As we shall see later,
one attractive road to address this challenge relies on exploiting the rich kinetic signature of
probes engaged in a reactive network. The selectivity for targeting a given mixture compo-
nent then results from the capability to address a network of reactions characterized by its
topology as well as by its rate constants. This general introduction is organized as follows.
After emphasizing on the singularity of living cells contents as chemical mixtures, we exam-
ine the three key actors - probes, observables, and action - intervening for cell imaging. We
eventually review the state of the art of cell imaging exploiting kinetic information of targeted
photo-active probes. We end up with the definition of the goals and the presentation of the

manuscript of this PhD work.
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1.1. A SINGULAR CHEMICAL MIXTURE : THE LIVING CELL

1.1 A singular chemical mixture : the living cell

With respect to classical mixtures addressed in Analytical Chemistry, a living cell displays

several features making it highly singular.

* A cell contains an extremely large number of mixture components (10* - 10°) rather

similar (e.g. proteins, RNAs).

e The concentrations of the mixture components cover more than a ten orders of mag-

nitude range. =

* A cell exhibits a spatial heterogeneity as evidenced from the presence of numerous in-
teracting compartments present in a cell and from the 2D-heterogeous organization of
the cell membrane. Within the cells, cytoskeleton maintains the intracellular arrange-
ment of the organelles such as the nucleus, mitochondria... whereas the cytoplasm

contains macromolecules (e.g. proteins, RNAs...), small molecules and ions.

» At steady-state, different processes take place at various timescales (protein produc-
tion, phosphorylation, translocation...).

e A cell is an out-of-equilibrium alive state that exchanges energy and matter with the

external medium.

Novel dedicated analytical tools (in particular non-invasive) have to be developed to face

such features.

1.2 Imaging cellular components

1.2.1 General principles in analysis

An analytical method must be selective to accurately quantify the species of interest in
the investigated mixture. Indeed, analyzing consists in differentiating the target from the
other mixture components. Thus, the first question to address is : what are the differences
between the components of a mixture ? Detecting a targeted species within a complex mix-
ture requires a probe. As a consequence, the second question is : which probe should be cho-
sen to target a given component ? Other considerations are here expected to intervene for
choosing the probe. Thus, the associated observable should be carefully analyzed in terms
of selectivity, sensitivity, biocompatibility... Moreover, one should also consider the actions

that can be applied on the system to read-out the signal of the probe (see below).

14



1.2. IMAGING CELLULAR COMPONENTS

1.2.2 Probes

This subsection addresses the constraints and the opportunities provided by endogenous

and exogenous probes for imaging cellular components.

1.2.2.1 Constraints

Addressing a given component in a mixture without any separation requires a probe,
which can be either endogenous or exogenous. Ideally, to be able to target any component
in the mixture requires establishing commensurability between the discriminative efficiency

and the number of mixture components.

1.2.2.2 Opportunities

The first category of probes is composed of structural probes. They integrate either spe-
cific atoms or functional groups, which are generally read-out by a spectroscopy. In the bi-
ological context, endogenous probes are not enough numerous to permit discrimination of
the myriads of similar cellular components. Indeed, only 92 atoms are stable which is not
commensurable with the number of mixture components. The succession of atoms in a
molecule leads to the formation of organic functional groups. Again, biomolecules (e.g. pro-
teins, nucleic acids) contains essentially the same functions that does not allow to distin-
guish them. To circumvent these limitations, exogenous probes have been used to specifi-
cally label a desired mixture component. If this exogenous probe exhibits unnatural chem-
ical functions or singular spectroscopic properties, it can be employed to give a unique sig-
nature.

The second category of probes is composed of probing reactions. The targeted mixture
component is not anymore directly read-out. In contrast, it is engaged in one (or more)
chemical reaction(s) and it is now the signal from a reporting exogenous reagent, which is
used to retrieve information on the targeted component. The prototype of this approach is
the titration, which relies on a titrating reagent added to the medium to be analyzed that
probes specifically the analyte of interest thanks to a chemical reaction. With respect to
structural probes, securing selectivity for addressing a given mixture component does not
anymore originate from the labeling step, but from the specificity of the reaction of the re-
porting reagent with the targeted component. In a first approach, the selectivity may result
from a difference between the equilibrium constants associated to each mixture component
regarding the chemical reaction. Nevertheless, in a mixture containing similar components,
a probe may exhibit close affinities for several targets. To overcome this issue, selectivity
needs to be improved. Relying on kinetics instead of thermodynamics permits to increase
the number of discriminative parameters. Indeed, in the most simple case (two-state ex-

change), two independent rate constants instead of one single thermodynamic constant are
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1.2. IMAGING CELLULAR COMPONENTS

associated to the titration reaction for each component of the mixture. Thus, titration under

kinetic control gives access to a space of discriminative parameters of larger dimension.

1.2.3 Observables

The observable used for reading-out the signature from the label(s) involved in the probe
(an intensity, a lifetime...) contributes to determine the selectivity (via the ratio of its band-
width over its dynamic range) and the sensitivity (via the minimal detectable probe concen-
tration, which determines the fraction of mixture components to be explored) of the probe
analysis. It also governs the spatiotemporal resolution, which can be obtained for cell imag-
ing. This subsection lists the most important observables, which have been currently used

to image living cells.

1.2.3.1 Absorbance

The ability of a solution containing a probe to absorb light is quantified by its absorbance!®
A. The Beer-Lambert law expresses the absorbance of the probe as a function of its concen-

tration ¢ when excited at the wavelength A :
A=e(Ap)lc (1.2)

where €(Ag) denotes the molar absorption coefficient of the probe at wavelength Ar and [
the optical path of the sample. As a result, measuring the absorbance enables to determine
the concentration of the probe either with the value of the molar absorption coefficient or
with a calibration curve.

The absorbance governs the contrast observed in bright-field microscopy. In this case,
the sample is illuminated with white light from the bottom. The transmitted light is detected
through the ocular. Thus, in a typical image from bright-field microscopy, the sample ap-
pears dark with a bright background due to the absorption of light by the dense areas of the
sample. The contrast is generally poor. In addition, due to the heterogeneity of the biological

medium, light scattering can interfere with the absorption phenomenon.

Sensitivity The detection limit in absorption spectroscopy is around 1 uM.* In the case
of low absorbance measurements, two large signals slightly different are compared.® This

results in a relatively low sensitivity of a microscopy based on absorbance.

[The absorbance A of a solution can be expressed as function of the incident I° and transmitted I7 light

intensities :

IO
A:log(l—) (1.1)
T

16



1.2. IMAGING CELLULAR COMPONENTS

1.2.3.2 Raman scattering

Molar absorption coefficients for transitions between vibrational levels are smaller than
the ones associated to transitions between electronic states, which restricts their use to im-
age the most abundant components of cells. In addition, the water signals can strongly in-
terfere with infra-red light absorption. However, Raman scattering can be used to reveal
vibrational levels of a molecule. Raman effect is an inelastic process : the scattered pho-
tons have either a lower (Stokes) or a larger (anti-Stokes) energy compared to the one of the
incident photons.® The energy difference between the incident and scattered photons corre-
sponds to the energy difference between two vibrational states. Raman microspectroscopy is
alabel-free technique for cell imaging but with limited speed and sensitivity.” Advanced Ra-
man techniques such as Coherent anti-Stokes Raman scattering (CARS)®Y and Stimulated
Raman Scattering (SRS)'®!! have recently emerged with a significant improvement of the

sensitivity.

1.2.3.3 Fluorescence

Upon absorption of a photon of appropriate wavelength, a fluorophore is promoted to
its first excited singlet electronic state S;. The excited molecule returns to its fundamental

electronic state (Sp) in different manners (see Figure 1.1).

S, 2 C
3 T,
¢
K E
=IC 2 3 ISC =
tx S g IS¢ —
1 T, < Ae—

|ABSORPTION||[FLUORESCENCE| PHOSPHORESCENC

h A

h J

ot b
-
b
n

1
¢ 5
s, ¥ y v

Figure 1.1: Perrin-Jablonski diagram. The singlet electronic states are denoted Sy, S;, Sy... and the
triplet electronic states Ty, T,... The vibrational levels associated to each electronic state are also

indicated. IC : Internal conversion, ISC : Inter system crossing (see text). Adapted from Valeur.®

The relaxation S; — Sy accompagnied by the emission of photons is called fluorescence.
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1.2. IMAGING CELLULAR COMPONENTS

The general expression of the fluorescence emission detected at Ay of a fluorescent probe at

concentration c excited at A is® :
Ir(Ag,Ag) = kFy(Ap) I°(Ag) {1 —exp [2.3£(Ag)lc]} (1.3)
where

* the proportionality factor k depends on several parameters such as the solid angle
through which the instrument collects fluorescence, the bandwidth of the monochro-

mators and the sensitivity of the apparatus

* F)(Ap) represents the emission spectrum of the fluorescent probe (it is the intensity
of fluorescence per absorbed photon as a function of the wavelength of the emitted

photons)
e 1°%p) is the intensity of the incident light at A

In diluted solutions, a first-order expansion of Eq. 1.3 leads to :
Ir(AE,AFp) :2.3kF,1(/1F)IO(7LE)£(/15)lC (1.4)

This relation shows that the fluorescence emission is proportional to the concentration of
the probe only at low absorbances. If the wavelengths of excitation and detection do not

vary, the emission fluorescence can be simply written :
IF:QXIOXC (1.5)

where Q is generally called brightness of the probe.

Since few molecules exhibit fluorescence, microscopies based on this observable are usu-

ally highly selective.

Sensitivity Compared to spectrophotometry, fluorometry is up to 1000 times more sensi-
tive.® This results from the fact that fluorescence intensity is measured above a low back-
ground level. This singular property has led to the engineering of a large collection of fluo-
rescent probes and the development of many microscopies based on fluorescence for inves-

tigating biological samples.

Resolution The spatial resolution when fluorescence is employed as observable is limited
by the diffraction limit at the considered wavelength which is ~ A/2. Hence, in fluorescence
microscopy, the spatial resolution is around 250-300 nm. Several super-resolution tech-
niques have been developed to break this diffraction limit (see the introduction of chapter 4)

enabling to reach a spatial resolution of a few tens of nanometers.
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Limitations Even though the most widely employed techniques for bio-imaging are based
on fluorescence spectroscopy, several limitations especially in terms of selectivity are en-

countered in biological media.

Intrinsic to biological media As already mentioned, the biological samples are gener-
ally heterogeneous so as to generate light scattering that can interfere with the signal of in-
terest. In addition, cells and multicellular organisms contain endogenous fluorophores such
as tryptophan emitting in ultraviolet range and flavins or riboflavins emitting in the visible
spectrum. This phenomenon called autofluorescence results in a high background in fluo-
rescence microscopy. Using bright fluorescent probes often enables to overcome this issue.

Nevertheless, the tissue in organisms remains highly autofluorescent.

Intrinsic to fluorescent probes Multiplexed imaging consists in visualizing simultane-
ously several biomolecules of interest. For this purpose, they are labeled with fluorescent
probes having different emission wavelengths to be able to distinguish them. The different
probes can be imaged alternatively using appropriate emission filters combined with exci-
tation sources. However, the emission bands of most fluorophores are relatively broad. As
a consequence, only a few biomolecules can be simultaneously imaged in fluorescence mi-
croscopy. Beyond three or four, the emission spectra of the probes tend to overlap and it
is not anymore possible to discriminate the differently labeled biomolecules using emission

wavelength. This phenomenon is called spectral crowding.

1.2.3.4 Lifetime

In addition to fluorescence, there are other de-excitation pathways of the first singlet
state S; (see Figure 1.1) :

* Internal conversion : non-radiative transition between two electronic states with the
same spin multiplicity followed by a vibrational relaxation to the fundamental vibra-

tional level of the final electronic state;

* Intersystem crossing and subsequent processes : non-radiative transition between two
isoenergetic vibrational levels belonging to two electronic states of different multiplic-
ities (S; — T1). The de-excitation of the triplet state T; toward the fundamental singlet

state Sy occurs either with emission of a photon (phosphorescence) or non-radiatively.

The excited-state lifetime measures the average duration that the molecule remains in its
excited state.® For a first excited singlet state S; that deexcites by fluorescence, the typical
value is around a few nanoseconds. In the case of the first triplet state T, the lifetime varies
between 1 us to 1s.° Thus, two emitters in the same wavelength range could be discriminated
if they exhibit distinct excited-state lifetimes.
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1.2.3.5 Conclusion

Among the different observables we reviewed in this subsection, fluorescence seems to
be the most attractive due to its high selectivity and sensitivity resulting in numerous appli-

cations for cell imaging.

1.2.4 Actions

In most cases, one acquires a single observable associated to the exogenous label borne
either by the targeted component (for structural probes) or by its reporting reagent (for prob-
ing reactions). However, a single observable may provide too limited opportunities for mul-
tiplexed observation (e.g. spectral crowding). Furthermore, as we have seen in subsec-
tion 1.2.3, interferences (e.g. autofluorescence, light scattering...) often intervene in complex
biological media so as to necessitate more sophisticated approaches to efficiently discrimi-
nate the desired signal against the interfering background.

Relying on kinetic discrimination of reactive schemes in which exogenous probes are en-
gaged is particularly fruitful. Indeed, provided they can be appropriately revealed, topology
as well as rate constants governing these reactive schemes yield as many discriminating pa-
rameters to specifically target a given reactive probe. To reveal the chemical dynamics of the
reaction(s) in which the exogenous probe is involved, we follow a strategy, which has been
often used to investigate physical, chemical and also biological systems. It consists in the

sequence :

1. perturbation of the system
2. response of the system to the perturbation

3. study of the response of the system by the operator

1.2.4.1 The action parameters

Revealing the chemical dynamics of the reaction(s) in which the exogenous probe is en-
gaged requires to perturb one (or several) rates of these reactions. Therefore, the general
theoretical frame is the one of relaxation methods. ! First, rates can be modified by chang-
ing concentrations. Second, rates can be changed by altering the values of the rate constants
upon perturbing physical parameters such as temperature or pressure. This subsection will
introduce the different possibilities with their pros and cons.

Concentration In chemistry and biology, the delivery of known amounts of chemicals is

of major importance. The usual way is to introduce the active species mechanically in the

system. Pipettes and syringes of different formats permit to achieve this goal. However, they
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are invasive, which may be detrimental to fragile samples, such as a targeted cell in a living
organism. An attractive alternative is to activate the release of the active species from an
inactive precursor by using a non-invasive trigger (e.g. light). Nevertheless, the quantifica-
tion of the delivered amount remains a significant issue. '® First, calibration of the triggering
beam can be rendered difficult due to the heterogenous nature of complex systems such as
a living organism. Second, the local concentration of the inactive precursor is not necessary
known, the delivery of a specific concentration of the active species is thus difficult. To tackle
this quantification issue, one possible way is to simultaneously release a reporter in addition
to the desired substrate. Quantitative analysis then can be done simply from analyzing the

increase in the reporter signal. '3

This approach corresponds to the caged compounds that
release a fluorescent reporter in addition to the active species. Combined with light, these
caged compounds have enabled to greatly improve the temporal and spatial resolution for
concentration jumps of active species. This kind of chemical has been the subject of many

investigations in the group. 13717

Temperature Most chemical reactions including biological processes exhibit a significant
activation enthalpy, meaning that the rate of the reaction can be controlled by temperature.
This parameter has been widely used to investigate mechanisms and determine rate con-

stants.? Its modulation can be implemented in many ways by relying on microdevice, 82

21-23 24-26

infrared laser or nanoparticle as modulated heating sources. Furthermore, temper-

ature modulation of small amplitude is non-invasive and compatible with in vivo imaging. >

Pressure Pressure can also make vary the rate constant of a reaction if its activation vol-
ume A, V7 is sufficiently large. This parameter has been employed particularly to investigate
acid-base reactions especially ionization of neutral acids. !> However, large jumps of pressure
are needed to observe significant change in rate constants.'? They are accompanied simul-
taneously by a variation of temperature. '? In addition to pressure jumps methods, ultrasonic
techniques have been widely used for analyzing chemical relaxation.?’ The propagation of
sound waves through a medium is accompanied by small periodic pressure, temperature
and density fluctuations. 2 Thus, it can be used to introduce changes of the rate constant
of a reaction due to pressure and/or temperature variations. In addition, ultrasonic waves

are compatible with living organisms since they are employed for instance in ultrasonogra-

phy.

Light In the particular case of a photo-chemical reaction, light is the trigger of choice to
modify the value of the rate constants simply by changing the intensity of the excitation light.

This parameter exhibits numerous advantages :

¢ jtis non-invasive;
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e it is compatible with in vivo imaging as showed by the numerous microscopes devel-

oped for imaging of living cells or organisms;

* itis easily modulatable : for instance, the intensity of the light emitted by a LED can be

modified simply by modulating the driving current in the circuit;

e temporal resolution : optical methods exhibit the best temporal resolution accessible
in chemistry. It can reach microsecond?® and even the femtosecond range when using

a pulsed laser; 23

* the spatial resolution of the optical methods is also very good : a light beam can be
focalized up to the diffraction limit at the considered wavelength. In addition, the bi-
photon excitation reaches an even better resolution since only the volume correspond-
ing to the focal point of the lens yields to photoactivation. This volume is of the order

of one femtoliter and so three orders of magnitude smaller than a cell.3°

1.2.4.2 The perturbation strategy

As we explained before, relying on kinetics instead of thermodynamics increases the
number of discriminative parameters. Revealing the chemical dynamics of the reaction is
achieved by applying a perturbation that forces the system out-of-equilibrium. Two kinds of
perturbation can been used: (i) jumps of parameter values; (ii) periodic modulation of the

parameter values.

Jump of parameter values Let us consider a chemical system at equilibrium. A pertur-
bation is brought to the system by a sudden change of an external parameter such as tem-
perature, pressure or concentration. The chemical dynamics is observed by monitoring the
temporal evolution of the concentration of one or several species immediately following the
perturbation. In fact, we investigate the relaxation of the system toward its new equilibrium
state. Such methods are called jump or transient methods.'>?” When the amplitude of the
perturbation is small enough and in the simplest case (exchange between two states), the
time-dependence of the monitored concentration decays mono-exponentially permitting to

extract the relaxation time associated to the chemical reaction.

Periodic modulation of parameter values In this case, an oscillating perturbation is ap-
plied that periodically forces the chemical system out-of-equilibrium. Beyond the relaxation
time associated to the reaction, the system enters a forced and permanent regime. This sec-
ond class of relaxation methods is known as stationary methods.'??? This leads to an oscil-
lation of the concentrations of the species involved in the reaction with an amplitude and

a phase lag compared to the periodic excitation that depend on the value of the product of
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the relaxation time by the angular frequency of the excitation.'??” The analysis of the de-
pendence of the response of the system on the excitation angular frequency provides infor-
mation about the dynamics of the system and in particular the relaxation time associated
to the reaction. This strategy has been employed to determine rate constants and chemical

mechanisms %31 32,33

and to separate overlapping bands in infrared spectroscopy.
Prosand cons Thejump methodsseems easier to implement than periodic methods. Keep-
ing constant the action parameter value appears more simple than making it oscillate with
a specific forced function. Nevertheless, employing a periodic perturbation enables to accu-
mulate the signal over several periods. This feature permits to average the noise and thereby
results in an improved signal-to-noise ratio. In addition, a lock-in detection scheme can be

employed for the demodulation of the periodic signal (see below).

1.2.4.3 The retrieval of the kinetic information

Various approaches have been explored to exploit kinetic information to selectively target
the response from a given reactive exogenous probe. The simplest way is to correlate the
overall response of the imaged medium to kinetic perturbation with the response of the pure
reactive exogenous probe to be imaged.3* Nevertheless, it is necessary to employ a reference
that undergoes the same perturbation as the whole sample. OLID, which will be introduced
later in the introduction adopts this approach. The second strategy is to rely on a kinetic
model of the targeted reactive exogenous probe to specifically retrieve its contribution from
the overall response of the medium. In this case, no reference is needed but the kinetic model
has to be validated and to be not so much affected by the environment. As we shall see later,
SAFIRe and OPIOM adopted this principle.

At that point, it is worth to note that the strategies developed for signal processing in
electronics or in radio transmission could be very useful toward imaging.3* Periodic sig-
nals can be easily demodulated thanks to Fourier transform. In addition, the lock-in3° or
synchronous detection is employed to extract signals that are up to hundreds or thousands
times smaller than the noise level. This technique consists in extracting the modulated am-
plitude and phase of a signal of interest at a specific frequency (frequency-locked). The noise
is strongly reduced since the contributions at all frequencies apart the targeted one are elim-

inated. Related approaches have been already implemented in optical imaging. 2022

1.2.5 Conclusion

Based on the singular features of the biological medium and on the previous considera-
tions, an attractive microscopy to image living cells should fulfill several constraints. First,

it should be non-invasive. Second, it should exploit the chemical dynamics of a reaction in
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which the exogenous probe is involved to give access to a space of discriminative parameters
of large dimension. Third, fluorescence should be retained as the observable due to its fa-
vorable sensitivity. Fourth, employing a periodic light excitation to reveal the kinetics of the

probe seems attractive.

In the following sections, we briefly introduce the fluorescent probes that are currently
employed for imaging biological samples. We then review the different imaging techniques
relying on the kinetic information of the targeted photo-active probe reported in the litera-

ture.

1.3 Fluorescent probes

Several classes of fluorescent probes have been developped for imaging in cell biology
and in particular for studying the behavior of proteins.3® In the following, we focus on small
organic fluorescent dyes, fluorescent nanoparticles (quantum dots), fluorescent proteins
(FPs) and small genetic encoded tags that can bind organic dyes. The aim is not to be ex-

haustive but to compare their main features.

1.3.1 Small organic fluorescent dyes

Numerous small organic fluorophores have been designed for chemical labeling of bio-
logical molecules. They have been optimized in terms of wavelength range, brightness and
photostability. Many of them such as FITC®, Alexa®, Texas Red® are commercially avail-
able. The main advantage of these probes is their small size avoiding the disturbance of
the natural function of the labeled biomolecule.3"® Since these fluorophores do not exhibit
specificity for any particular protein, several methods have been developed to target these
small molecules to the protein of interest.3”39 The simplest approach is to conjugate the
organic fluorophore to an antibody to enable protein detection (immunolabeling).3® The
protein of interest can be fused with an additional small polypeptide tag that binds specifi-
cally to a fluorophore (tetracysteine tag and biarsenical compound).®” Another approach
is based on a protein tag (SNAP-tag) that can be fused to any protein of interest and further

specifically and covalently tagged with a fluorescent dye. °

1.3.2 Fluorescent nanoparticles

Quantum dots (QDs) are fluorescent semiconductor nanocrystals whose size is generally
comprised between 1 and 10 nm. They possess unique optical properties due to the quan-

t41'42

tum confinement effec and offer several advantages, such as size- and composition-

tunable emission from visible to infrared wavelengths, large absorption coefficients across
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a wide spectral range, and very high levels of brightness*® and photostability.***° They are
generally composed of atoms belonging to groups II and VI elements (e.g. CdSe and CdTe).45

The development of coatings rendering QDs water soluble and allowing conjugation to
protein-targeting molecules such as antibodies or streptavidin is crucial for biological ap-
plications. 652 QDs were employed for real-time visualization of single-molecule motion in

single living cells >34

and tracking of intracellular processes over long periods of time (min-
utes to hours) due to their high photostability.>®> QDs enabled also targeting and imaging of
tumors in live animals. ®

The potential cytotoxicity of QDs is an important issue. Derfus et al showed that CdSe
QDs are highly toxic to cultured cells under UV illumination for long periods of time, due
to the release of toxic cadmium ions into the culture medium.>’ However, QDs with a stable
polymer coating have been found to be essentially nontoxic to cells and animals. ® The study
of the cellular toxicity and in vivo degradation mechanisms of QD probes are still important
topics.®! The large size of QDs when functionalized with biomolecules (~ 10 to 30 nm) pre-
vents effective cell penetration.3®°! QDs exhibit also non-specificity issues since they are not

genetically encoded.

1.3.3 Fluorescent proteins

The most famous fluorescent protein (FP) is probably the green fluorescent protein (GFP)
discovered in the jellyfish Aequorea victoria five decades ago.>*®" Gene cloning®' of GFP
and its heterologous expression®? in prokaryotic and eukaryotic cells have revolutionised
cell biological imaging. -5 Many FPs have been developed to cover the whole visible spec-
trum36:65-67 . BEP (blue), CFP (cyan), YFP (yellow), 'mFruits’ series (mOrange, 68 mCherry, 68
mStrawberry). Far-red emitting FPs are also highly demanded since tissue light-penetration
is increased at higher wavelength (~650 - 1100 nm).%® A far-red FP named mPlum emitting
at 649 nm was designed.® Great efforts have been made to create GFP variants with better
folding, 70 improved brightness (enhanced GFP, 172 enhanced YFP), faster maturation (tur-
boGFP), better photostability. ”3

The main application of FPs is protein labeling by cloning a fusion protein composed of
the FP and the targeted protein (with a perfect specificity of the labeling due to the genetic
encoding). Its localization or movements can be then detected by the fluorescence of the
FP. However, it is necessary to check that the protein is functional and its properties remain
natural. Generally, using tetrameric FPs to tag the protein of interest gives rise to aggregation
of the fusion protein and disturbance of its function and localization due to the large size of
the label.®® Thus, many variants have been designed to reduce the oligomerization tendency
of their parent proteins and create monomeric FPs. %874

In adddition to the usual FPs, some of them such as photoactivatable fluorescent pro-
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teins (PA-FPs) exhibit particular photophysical/photochemical behaviors. Indeed, their flu-
orescence emission can be shifted or turned on or turned off (reversibly or irreversibly) with
light of appropriate wavelenth. =7 We will introduce more specifically the reversible pho-

toswitchable fluorescent proteins later in the manuscript.

1.3.4 Turn on fluorescent probes

Aptamers are short sequences of nucleic acids that bind specifically with a high affinity
to a target. The high affinity and specificity of aptamers for their target can be illustrated by
the following example. An RNA molecule that binds to theophyllin (see Figure 1.2) with a
dissociation constant K; equal to 0.3 uM was identified.”® The binding affinity of the same
RNA molecule to caffein is 10000-fold lower (K; = 3 mM) ’® even if theophyllin and caffein
only differ by one methyl group.

a b

| |
Segses

Figure 1.2: Structure of (a) theophyllin and (b) caffein.

Some aptamers have been reported to activate fluorescence of small organic dyes. "%:8°
This phenomenom is called fluorogenicity. The RNA sequence forms specific contacts with
the dye (also called fluorogen) preventing intramolecular motions. Thus, fluorescence be-
comes the major de-excitation pathway of the excited fluorogen. An interesting system is
Spinach in which the fluorescence of a GFP-like chromophore (not fluorescent in solution)
is elicited when it binds to the RNA sequence. 3182 This system will be introduced in details
in the introduction of chapter 2.

These turn on fluorescent probes display several advantages. They are genetically en-
coded probes like FPs. They should exhibit in addition a better resistance to photobleaching
since the fluorogen should be refreshed in the cavity of the aptamer after photobleaching.
Eventually, the fluorescence can be activated and deactivated at will by addition or with-

drawal of the fluorogen.

1.3.5 Conclusion

As fluorescent exogenous probe, we chose in this work the ones that are genetically en-

coded due to the perfect specificity of the labeling step. Moreover, the cell penetration issues
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are avoided with this approach. Eventually, this kind of probes allows us to investigate multi-
cellular organisms at the different stages of their development using for instance stable lines

(e.g. transgenic zebrafishes or mices).

1.4 State-of-the-art: Optical imaging techniques exploiting
the kinetic information of a photo-active targeted probe

This section will more specifically review the few imaging techniques relying on kinetic
information of targeted probes using light as action parameter, which have been presently
reported in the literature.

1.4.1 Fluorescence lifetime imaging microscopy (FLIM)
1.4.1.1 Principle

Fluorescence Lifetime Imaging Microscopy (FLIM) is based on the difference of the excited-
state lifetimes of fluorophores. 3 Early applications consisted in recording fluorescence after
a certain time-delay instead of the prompt fluorescence to improve contrast (see Figure 1.3).
One of the first example of time-resolved imaging microscopy was proposed by Jovin et al.®3
A fluorescent dye called acridine orange (AO) exhibiting a triplet state was employed. The
luminescence lifetime of this fluorophore is much more longer when it is intercalated within

DNA than when it is aggregated in the tissue of a cell.

Figure 1.3: Time-resolved imaging microscopy of an acridine orange stained polytene chromosome
that is covered with tissue. (A) Prompt fluorescence image. (B) Phosphorescence image, recorded

after a time delay. Adapted from Jovin et al.

In the prompt fluorescence image (Figure 1.3A), the chromosome is obscured by fluores-

cence emitted from dye bound to the overlying tissue. On the contrary, the chromosome is
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clearly visible in the phosphorescence image (Figure 1.3B), which is seen only after a time
delay, because the dye bound to the tissue emits less delayed luminescence.

The current FLIM imaging methods relies on the same principle. Assume that a cell has
two regions labeled with two probes exhibiting different lifetimes but with the same steady-
state fluorescence emission. We can suppose otherwise as in the example displayed in Fig-
ure 1.3 that the cell contains a probe whose lifetime depends on the environment. The in-
tensity image does not allow to distinguish the two areas of the cell. On the contrary, if the
lifetimes of the two probes can be measured, the two regions (or environments) can be dis-
criminated. The resulting FLIM or lifetime image is the map of the fluorescence lifetimes

associated to the fluorescence decay detected at each pixel (see Figure 1.4).
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Figure 1.4: Intensity (left) and lifetime image (right) of bovine artery endothelial cells. The nuclei
were stained with DAPI for DNA (blue), F-actin was stained with Bodipy FL-phallacidin (red) and the
mitochondria were stained with MitoTracker Red CMX Ros (green). Adapted from Lakowicz.8*

FLIM allows to discriminate two emitters based on a difference of their lifetimes but does
not permit to quantify them since the lifetime does not depend on the probe concentra-
tion.>®* Nevertheless, the excited-state lifetime of a fluorophore is sensitive to its local en-
vironment. Thus, imaging lifetime provides information on local physical parameters (e.g.
microviscosity) and on the molecular effects of ions, pH, biomolecules... in biological sam-
ples.>8485 In particular, exploiting the fluorescence lifetime allows to study these phenom-

ena independently of variations of the fluorophore concentration. 8>
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1.4.1.2 Implementation

FLIM can be implemented in three different ways®*® to determine the excited-state life-

time of a fluorophore.

Time-domain FLIM A pulsed laser excites the fluorophores. The fluorescence intensity is
measured after various time delays following the excitation pulse of the laser using a gated
detection allowing to reconstruct the time-resolved fluorescence decay. Fitting the temporal
evolution of the fluorescence decay with usually a single mono-exponential gives access to

the fluorescence lifetime of the fluorophore.

Frequency-domain FLIM This approach utilizes sinusoidally modulated light excitation
produced with a continuous laser and an acousto-optical modulator. This results in a flu-
orescence signal that is also sinusoidally modulated but with a different modulation depth
and with a phase delay relative to the excitation signal. The fluorescence lifetime can be
determined from measurements of the relative modulation and the phase delay. These ex-

perimental parameters can be conveniently measured using a lock-in detection scheme.

Time-correlated single-photon counting (TCSPC) This FLIM implementation relies on
detecting individual photons at low fluorescence fluxes. A histogram is then built up by plot-
ting the number of individual detected photons as a function of their arrival time on the

detector. The lifetime is then extracted from the histogram.

1.4.2 Optical lock-in detection (OLID)
1.4.2.1 Principle

Optical lock-in detection®®87 (OLID) measures the amplitude of the cross-correlation ob-
served between a fluorescence signal detected at an imaged pixel and a reference one. It ex-
ploits the reversible light-driven switching of a photoswitchable fluorescent probe between
two states of different brightnesses. The photoswitchable probe undergoes several cycles
of optical switching by alternating illumination with light of appropriate wavelengths. The
resulting modulated fluorescence signal of the photoswitchable target is then isolated from
the non-modulated background by cross-correlating the temporal dependence of the fluo-
rescence intensity of each pixel with a reference waveform at zero lag time. Therefore, the
measurement evaluates the degree of similarity between the two trajectories. In a cellular
imaging context, this reference can be located either outside the cell (micron-sized beads
coated with the optical switch are added to the sample) or inside a cell (e.g. a region in the
field of view exhibiting the highest depth of modulation is identified and chosen as refer-

ence).?% The cross-correlation coefficient for each pixel p(x, y) is computed using Eq 1.6 :
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1 N [Ir(x,y,0) — pi(x, )] [RG) — pg]

Y) = — 1.6
pixY) N,; o1(x,y)0R (1.0

where Ir(x, y,1) is the detected fluorescence emission at pixel (x,y) at the i-th frame during
the switching cycle, R(i) is the fluorescence emission of the reference at the i-th frame (IV
is the total number of frames), u;(x, y) and ur are the mean values, and o;(x, y) and o are
the standard deviation values of the fluorescence intensity of pixel (x,y) and the reference
waveform respectively.”!

The correlation image (CI) which is the map of the cross-correlation coefficient values is
finally obtained. Since conventional fluorophores (like GFP) or autofluorescent background
are not expected to exhibit optical switching, their fluorescence emission will not be cor-
related with the reference waveform. Thus, a region dominated by non-modulated back-
ground fluorescence will exhibit a low or zero value of the correlation coefficient. On the
contrary, the cross-correlation coefficient in an area containing optical switches will be close
to one.

1.4.2.2 Experimental validation

OLID has been validated using both small organic molecules generally derived from the
spiropyran/merocyanin system (BIPS, see Figure 1.5a and b) or genetically encoded optical
switches (from the Dronpa family, which will be introduced in details in the introduction of

chapter 4) for imaging in living cells and tissue. %

N /
/

7 &N %
R

Figure 1.5: Structure of BIPS in the non-fluorescent SP (a) and the fluorescent MC (b) states. (Nitro-
BIPS : R =—(CH3)19CH3 and R'= NO,).

(bIThe mean and the standard deviation values of the fluorescence intensity at pixel (x,y) are calculated thanks
to Egs. 1.7 and 1.8

1 N
piey) = =3 Ip(x, i) (1.7)
Ni:l
1Y . 2
orx,y) = NZ(IF(X;_)/,Z)—HI(X,_)/)) (1.8)
i=1
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A NitroBIPS acting as a membrane targeting probe was imaged within a living Xenopus
spinal cord. In addition, using a Dronpa-actin fused protein, neurons (see Figure 1.6) and
muscles were successfully imaged in living zebrafish embryos.3® In particular, the improve-
ment in contrast in the correlation image enabled to distinguish fine structures which emit-
ted only a weak fluorescence signal in comparison to the background level (see Figures 1.6A
and B).

Figure 1.6: OLID-imaging of Dronpa in cultured mammalian neurons (A,B) and Xenopus spinal cord
explant (C,D). (A) Fluorescence-intensity image of Dronpa-actin transiently expressed in rat P1 hip-
pocampal neurons. (B) Correlation image of Dronpa-actin of same field as in A improves contrast and
reveals finer processes and dendritic spines. (C) Image of the fluorescence intensity of Dronpa-actin
within the growth cone of a motor neuron in a live, deskinned Xenopus embryo. (D) Correlation im-
age of Dronpa-actin for image field shown in C. The Insets show normalized fluorescence intensity of

the internal reference over a few cycles of optical switching. Adapted from Marriott et al.

Further refinements of the technique with FRET pairs composed of a fluorescent donor
and an optical switch acceptor were implemented allowing an optical lock-in detection of
FRET efficiency.?® Recently, this combined OLID-FRET approach was employed to improve
contrast in immunofluorescence imaging microscopy.®? An anti-actin antibody co-labelled
with a fluorescent Cy3 donor (see Figure 1.7) and a photochromic acceptor NISO (a deriva-
tive of BIPS) was designed. Using light of appropriate wavelengths, the acceptor is reversibly
switched between an absorbing (MC) state and a non-absorbing (SP) state resulting in a
modulation of cyanine fluorescence emission, due to Forster resonance energy transfer. The
OLID analysis is performed as described before and enables to visualize sharper and better-
defined actin filaments in cells.? Several synthetic probes useful for the OLID-FRET protocol
were designed and characterized. %

Recently, Marriott ef al proposed a modified version of OLID by changing the algorithm
for the image processing.?! Up to now, the internal reference was determined manually by

the user who chose the pixel whose fluorescence intensity exhibited the largest modulation
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Figure 1.7: Structure of the Cy3 (a) and Cy5 (b) fluorophores.

over the switching cycles. A method was proposed to detect automatically the reference pixel

using the function S(x, y) denoted 'scope’ by Marriott et al®!
1 N
S, )= 2 (Lmax(%,¥,0) = Lnin (%, y, ) (1.9)

i=1
where L, 4x(x,y,1) (respectively L,,;,(x, y, 1)) is the local maximum (respectively minimum)
fluorescence intensity at pixel (x,y) of the i-th switching cycle and N is the number of cycles
used to calculate the scope value. The pixel exhibiting the largest scope value is chosen as the
reference point. The cross-correlation analysis is then performed as described before using
the temporal dependence of the fluorescence detected at the reference point as waveform
reference. In order to better reject the noise and the background, a modified correlation

image (MCI) was constructed by computing a scope-weighted correlation value®! :
wp(x,y) =S8, y)-px,y) (1.10)

where p(x, y) is the cross-correlation coefficient evaluated with Eq. 1.6.
In some cases, a significant contrast enhancement can be obtained simply by comput-
ing a scope-weighted fluorescence intensity without calculating the cross-correlation coeffi-

cient.%?

1.4.3 Synchronously Amplified Fluorescence Image Recovery (SAFIRe)
1.4.3.1 Principle

Dickson et al proposed to modulate only the fluorescence signal of fluorophores of inter-
est without modulating the background to avoid the need of a reference waveform. His ap-
proach is coined Synchronously Amplified Fluorescence Image Recovery (SAFIRe) and has
been generally validated with fluorescent probes possessing long-lived dark state(s).% A pri-
mary light source promotes the probe from its ground-state Sy to its excited-states : S; and
T, (see Figure 1.1). A secondary light source is used to depopulate the transient long-lived
dark states of the fluorescent probe faster than they normally decay. Modulating the inten-
sity of the secondary light source allows to dynamically alter the fluorophore excited-state
populations. The SAFIRe image corresponds to the map of the amplitude of the fluores-

cence modulation obtained after Fourier transformation of the temporal dependence of the
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fluorescence signal of each pixel. The choice of the wavelength of the secondary excitation
is crucial. Since endogenous fluorophores in biological media absorb mostly in the blue-
green wavelength range, the modulation of the background is limited by exciting with long
wavelengths (red). Furthermore, to avoid any additional fluorescence signal due to direct ex-
citation with the secondary light source, its wavelength is chosen to be longer than the one
of the collected fluorescence. As a consequence, SAFIRe implementation requires specific
fluorophores with dark states whose maximum absorption is red-shifted compared to the
fluorescence emission. A fluorescent probe with no dark state or with a dark state absorb-
ing at wavelengths shorter than the fluorescence emission maximum is not suited to this

implementation scheme and is called non-modulatable.

1.4.3.2 Experimental validation

SAFIRe has been first demonstrated with silver nanodots® and organic fluorophores
(xanthene® and Cy5%). Since SAFIRe requires fluorescent systems whose dark states absorb
atlonger wavelengths than those of fluorescence emission, it greatly limits the pool of usable
fluorophores.®® To overcome this issue, an approach combining SAFIRe and FRET was pro-
posed.%® The donor of the FRET pair is excited with the primary light source whose energy is
transfered to the acceptor. This provides the possibility to excite simultaneously the acceptor
with light of longer wavelength than the donor fluorescence emission maximum. Thus, the
direct excitation of the acceptor inhibits the FRET transfer and results in an increase in the
fluorescence emission of the donor. This concept was experimentally evidenced using DNA

hairpin whose ends are composed of a FRET pair (see Figure 1.8).% To apply the SAFIRe
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Figure 1.8: Scheme of a hairpin exhibiting FRET with donor and acceptor fluorophores. (A) Typical
FRET process when only the donor is excited, leading to highly quenched donor fluorescence. (B)
Simultaneous acceptor direct excitation inhibits FRET, thereby increasing and enabling modulation

of donor fluorescence. Adapted from Richards et al.%®
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scheme to fluorophores without any dark-states, an approach based on stimulated emission
was proposed.?” A second laser beam overlapping the first one decreases the fluorescence
due to stimulated emission. Turning on and off the second laser modulates the population
of the emissive state and so the fluorescence signal. The wavelength of the secondary laser
was chosen to be longer than the fluorescence emission. Thus, the emissive state plays the
role of the dark state in the regular SAFIRe protocol. %

Application in imaging The SAFIRe scheme was applied in bioimaging using two mod-
ulatable fluorescent proteins (AcGFP%® and modBFP-H148K"). AcGFP was employed to
selectively image mitochondria-targeted AcGFP against EGFP background fluorescence or

nuclear EGFP in cells since EGFP is not modulatable. %8

Figure 1.9: Selective fluorescence recovery of mitochondria-targeted AcGFP from nuclear targeted
EGFP fluorescence in fixed (a-c) and living (d-f) NIH 3T3 mouse fibroblasts in a confocal arrange-
ment. The primary laser intensity was held at 5.9 kW-cm? and the secondary intensity (64 kW-cm?)
was modulated at 300 Hz. (a,d) Raw fluorescence image of AcGFP-labeled mitochondria and EGFP.
(b,e) Demodulated image of the same field of view as in a and in d. (c,f) Ratio image of demodulated

signal to raw fluorescence. Scale bar: 10 um. Adapted from Jablonski et al.%®

To avoid the confocal arrangement leading to long acquisition time, Dickson et al per-
formed epifluorescence wide-field imaging with SAFIRe but only with a reduced field of
view.%¥ This was achieved by overlapping of a defocused primary laser and a smaller sec-
ondary laser (disk of ~10 um in diameter). Applying the SAFIRe protocol with mitochondria-
labeled modBFP-H148K enabled to reduce the autofluorescent background in living cells. %"
Comparing the two disks (before and after demodulation) shows a relative reduction of the

autofluorescent background (see Figure 1.10).

34



1.4. STATE-OF-THE-ART : OPTICAL IMAGING TECHNIQUES EXPLOITING THE KINETIC
INFORMATION OF A PHOTO-ACTIVE TARGETED PROBE

Figure 1.10: Live cell demodulation of mitochondria-targeted modBFP-H148K. Raw fluorescence im-
age upon 405 nm illumination, autofluorescent background and blue modBFP-H148K-mitochondria
emission are collected. Coillumination at 514.5 nm, modulated at 2 Hz is applied only within the
white circle. (upper disk) Raw fluorescence image upon coillumination. (lower circle) Demodulated

image. Scale bar is 20 um. Adapted from Jablonski et al.%

SAFIRe was also employed to image fluorophores up to 6 mm deep within a medium

mimicking skin tissue, composed of a highly scattering and fluorescent background. 1%

Frequency dependence A modulatable fluorophore is characterized by the lifetime 7. of
its dark-state. Thus, the modulation depth of the signal of a modulatable fluorophore sub-
mitted to modulated excitation depends on the excitation frequency f. Indeed, if f < T—lc,
the populations of the ground- and the dark-state follow the variations of the excitation, the
modulation depth is maximal. On the contrary, if f > Tic, the two populations have not
enough time to respond to the perturbation and the modulation depth goes to zero. The
frequency-dependence of the modulation depth of the protein AcGFP is displayed in Fig-

ure 1.11.
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Figure 1.11: Modulation frequency dependence of AcGFP enhancement at 561 nm for immobilized
(red) and diffusing (black) molecules. The modulation depth at each frequency was computed by
normalizing the doubled Fourier transform of each time trace by the number of data points and by its
DC component. The inset shows the Fourier transform of the square-wave-modulated fluorescence
of AcGFP at 1 Hz. Adapted from Jablonski et al. 98
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The Eq 1.11 has been proposed to account for the dependence of the modulation depth

m of a modulatable fluorophore with a characteristic time 7. on frequency f

A
m(f) = (1.11)
nfr)’+1

where A is a constant. 1°! Fitting the frequency-response of a modulatable probe with Eq 1.11

allows to extract the associated lifetime 7.

Quantitative detection SAFIRe allows to quantify fluorophore concentrations in high back-
ground solutions. 9% Diluted solutions of Cy5 (see Figure 1.7) with identical concentrations
were prepared either with the non-modulatable Texas Red fluorophore (constant concen-
tration) or without (control solutions). The concentrations were determined both with FCS
(Fluorescence Correlation Spectroscopy) and SAFIRe. Figure 1.12A displays the results ob-
tained by FCS. The number of Cy5 molecules in the presence of Texas Red is plotted as a
function of the number of molecules of Cy5 determined with the control solutions. The titra-
tion curve is not linear due to the contribution of Texas Red to fluorescence. As showed by
figure 1.12B, plotting the modulated signal amplitude of samples with or without Texas Red
as a function of the number of Cy5 molecules (determined by FCS from the control solutions)
gives nearly identical linear dependence since the contribution of the non-modulatable Texas
Red is extinguished. Thus, SAFIRe enables to accurately estimate the concentration of Cy5
even in the presence of a high background. %’Recently, several cyanine derivatives were syn-

thesized and characterized to identify the ones exhibiting the highest modulation depth. %!
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Figure 1.12: (A) Highly non linear titration of the numbers of Cy5 molecules with and without con-
stant Texas Red background when FCS was used to determine the numbers of fluorophores. (B) Plots
of the FFT amplitude vs the number of Cy5 molecules, showing that the modulation amplitude is in-

dependent of the presence of non-modulatable Texas Red background. Adapted from Hsiang et al. 1%
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1.5 Conclusion

The goal of my PhD was to develop a cheap and simple imaging protocol allowing to se-

lectively detect and quantify a targeted species in a complex mixture such as a living cell.

For the record, an attractive imaging method for imaging cellular components should

exhibit the following features :
* being non-invasive

* using fluorescence as the observable

relying on the chemical dynamics of a probing reaction in which the exogenous probe

is engaged
* using a genetically encoded exogenous probe

In the previous section, we showed in addition that light could be a powerful tool to bring
a significant gain in selectivity to fluorescence imaging techniques by exploiting the kinetic
signature of photo-active probes. As a result, we tried during this PhD to implement and
conceive selective imaging methods based on this principle. In particular, we chose pho-

tochromism as the probing reaction and light as the action parameter.

Among the techniques described in the literature, OLID is a very simple protocol but
it uses two light sources to drive the dynamics of the photoswitching in its original imple-
mentation. Therefore, we wondered whether this method could be implemented using a
single light source to activate and readout the photochromic behavior of the targeted chro-
mophore. To evaluate this one color implementation, we identified in the literature a fluores-

cent probe that could potentially be photochromic given the structure of its chromophore.

From another point of view, our group had already developed an approach enabling to
perform a titration under kinetic control using temperature modulation (it will be introduced
in details in the introduction of chapter 3). We wanted to adapt this strategy to design our

own selective imaging technique relying on photochromism and light modulation.

This manuscriptis divided in six chapters. The first one deals with establishing a dynamic
model accounting for the photochromic behavior of a fluorogenic system which we identi-
fied in the literature. We consequently imaged this system by the OLID scheme for its se-
lective imaging. The second chapter describes the extensive theoretical framework we built

to design our selective analytical protocol based on light modulation and photochromism.
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The third chapter is about the experimental validation of our approach in the context of flu-
orescence imaging. The fourth chapter introduces the improvement in terms of temporal
resolution that we brought to our original protocol using two light sources. The fifth chapter
discusses and compares our own strategy with the selective optical imaging techniques re-
ported in the literature and evoked in the introduction. The last chapter concludes this PhD

work and proposes a few perspectives.
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Chapter 2

A first realization : one color OLID

2.1 Introduction

2.1.1 Context

With the original OLID protocol, Marriott ef al used two light sources to drive the photo-
switching.® OLID application with a single color requires a reversible optical switch whose
state generated upon illumination relaxes back thermally with a reasonable relaxation time
for imaging purpose. Based on the requirements evoked in the General introduction, we
identified in the literature a good candidate. It consists in the association between a genet-
ically encoded RNA aptamer and a fluorogen yielding a fluorescent complex®! whereas the
free fluorogen is not. This system called Spinach has been employed as a fluorescent tag for
imaging RNA.8! The fluorogen is a dye that resembles the chromophore in GFP. This species
is known to be photochromic.%31% Thus, we assumed that the Spinach system could po-
tentially exhibit a photochemical behavior.

The development of a one-color OLID protocol based on this system required first to ev-
idence the photochromic behavior of Spinach. In addition, an extensive characterization of
(i) the kinetic (association rate constant k,, and dissociation rate constant k,sr) and ther-
modynamic (dissociation constant K;) properties of the complexation reaction and (ii) the
photochromic behavior of Spinach was needed to permit an application in a wide range of

experimental conditions.
In the following, we present in details the Spinach system and its recent developments.

We then introduce my first article reporting the photochemical behavior of the Spinach sys-

tem and the implementation of the one-color OLID protocol.
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2.1.2 Presentation of Spinach

Green fluorescent protein (GFP) and its derivatives used as fluorescent tags revolution-
ized the study of proteins in living systems.3%195106 They have inspired Jaffrey to recently
propose a similar approach for RNA tagging with fluorescent labels.?! The fluorescent tag is
composed of an RNA aptamer that binds a fluorogen resembling the chromophore in GFP

(4-hydroxybenzylidene imidazolinone (HBI)) and activates its fluorescence.

Figure 2.1: Structure of the chromophore of GFP (HBI).

2.1.2.1 Identification of fluorescent RNA-fluorogen complexes

Several GFP-like fluorogens were synthesized by derivatization of HBI.3! A general pro-
cedure called systematic evolution of ligands by exponential enrichment (SELEX) 107198 \yas
followed to select the RNA sequences able to bind the targeted fluorogen.

Random DNA > Random RNA

in vitro
transcription

Selection
Unbound RNAs by fluorogen
Enriched pool of RNA j > Eluted RNAs
Selection

by fluorogen

in vitro Reverse
transcription transcription

Enriched pool of DNA < cDNA

PCR Amplification

Figure 2.2: SELEX procedure to select RNA sequences binding a fluorogen.
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A DNA template is constructed with randomized sequences at specific positions. After in
vitro transcription, a library containing typically ~ 1013 / 10'* RNA molecules is obtained. !
The RNAs are then mixed with the fluorogen which is immobilized on an agarose matrix by
a linker. The RNAs with low affinities for the targeted fluorogen are discarded whereas the
bound RNA sequences are eluted. A reverse transcription is performed on the eluted RNAs
to synthesize the complementary DNA copies, which are amplified using a PCR. A new pool
of RNA sequences is obtained after in vitro transcription of the amplified DNA copies which
can be used to start the next round of SELEX. The procedure is repeated several times up
to get the best binding ligands. The fluorescence of the RNA pool in the presence of the
fluorogen is checked after each round. Among the selected RNAs, the one that induces the
highest fluorescence increase upon binding the fluorogen was identified and sequenced. An
in vitro characterization was then performed to determine the photophysical properties of
the fluorescent RNA-fluorogen complex and its dissociation constant K.

The brighest RNA aptamer-fluorogen complex was called Spinach-DFHBI. By introduc-
ing two fluorine atoms in the aromatic ring of HBI, the DFHBI fluorogen (3,5-difluoro-4-

hydroxybenzylidene imidazolidinone) was obtained (see Figure 2.3).

Figure 2.3: Structure of DFHBI.

An RNA aptamer (Spinach) was selected at neutral pH against the basic state of DFHBI
due to its low pK, (5.5).8! The Spinach-DFHBI complex (K; = 537 nM) 81 exhibits an excita-
tion maximum at 469 nm and an emission maximum at 501 nm (see Figure 2.4). The quan-
tum yield of fluorescence of the resulting complex is 0.72 (20% higher than EGFP) and its
molar brightness is 53% of EGFP.8! The spectral properties of the complexes can be tuned ei-
ther by using further SELEX screens or changing the fluorogen. Thus a family of fluorescent
tags emitting in the different regions of visible spectrum has been developped.®!

The Spinach probe has been used to tag ribosomal 5S RNAs in living mammalian cells
enabling to observe localization changes under stress conditions.?! Spinach-based sensors
have been subsequently designed to report for metabolites or proteins in living cells. 82109111
Moreover Spinach has been further employed to characterize and monitor in real time mRNA

synthesis in vitro!'? and in vivo.!3
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Figure 2.4: Normalized excitation (blue) and emission (green) spectra of Spinach-DFHBI complex.

Adapted from Paige et al.8!

2.1.2.2 Recent developments of the Spinach system

Improving the properties of fluorescent RNA-fluorogen complexes Further characteriza-
tions showed a thermal instability and a poor folding of Spinach. !4 Moreover, when Spinach
is fused to RNAs, its fluorescence is reduced compared to the one measured in vitro. A vari-
ant of Spinach called Spinach2 was selected based on the improvement of thermal stability,
better folding and brightness with photophysical properties similar to Spinach. !4

Spinach2 bound to DFHBI has fluorescence excitation maximum of 447 nm and fluores-
cence emission of 501 nm. !'* These wavelengths are not optimal for filter cubes usually em-
ployed for imaging green fluorescence on microscopes. !'° Instead of changing the aptamer
sequence which had been optimized for sensing metabolites, two fluorogens (DFHBI-1T and
DFHBI-2T, see Figure 2.5) derived from DFHBI were synthesized by substituting the imida-
zole ring with an electron-withdrawing group. The resulting Spinach2-DFHBI-1T (DFHBI-2T
respectively) complex exhibits red-shifted absorption and emission maxima which are more

compatible with standard GFP (respectively YFP) filter cubes. !1°

Figure 2.5: Structure of DFHBI-1T and DFHBI-2T.
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A new protocol for rapid identification of RNA-fluorogen complexes highly compatible
with cellular expression With usual SELEX procedure, the RNA aptamers are selected only
on their ability to bind fluorogens, which is not sufficient to switch on the fluorescence of
fluorogens. !¢ In addition, the selected RNAs are not necessarily optimized to function in
cells. 14116 A novel selection procedure has been proposed based on the binding of RNA ap-
tamers to fluorogens and fluorescence-activated cell sorting (FACS) of aptamers expressed in
Escherichia coli (E. coli).''® In this protocol, six rounds of SELEX were performed on a library
containing ~ 10'* RNAs to select the best binding aptamers. The RNA pool was then reverse
transcribed and cloned into bacterial expression plasmids. The library was transformed into
E. coli and transcription was induced. Bacteria were incubated with the fluorogen and sorted
with FACS to isolate the aptamers exhibiting the highest fluorescence. FACS sorting was per-
formed at 37°C to select the thermostable aptamers at this temperature. Based on a directed
evolution approach and using again the combined SELEX-FACS selection procedure, an RNA
sequence (shorter than Spinach2, thus minimizing perturbations in the labeled RNA) opti-
mized for performance in cellullar environment was identified. When bound to DFHBI-1T,
this aptamer called Broccoli displays photophysical properties and a brightness close to the
ones of Spinach2.116

Structural basis of Spinach fluorescence The crystal structures of Spinach with and with-
out bound fluorogen have been recently solved, which provides some insights for designing

new fluorogen-binding RNA aptamers. 17118

2.1.3 Presentation of the article

We first attempted to reproduce the results reported in the original paper by starting with
the photophysical properties of the Spinach-DFHBI system. Preliminary experiments re-
vealed a reversible photochemical behavior in the Spinach system, which was not described
before. Indeed, under continuous illumination with blue light, we observed a fluorescence
decay of the Spinach-DFHBI complex over time, which completely recovered after standing
in the dark.

My first article precisely deals with establishing the dynamic model accounting for this
unexpected photochemical behavior and its application in the context of selective imaging.
Using 'H-NMR spectrometry and light-jump experiments, we first demonstrated that cis-
DFHBI alone undergoes reversible cis-trans photoisomerization, whose kinetics has been
thoroughly characterized. We then investigated the photochemical behavior of the Spinach
system. We discuss in the article the different models we proposed to account for the flu-

orescence decay of the Spinach probe upon illumination. We eventually converged toward
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a four-state mechanism accounting for our observations. It consists in (i) a non-covalent
binding of Spinach with both cis-DFHBI and trans-DFHBI giving rise to Spinach-cis-DFHBI
and Spinach- trans-DFHBI complexes and (ii) an interconversion by photoisomerization be-
tween the two DFHBI stereoisomers in both bound and free states. Thus, light can be used
to control the exchange dynamics between these four states of different brightnesses. As an
outcome, we implemented a selective fluorescence imaging protocol (one color OLID) based

on the photochemical properties of Spinach.
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2.2 Article 1 : Photochemical properties of Spinach and its

use in selective imaging
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The progress in imaging instrumentation and probes has revolutionized the way biologists look at
living systems. Current tools enable both observation and quantification of biomolecules, allowing the
measurement of their complex spatial organization and the dynamic processes in which they are
involved. Here, we report reversible photoconversion in the Spinach system, a recently described
fluorescent probe for RNA imaging. Upon irradiation with blue light, the Spinach system undergoes
photoconversion to a less fluorescent state and fully recovers its signal in the dark. Through
thermodynamic titration, stopped-flow, and light-jump experiments, we propose a dynamic model that
accounts for the photochemical behavior of the Spinach system. We exploit the dynamic fluorogen
exchange and the unprecedented photoconversion properties in a non-covalent fluorescence turn-on
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Introduction

Advances in fluorescence tools have revolutionized the field of
molecular and cell biology."* Highlighted among these tech-
niques are optical probes based on the green fluorescent
protein (GFP) and its variants, which have enabled a sub-
cellular understanding of the complex spatial organization and
dynamic behaviors of proteins.>* The discovery of reversible
photoswitchable fluorescent proteins* that interconvert
between states of distinct brightnesses has subsequently led to
powerful techniques, including time-resolved protein tracking,’
super-resolution microscopy®® and high contrast imaging."
The archetypes of the reversible photoswitchable fluorescent
proteins are green fluorescent protein, dronpa* and its vari-
ants,'"> which photoconvert when illuminated with blue light
and recover their initial fluorescence by thermal relaxation in
the dark or on photoexcitation with UV.

Recently, the Spinach probe has been introduced as an RNA
mimic of GFP."™>"* The Spinach system has been successfully
employed as a fluorescent tag for tracking ribosomal 5S RNA in
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system to significantly improve signal-to-background ratio during long-term microscopy imaging.

mammalian cells™® and as a reporter within RNA-based sensors
for metabolites in Escherichia coli.** To induce a high fluores-
cence signal,” the system relies on the non-covalent binding
between an RNA aptamer (Spinach) and the phenolate form of
an acidic (pK, = 5.5)" fluorogen termed cis-3,5-difluoro-
4-hydroxybenzylidene imidazolinone (cis-DFHBI) (Scheme 1).
The DFHBI fluorogen is structurally similar to the 4-hydroxy-
benzylidene imidazolinone chromophore, which is responsible
for photoinduced cis-trans isomerization during optical
switching in dronpa.’* We have thus been interested in exam-
ining whether the Spinach system would exhibit an analogous
behavior. Light jump experiments were first used to show that
Spinach was indeed photochemically active. We then performed
complementary thermokinetic experiments in order to derive a
consistent dynamic model that accounted for the photochemical
behavior of Spinach. After analyzing our experimental data with
various models, we concluded that our observations were
compatible with reversible transitions among four distinct
states, two of which involve the well-known cis-trans photo-
isomerization of GFP-like chromophores.'®'” We exploited the
reversible light-driven drop of Spinach brightness to selectively

N
+ N = MmN = =\
3
HO F
Spinach cis-DFHBI Spinach- cis-DFHBI
cis-DFHBI
Scheme 1 Spinach system. The non-covalent binding interaction between the

non-fluorescent ionized cis-DFHBI fluorogen and the Spinach RNA aptamer yields
a fluorescent adduct.

Chem. Sci., 2013, 4, 2865-2873 | 2865
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image Spinach in the presence of interfering fluorophores using
the optical lock-in detection (OLID) protocol, which has been
recently introduced for enhanced-contrast imaging.*

Results

cis-DFHBI was reported to give a stable (dissociation constant
Kq,1 = 0.5 pM) and bright (quantum yield of fluorescence: 0.72)
complex with Spinach with maxima of excitation and emission at
469 and 501 nm respectively.”* The Spinach system is typically
used by adding an excess of the DFHBI fluorogen to the medium
containing target RNA molecules to be labeled. Thus, we exam-
ined the behavior of a solution containing 0.1 uM of Spinach and
1 uM of DFHBI. When we monitored its fluorescence emission
upon illuminating continuously at 464 nm, a corresponding loss
of fluorescence was observed at 498 nm. The fluorescence decay
fitted a mono-exponential curve with a half-life of 1 min atalight
intensity of 9 x 10~° Ein s™" (Fig. 1a). After turning off the light
source, the fluorescence of the solution returned to its initial
value with a half-time of 4.6 min. From this experiment, we
concluded that light absorption by the Spinach system caused a
thermally reversible photochemical conversion.

To interpret this photochemical behavior, we first investi-
gated if the unbound DFHBI fluorogen was displaying photo-
chromic behavior. In response to illumination at the maximum
absorption wavelength (405 nm*?), the fluorescence emission at
498 nm of a solution containing only DFHBI (20 uM) was strongly
attenuated. Continuous illumination quickly led to a photosta-
tionary state (half-time of 8 s at a light intensity of 2 x 107® Ein
s~ ') (Fig. 1b). When illumination was subsequently stopped,
the DFHBI solution recovered its initial fluorescence (half-time
of 4.6 min) (Fig. 1b). Relying on the photochemical behavior of
cis-DFHBI analogues,'**® we hypothesized that the thermally
reversible cis-DFHBI photoconversion could be a cis-trans pho-
toisomerization. The photoisomerized 4-hydroxybenzylidene
imidazolinone chromophore of GFP has been reported to exhibit
a slow thermal relaxation in deuterated DMSO, thus rendering
it accessible to NMR spectroscopy.'®* The 'H-NMR spectra of
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cis-DFHBI solutions in deuterated DMSO were recorded before
and after illumination at 405 nm (Fig. 2). In addition to the
original peaks associated with cis-DFHBI (Fig. 2a), new signals
assigned to the aromatic and ethylenic protons of the
trans-DFHBI stereoisomer appeared after illumination (Fig. 2b).
These peaks disappeared when the solution was subsequently
left in the dark (Fig. 2c). These results were strongly indicative
that the thermally reversible cis-DFHBI photochemical behavior
was indeed a cis-trans photoisomerization.

The previous results suggested that the Spinach photo-
chemical behavior could be explained by considering two types
of exchange processes: (i) non-covalent binding between DFHBI
and Spinach RNA and (ii) cis-trans DFHBI photoisomerization.
To evaluate the relevance of this assumption, we performed a
series of experiments aimed at independently analyzing (i) the
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Fig. 2 'H-NMR study of cis-DFHBI photoisomerization. "H-NMR spectra of a
solution containing cis-DFHBI in deuterated DMSO (a) before illumination at
405 nm; (b) 4 min after turning off the 405 nm illumination. The new signals
associated with trans-DFHBI are integrated using the cis-DFHBI signals as refer-
ences; (c) after maintaining the illuminated solution for 48 h in the dark. Zoom in
of the aromatic/ethylenic area; T = 293 K.
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Evidence for photochemical activity of the Spinach system and cis-DFHBI. Temporal evolution of the fluorescence emission at 498 nm upon illuminating (ON)

solutions containing either (a) Spinach (0.1 uM) and DFHBI (1 pM) with illumination at 464 nm (9 x 10~° Ein's~") or (b) DFHBI (20 uM) with illumination at 405 nm (2 x
108 Ein s7') and during dark-state recovery (OFF). Circles: experimental points; solid lines: exponential fits. Solvent: pH 7.4 HEPES buffer. T = 293 K.
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thermokinetic features associated with the non-covalent inter-
action between cis-DFHBI and Spinach RNA and (ii) the
photochemical properties of the DFHBI fluorogen.

First, we determined the dissociation constant K4, of the
Spinach-cis-DFHBI complex (denoted 1B in Scheme 2) by
analyzing the fluorescence emission of solutions containing
DFHBI (100 nM) and Spinach RNA at various concentrations
(Fig. 3a). To eliminate any possible contribution originating
from the photogeneration of trans-DFHBI, samples were kept in
the dark for 30 min immediately prior to measurement. The data
could be reasonably well-analyzed upon assuming a 1 : 1 stoi-
chiometry of the complex. From fitting the experimental data
with eqn (1) (Fig. 3a), we extracted the dissociation constant,
Kg1 = 1.3 £ 0.2 pM, and the relative brightness (involving the
molar absorption coefficients and the quantum yields of fluo-
rescence emission) of the bound and unbound states of
cis-DFHBI (resp. 1B and 1F), g¢; = &1pP1p/e1r¢1r = 500 £ 100 (see
also Table 1). This was in good agreement with previously
reported values (K4 ; = 0.5 pM and g, = 2000 in ref. 13).

Next, we used stopped-flow experiments to determine the rate
constants k,; and k_; associated with the formation and the
dissociation of the Spinach-cis-DFHBI complex. Fig. 3b displays
the temporal evolution of the fluorescence emission measured at
498 nm after excitation at 464 nm at various cis-DFHBI concen-
trations. As expected (see ESIt), we observed an exponential
increase of the fluorescence upon fast mixing of cis-DFHBI
and Spinach RNA. The steady-state was reached with a
relaxation time 7, . given in eqn (2). The extracted values of
1/74,+ = ki 11F o + k_ ; were subsequently plotted as a function of
the total cis-DFHBI concentration. After a linear fit, we extracted
the association rate constant k,, = 8.1 x 10* M ' s~ from the
slope (Fig. 3c). Concordant with our previous assumption, this
value is in the range expected for the association rate
constant between an RNA aptamer and a small molecule.***' The
dissociation rate constant derived from the y-intercept
showed significant measurement error, so we estimated k_ ; by

the relationship k_; = Kgik: i, which yielded a value of
1.4 x 10~ " s™* (Table 1). Quantitative results are summarized
in Table 1.

Finally, we investigated the kinetics of cis-DFHBI photo-
isomerization. We recorded the temporal evolutions of the
fluorescence emission at 510 nm of a 100 uM DFHBI solution
continuously illuminated at 470 nm at various light intensities
(Fig. S6at). Individual traces obeyed the exponential temporal
evolution predicted by eqn (3). Linearly plotting the rate
constant of the fluorescence decay as a function of light inten-
sity subsequently yielded the sum of the cis-to-trans and trans-
to-cis photoisomerization action quantum yields, &ppior +
exp¢21,p = 15.6 m*> mol ', and the rate constant of the thermally
driven trans-cis-DFHBI isomerization, k3; s = 3.2 x 10 % 57"
(Fig. S6bT¥).

Based on these results, we attempted to interpret the photo-
chemical behavior of the Spinach system. Although the first set of
experiments were performed with the fluorogen in excess
(Fig. 1a), theoretical analysis showed that experimental condi-
tions in which Spinach RNA was in excess would greatly facilitate
a comprehensive interpretation of the results (see ESIT). We thus
repeated the photoconversion experiment under conditions
where Spinach RNA was in excess to DFHBI. To further control
the dynamic parameters, we adopted a low enough light intensity
such that the photochemical reactions could be safely assumed
to be rate limiting with respect to the binding reactions (see
ESIT). When we monitored the temporal evolution of the fluo-
rescence emission of solutions containing 0.1 pM cis-DFHBI and
increasing concentrations of Spinach RNA, we observed, as
previously, a mono-exponential decay under all conditions of
Spinach RNA concentration (Fig. S7t). The evolution of fluores-
cence amplitude and the rate constant of fluorescence decay
were monitored at varying concentrations of Spinach RNA
(Fig. 4a and b). Increasing the concentration of Spinach RNA
from 1.8 to 20 uM results in a 2-fold decrease in loss of fluores-
cence amplitude and a 4-fold increase of the rate constant.
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Fig. 3 Analysis of the thermokinetic properties associated with the non-covalent interaction between cis-DFHBI and the Spinach RNA aptamer. (a) Measurement of
the dissociation constant. Fluorescence intensity was recorded as a function of Spinach concentration in a solution containing a constant concentration of DFHBI
(100 nM) at chemical equilibrium. Markers: experimental points; solid line: fit with eqn (1). (b) Temporal evolution of fluorescence intensity upon mixing solutions of
0.2 uM Spinach RNA and cis-DFHBI (at varying concentrations; red, black, blue: 2, 4, 8 uM) using stopped-flow. Markers: experimental points; solid line: fit with eqn (2).
(c) Dependence of the observed association rate constants (Kops = k4,1 1Fior + K— 1) On total cis-DFHBI (1F) concentration. Markers: experimental points; solid line: linear
fit yielding the value of k, 1 from the slope. Aexc = 464 NM; Aem = 498 nm; solvent: pH 7.4 HEPES buffer; T = 293 K.
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Fig.4 Normalized loss of fluorescence amplitude (a) and rate constant (b) associated with fluorescence decay due to photoconversion of the Spinach system (0.1 uM
cis-DFHBI + 1.8—-20 uM Spinach RNA) when varying the total concentration Ry in Spinach RNA. Markers: experimental points; solid line: global fit with eqn (4) and eqn

(5) and (6). Solvent: pH 7.4 HEPES buffer; T = 293 K.

Along with the previous experiments, thermally driven
reverse isomerization was monitored by taking fluorescence
measurements at discrete time-points after turning off the light
source. Solutions at photosteady state were maintained in the
dark, and their fluorescence emissions were measured after
various times of recovery. The increase in fluorescence emission
was then plotted as a function of time to extract the rate
constant k5, of the thermal return reaction for each RNA
concentration. Subsequent analysis showed that the RNA
concentration had almost no influence on the magnitude of the
rate constant of the thermal return in the range of study (Fig. 5).

Discussion

To account for the fluorescence decay of Spinach upon illumi-
nation, we evaluated the relevance of several dynamic models.
We began with the simplest kinetic model and progressed
towards those of increasing complexity in accordance with
experimental observations. The theory for each investigated
model is reported in the ESLt Simple analytical expressions
could be derived since the relaxation times associated with
Spinach-DFHBI binding and the photochemical processes were
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Fig. 5 Dependence of the rate constant k3, associated with thermal return of
the Spinach system (0.1 pM cis-DFHBI and 1.8-20 pM Spinach RNA) on the total
concentration Ry in Spinach RNA. Markers: experimental points; solid line: fit
with egn (6) with /° = 0. Solvent: pH 7.4 HEPES buffer; T = 293 K.

2868 | Chem. Sci., 2013, 4, 2865-2873

not time-correlated. Based on our experimental results (see
the relaxation times in Fig. 3b and S7t), we could simplify the
dynamic models by assuming the binding steps to be fast on
the time scale of the photochemically driven evolution (see ESI).

As the timescales of thermal return were similar (4.6 min) for
the trans-DFHBI and the Spinach system, we first tested if a
model involving only two exchange processes—(i) non-
covalent binding between cis-DFHBI and Spinach RNA and (ii)
cis-trans DFHBI photoisomerization (Scheme 2a)—could
explain the Spinach photochemical behavior. In this case, illu-
mination would promote cis-trans DFHBI isomerization,
leading to a decrease of the concentration of the cis-DFHBI-
Spinach complex and a lowered fluorescence emission. To
evaluate this preliminary model, we derived theoretical
expressions that described the temporal evolution of fluores-
cence intensity upon applying a light jump (see eqn (82) in the
ESI{) to a solution containing cis-DFHBI and excess Spinach
RNA. Indeed, the mono-exponential decays observed in Fig. S7+
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Scheme 2 Dynamic models (a—d) were evaluated to explain the photochemical
behavior of the Spinach system. For simplicity, we introduced the symbols 1F, 2F,
1B, and 2B to represent cis-DFHBI, trans-DFHBI, Spinach—cis-DFHBI, and Spinach—
trans-DFHBI respectively. k;; denote rate constants and the superscripts hv and A
respectively denote photochemical and thermal contributions.
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matched the behavior predicted by the theory. However, the
observed evolution of fluorescence amplitude and the rate
constant of fluorescence decay (Fig. 4) were not adequately
supported by this model, which predicted (i) a zero loss of
fluorescence amplitude at large total concentrations of Spinach
RNA and (ii) a decreasing rate constant with increasing total
concentration of Spinach RNA (see ESIT). This discrepancy was
sufficient to exclude the preliminary model.

Since the loss of fluorescence amplitude was not zero at large
Spinach RNA concentrations, we evaluated a second dynamic
model in which non-covalent binding between the ¢trans-DFHBI
stereoisomer and Spinach RNA can also occur (Scheme 2b).
Indeed, RNA aptamers capable of this type of discrimination
between two stereoisomers of a photochromic molecule have
been reported, but generation of effective variants remains
difficult, with at best, a ten- to fifty-fold difference in affinity.>>>*
Once again, the mono-exponential temporal evolution of fluo-
rescence intensity was in agreement with theoretical predic-
tions (see eqn (77), (78), (85) and (86) in the ESIt). Moreover, by
fixing the parameters Kq 1, &1p¢12,r + €2r¢21,5, and k§1yp to values
that were identified through independent experiments
(Table 1), we could account for the amplitude of fluorescence
decay at varying Spinach RNA concentrations using this model.
As with the previous model however, this second model pre-
dicted a decrease in the rate constant of the fluorescence decay
in response to increasing total concentrations of Spinach RNA
(see ESIT). Again, this trend disagreed with the experimental
results (Fig. 4b) and allowed us to discard the second model.

Next, we examined the three-exchange processes mechanism
shown in Scheme 2c. In addition to cis-trans DFHBI photo-
isomerization and non-covalent binding between cis-DFHBI
and the Spinach RNA aptamer, this third model took into
account the reversible photoconversion of the cis-DFHBI bound
state to a fourth state. However, since the non-covalent
binding steps are much faster than the photoconversion steps
(vide supra), the theory predicted a biexponential temporal

Table 1 Values for the kinetic, thermodynamic, and brightness constants asso-
ciated with the four state model. ¢; and ¢; refer to the molar absorption coefficient
and the quantum vyield of fluorescence of the species i. ¢,; represents the
quantum yield of photoconversion from state /i to state mi. Solvent: pH 7.4 HEPES
buffer; T= 293 K

Parameters Value®
Ka,1 1.3 x 10°°M
ki 81x10*M st
k- 1.4 x10 st
&1rP12, 8 T E2r¢21,F 15.6 m* mol™*
21,F 32x10%s7"
&1rP12,F 10.9 m* mol !
&2pP21,F 4.7 m? mol ™!
&18912,8 16.3 m*> mol !
&28021,8 29.7 m? mol !
Ka,z 4.0 x10°°M
&8P28/e18018 0.3 +0.2
2.5x10%s7!

21,B

“ At A = 470 nm; except for Q,p/Q1p = &28¢28/¢1¢15, €ITOIS ON extracted
values are 20%.

This journal is © The Royal Society of Chemistry 2013

evolution of the fluorescence intensity (see eqn (101)-(104) in
the ESIT), which was not supported by our experimental results
and disqualified this third dynamic model.

We finally evaluated a fourth model consisting of a four-state
mechanism (Scheme 2d) to explain the observed temporal
evolution of fluorescence intensity. This model considered
interactions between Spinach and both cis- and trans-DFHBI,
thus yielding the corresponding fluorescent bound states,
Spinach-cis-DFHBI and Spinach-trans-DFHBI. The two isomers
also interconvert by photoisomerization in both the bound and
unbound states, while thermally driven exchange only contrib-
utes to trans—cis isomerization. The theory for this fourth model
was able to account for the temporal evolution of fluorescence
decay, as well as the loss of fluorescence amplitude and the rate
constant as a function of Spinach RNA concentration (see eqn
(4)-(6)). By fixing the parameters Kq.1, é1¢P12r + €2pP21,r, and
K51r to values found in Table 1, a global fit (Fig. 4) enabled
complete extraction of the remaining thermokinetic and
photochemical parameters of the system (Table 1).

The robustness of the global fit was evaluated to yield a
confidence interval for the dissociation constant of the Spinach-
trans-DFHBI complex, Ky, or the ratio of the brightness of the
trans-DFHBI and cis-DFHBI bound states Q,/Q;5. Specifically,
we systematically fitted the experimental data shown in Fig. 4
upon forcing the value of either Kq , (with Q,5/Q;3 as a floating
parameter) or Q,p/Q;p (With Ky, as a floating parameter).
Adopting a threshold for the upper value of the x-square test,
we eventually derived Ky, = 4 = 1 pM and Q,p/Q;5 = 0.3 & 0.2
(see Table 1).

Our analysis confirmed that cis-DFHBI gives a stable
(Ka,» = 1.3 uM) complex with Spinach. It further showed that
cis-DFHBI photoconverts into ¢rans-DFHBI with 2.5% photo-
isomerization quantumyield, and that trans-DFHBI also interacts
with Spinach toyield a fluorescent complex that is three-fold less
stable and one third dimmer. The rather similar affinity of
Spinach for the cis and trans stereoisomers is rather unsurprising.
Reported RNA aptamers of photochromic molecules exhibit a
modest selectivity in discriminating photochemically exchanging
states. Moreover, Spinach has been evolved by systematic evolu-
tion of ligands by exponential enrichment (SELEX) without any
strategy for discriminating the two stereoisomers.

With the set of parameters given in Table 1, our kinetic
analysis further showed that we could reproduce both the
amplitude (0.40) and the relaxation time (87 s) of the fluores-
cence loss observed in Fig. 1a by illuminating a solution of 0.1 pM
Spinach and 1 puM DFHBI with 9 x 10~ ° Ein s~ light intensity at
464 nm; theoretical analysis (see ESIT) yielded values of ampli-
tude loss and relaxation time of 0.38 and 94 s respectively (see
Fig. S3a and bt). For these experimental conditions, our four-
state dynamic model predicted that a solution of 0.1 pM Spinach
and 1 pM DFHBI would contain free Spinach, Spinach-
cis-DFHBI, and Spinach-trans-DFHBI in a ratio of 8.5:3:1
respectively (see Fig. S3c and dt). Additionally, our model sug-
gested that the amplitude and the rate of photoswitching could
be tuned by varying the light intensity (Fig. S3a and b¥). Inter-
estingly, the analysis also indicated that one could tailor the
amplitude and the relaxation time of photoswitching by precisely
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controlling the relative concentrations of DFHBI and Spinach
(Fig. S4 and S51).

Our study suggested that the thermally reversible photo-
conversion of the Spinach probe could introduce new opportu-
nities for imaging. In particular, we thought that Spinach could
display excellent potential for enhanced-contrast imaging of
RNA molecules using OLID, an imaging technique that allows
the specific isolation of a photo-induced fluorescence signature
produced by a photochemically active fluorescent probe in a
background of light-insensitive signals.'* We demonstrated the
effectiveness of the Spinach probe for OLID by imaging a mixture
of 1 pm beads coupled with either Spinach or fluorescein in the
presence of DFHBI (5 pM). Photoconversion was induced by 2.5 s
of illumination at 470 nm followed by 5 min of darkness over 5
cycles (Fig. 6a-c). Fluorescence micrographs were recorded at
525 nm (at 4 images s ') during illumination at 470 nm. The
transition between the two states was repeated over 5 cycles with
no loss of fluorescence of the Spinach-coupled beads, as pre-
dicted from the permanent renewing of fresh DFHBI molecules
within the aptamer. While the fluorescence intensity of Spinach-
coupled beads was strongly altered by the applied optical
perturbation, the fluorescence intensity of fluorescein-coupled
beads remained steady over repeated illumination cycles
(Fig. 6d). To selectively amplify the signal from the Spinach-
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Fig.6 Enhanced-contrastimaging of Spinach complexthrough OLID. 1 um beads
coupled with either Spinach (S) or fluorescein (F) in the presence of 5 uM DFHBI in
pH 7.4 HEPES buffer were subjected to optical cycling (ON: 2.5 s, OFF: 5 min).
Fluorescence images were recorded at (a) 0 s and (b) 2.5 s after illumination and (c)
5 min after dark-state recovery. (d) Intensity profiles of one pixel from a Spinach-
covered bead (blue trace) and fluorescein-covered bead (red trace) over 5 ON/OFF
cycles. (e) Fluorescence image before OLID treatment. (f) The time dependent
behavior of each pixel was cross-correlated with a reference pixel exhibiting
photoconversion behavior. The processed image effectively extinguished
unmodulated fluorescence arising from fluorescein-beads. Scale bar, 10 um.
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DFHBI complex on the recorded micrographs, we evaluated the
time-dependent intensity profiles of each pixel against that of a
reference pixel, which exhibited photoconversion behavior,
using a previously reported cross-correlation function.' By
emphasizing the unique optical signature of the Spinach probe
against unmodulated signals, we were able to eliminate contri-
butions from fluorescein and background (Fig. 6e and f). This
experiment showed the effectiveness of OLID in selectively
enhancing detection of Spinach-modified species in a back-
ground of unrelated fluorescent species.

Conclusion

The Spinach RNA probe exhibits a previously unreported
photochemical behavior that can be reasonably well-explained
with a dynamic model incorporating the (i) non-covalent binding
between DFHBI stereoisomers and Spinach RNA to yield two
fluorescent bound states, Spinach-cis-DFHBI and Spinach-
trans-DFHBI, and the (ii) photochemical interconversion
between two stereoisomers, cis-DFHBI and trans-DFHBI, as well
as between the two complexes, Spinach-cis-DFHBI and Spinach-
trans-DFHBI, by photoisomerization. Compared to other fluo-
rescence turn-on probes,* the Spinach system consists of a
particular optical signature that combines both photochromism
and fluorogenicity due to permanent renewing of the chromo-
phore. These properties in turn provide attractive features such
as tunability of the amplitude and the rate constant associated
with photoconversion. Such versatility could be adapted into
imaging methods, such as OLID, that exploit dynamic exchanges
between states of different brightness.

Materials and methods
DFHBI synthesis

DFHBI was synthesized according to the previously reported
procedure.” The protocols were slightly modified to maximize
the purity and yield of the final product.

Synthesis of (Z)-2,6-difluoro-4-((2-methyl-5-oxooxazol-4(5H)-
ylidene)methyl)phenyl acetate (I). A solution of N-acetylglycine
(296 mg, 2.54 mmol), sodium acetate (208 mg, 2.54 mmol), and
4-hydroxy-3,5-difluorobenzaldehyde (400 mg, 2.54 mmol), in
acetic anhydride (1 mL) was purged with argon, and stirred at
110 °C for 2 h. After allowing the solution to cool to room
temperature, iced ethanol (10 mL) was added and the resulting
mixture was stirred overnight at 4 °C. The precipitate was
filtered and thoroughly washed with cold ethanol. After
drying, the intermediate I was obtained as a pale yellow powder
(470 mg, 81%): "H-NMR (300 MHz, CDCl,) 6 7.80 (d, J = 8.5 Hz,
2H), 7.00 (s, 1H), 2.46 (s, 3H), 2.43 (s, 3H).

Synthesis of (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-
dimethyl-1H-imidazol-5(4H)-one (cis-DFHBI). A solution con-
taining I (200 mg, 0.71 mmol), dry potassium carbonate (148 mg,
1.1 mmol), and 40% aqueous methylamine (0.3 mL) was refluxed
in dioxane (4 mL) for 3 h. After cooling and neutralization with
acetic acid (6 mL), ethyl acetate was added and the organic phase
was extensively washed with concentrated NaCl solution. The
organic layer was dried with anhydrous sodium sulfate and the
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solvent was evaporated. The resulting crude solid was triturated
several times with chloroform to eliminate soluble impurities
and to provide cis-DFHBI as a dark yellow powder (77 mg, 43%):
'H-NMR (300 MHz, DMSO-d) 6 7.99 (d, J = 9.9 Hz, 2H), 6.92 (s,
1H), 3.10 (s, 3H), 2.38 (s, 3H).

In vitro Spinach transcription

In vitro transcription of Spinach was carried out according to
reported procedures.’ DNA template oligomers corresponding
to the Spinach sequence were ordered from Sigma-Aldrich.
Appropriate primers were used to amplify the template and
append a T7 promoter sequence. PCR products were then
transcribed in 20 pL reactions containing a final DNA concen-
tration of 200 nM using the MEGAshortscript T7-kit (Invi-
trogen). The resulting RNA was treated with DNase and purified
with the MEGAclear kit (Invitrogen). Five transcription reac-
tions were typically pooled together during the purification step
to obtain a higher concentration of RNA.

Buffer and solutions

All experiments were performed in HEPES buffer (pH 7.4,
40 mM HEPES, 125 mM KCl, 5 mM MgCl,, 1x salmon sperm
DNA). DFHBI solutions were diluted from a 20 mM stock in
DMSO. All final samples used for spectroscopic measurements
contained less than 0.1% DMSO (v/v).

Functionalization of beads

Biotinylated RNA was attached to 1 pm streptavidin coated beads
(Dynabeads MyOne Streptavidin C1, Invitrogen). To function-
alize the RNA with biotin, a well-structured 35 nt
handle sequence was introduced at the 3’ end of Spinach:
5'-GCUCUAGGCCGCGAUUAAAUUCCAACAUGGAUGCU-3'. The
resulting Spinach mutant was hybridized with a biotinylated
DNA sequence complementary to the appended handle such that
the biotin emerged from the 3’ end of the modified Spinach
sequence. Functionalization of RNA-biotin was verified by fluo-
rescence correlation spectroscopy, which revealed a 1.7 fold
increase in the diffusion coefficient of the Spinach-DFHBI
complex upon binding streptavidin in solution.

NMR experiments

DFHBI reversible photoisomerization was directly evidenced by
"H-NMR spectrometry recorded on a Bruker AM 300 spectrom-
eter. cis-DFHBI (2 mg) was dissolved in deuterated DMSO
(0.5 mL) and the resulting solution was transferred to a 5 mm
NMR glass tube. Illumination of the NMR tube content was
performed at 405 + 15 nm up to the steady-state (light flux
1°(405) = 1.35 x 10" * Ein s ' m 2 for 15 min).

Spectroscopic instruments

Fluorescence measurements used for thermodynamic and
photochemical calculations were acquired on an LPS 220
spectrofluorometer (PTI, Monmouth Junction, NJ), equipped
with a thermoregulated holder held at 20 °C by circulating
baths. The 500 pL samples were placed in 1 cm (path length of
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the incident light) x 0.2 cm quartz cuvettes (Hellma). Light
intensity was controlled by varying the current on a LED light
supply and precise photon flux densities were measured with a
Nova II powermeter (Laser Measurement Instruments).

Thermokinetic analysis

The dissociation constant Ky; of the Spinach-cis-DFHBI
complex 1B was determined by following fluorescence emission
(Aexe = 464 nm and Ae, = 498 nm) as a function of RNA
concentration in a fixed 100 nM solution of DFHBI. RNA
concentration was varied by sequentially adding aliquots of a
RNA/DFHBI mixture at a constant concentration of DFHBI. To
eliminate any putative contribution originating from the pho-
togeneration of ¢trans-DFHBI, samples were kept in the dark for
30 min immediately prior to measurement. The data were
analyzed assuming a 1:1 stoichiometry of the complex, for
which the following formula can be derived:

IF(Rtot) —
I (0)

1 —q1 <Rtot
+ —1
" \/ Fuo

Kii\® 4K R K,
+ d,l> d,1 _ ( tot 1 + d.l)
Ftot

F, tot Flot Ftot
M

where I(0) is the fluorescence intensity of the fluorophore in
the absence of RNA, Ix(Ry.) is the fluorescence intensity at
chemical equilibrium after addition of RNA at total concentra-
tion Ry, 1 1S the ratio e1pd1s/e1r¢1r (i-€. the relative brightness
of the bound and unbound states of DFHBI), and Fi,, is the total
concentration of DFHBI.

The rate constants corresponding to the dissociation and
association of the Spinach-cis-DFHBI complex 1B (k_ , and k, ;)
were determined by stopped-flow experiments. Using a RX2000
rapid kinetic stopped flow accessory (Applied Photophysics,
Leatherhead, UK), two 500 pL solutions, A and B, were mixed with
typical dead times of 100 ms and the fluorescence intensity was
recorded over time at 10 Hz. Solution A contained Spinach RNA (R)
and solution B contained cis-DFHBI (final concentrations 0.2 pM
and 2-8 uM, respectively). Samples were excited at 464 nm and
fluorescence emission was monitored at 498 nm. To minimize any
contribution from the ¢rans-DFHBI stereoisomer, samples were
kept in the dark for 30 min immediately prior to injection, and the
intensity of light was maintained at a level where no photo-
isomerization was observed on the timescale of the experiments.
The temporal evolution of the normalized fluorescence intensity
Ix(t)/Ix(0) was analyzed with the following formula:

Ir (1)
I (0)

=1 +q1k+,1RtotTI,i(1 - eil/zl't) (2)

where 1, 4 = 1/(ki11F + k_ ;) is the relaxation time associated
with the complex formation (see ESIf for the derivation).

Photoconversion experiments

The temporal evolution of the normalized fluorescence inten-
sity Ix(t)/Iz(0) from the illuminated cis-DFHBI solution was
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analyzed with the following formula (see eqn (79)-(81) in
the ESIY):

w0+ (@)

0
klZ.F
0 0
klZ,F + k2l.F

|:] — ef(k?z L] l—)t:| (3)

where Q,5/Q1r, k32,5, and k3, ¢ designate the relative brightness of
trans-DFHBI with respect to cis-DFHBI, and the rate constants
associated with the conversions from the cis-to-trans and from the
trans-to-cis DFHBI states respectively. In the considered experi-
mental geometry,? one has additionally &3, r = 2.315¢15 ¢ and
K91 ¢ = 2.3e55¢21 61° + k51 5, where I° is the light intensity.

The temporal evolution of the normalized fluorescence
intensity Ix(t)/Iz(0) from the illuminated solution of the Spinach
system shown in Fig. 5 was analyzed with the following formula
(see eqn (77), (78), (87) and (88) in the ESIt):

kY,
Ky + k3,

=140 1)

1-— e("‘1)2+k‘z'l)':| @)

where Q; = (Q25/Q18)(Ka,1 + Riot/Ka,2 + Reor), in which Qi3 and Qg
denote the molecular brightness of 1B and 2B respectively. k,,
and k3, designate the apparent rate constants associated with
the conversions from the cis-to-trans and from the trans-to-cis
DFHBI states respectively. In the considered experimental
geometry, one has additionally:

eird1arKa1 + e1Bd 12 p Riot

K, =23
12 Ky1 + Ryt

I 5)

kgl,FKdl + k2A]‘BR101

erPy1 pKaa + €8¢ g Riot 10
Kir + Riot

kY =223
2 Ky» + Riot

(©)

Optical lock-in detection (OLID)

Fluorescence images were acquired at 525 + 15 nm (F525-30;
Semrock; Rodchester, NY) on a home-built microscope
equipped with a dichroic mirror (F524-628; Semrock) mounted
with a Luca-R CCD camera (Andor Technology, Belfast, UK), an
LED light source (LXML-PB01 from Philips Lumileds, San Jose,
CA) filtered at 480 + 20 nm (HQ 480-40 from Chroma Tech-
nology Corp, Rockingham, VT), and collimated with a 50 mm
lens (AC254-50-A1,Thorlabs, Newton, NJ) through a 60x
objective (UplanApo, NA 1.20 W; Olympus, Hamburg, Ger-
many). Recorded micrographs were appended sequentially by
excluding the dark state recovery during periods of no
illumination.

The time-dependent intensity profiles of each pixel were
evaluated against a reference pixel located within a photo-
chromic fluorescent bead, using a previously reported cross-
correlation function:*®

Corr(x,y) =
Z (I(X,% t) - (I(XJH l)>)(1ref<xref7yref7 l) - <Iref(xref7yref’ l) >)

OO ref

t

@)

2872 | Chem. Sci., 2013, 4, 2865-2873

where I(x,),t) (resp. Lref(XrefYrer,t)) is the fluorescence intensity at
pixel (x,y) (resp. (XrefVrer), .. Within the reference) at a time ¢
during the photoconversion cycle. (I(x,y,t)) and (Ief(Xret,Vrent)),
and o7 and o,¢ respectively designate the mean values and the
standard deviation (std) values of the fluorescence intensity at
the considered pixels. The correlation values generated an
intensity-independent image that favored pixels with a time-
varying fluorescence signature similar to that of the reference.
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1 Theoretical model for the cis-DFHBI-Spinach RNA association experiments

In the absence of any photoisomerization, the temporal evolution of the solution composition resulting from

mixing solutions of cis-DFHBI and Spinach RNA is governed by Eq.(1):

kya
R+ 1F = 1B (D)
k_1

)

The kinetic law associated with reaction (1) in a homogeneous solution follows:

d1B(t)
dt

= ki1 1F(8)R(t) — k_1 1B(2). 2)

Being in excess with respect to R in the series of stopped-flow experiments, the concentration of fluorophore
1F was assumed constant in both mixed solutions such that 1F'(¢) = 1F},. Upon considering the total concen-

tration in R, Ry, = R(t) + 1B(¢), Eq. (2) yields:

ki 11Fyot 4
1B(t) = ’ 1—et/mx) R 3
O = iR+ F s (1= Bua, )

with
T+ = (k+,1 1For + k_yl)il. 4)
Eq.(3) can be used to derive the temporal dependence of the normalized fluorescence intensity Ir(t)/Ir(0):

Ir(t)
Ir(0)

=1+ qky 1R+ (1 - €_t/ﬁ’i) ) 5

where ¢q; = g% designates the relative brightness between 1B and 1F.
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2 Theoretical analyses

In this section, we theoretically analyze the dynamic behavior of the models displayed in Scheme 2 of the Main
Text. Sharing in common nodes and exchanging processes, those dynamic models only differ by the number of
considered nodes and exchanging processes. Instead of exploring stepwise those models, we first consider the

most complete model (shown in Scheme 2d), from which we derive the behavior of the simpler models.

2.1 The generic dynamic model

The generic dynamic model is a four-state mechanism consisting of two trans-DFHBI states (bound and un-
bound) in addition to the previously reported cis states of DFHBI. Both cis- and trans-DFHBI interact with
Spinach RNA to yield the corresponding fluorescent bound states, Spinach-cis-DFHBI and Spinach-trans-
DFHBI. The two isomers interconvert by photoisomerization in both the bound and unbound states while only
trans-cis isomerization may occur by thermally-driven exchange. For simplicity, this section uses the symbols
1F, 2F, 1B, and 2B to represent cis-DFHBI, trans-DFHBI, Spinach-cis-DFHBI, and Spinach-trans-DFHBI
respectively. The associated rate constants are presented in Figure S1, where the superscripts ~v and A respec-

tively denote photochemical and thermal contributions.?

hv
R+1F —— 2F +R
k21F+ 21,F
k1 k+1 k-2 k+2
hv
1B -—= 2B

+ K

21,B 21,B

Figure S1: Four-state mechanism accounting for the photochemical and complexation behavior of a pho-
tochromic fluorogen in the presence of a receptor.

The theoretical framework closely mirrors that described in a previous work by Emond et al.! The concen-

tration profiles within the four state model are governed by the equations:

*'H-NMR evidence suggests a high purity of the 1F state prior to illumination, i.e. k:lAQ, r < kQAly r. Thermal contributions were
thus neglected for the forward exchange from 1F and 2F to 1B and 2B respectively.
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dlB
o - (k1B—1F + k1B>2B) 1B + k1B 2B + kip—1 R 1F (6)
d2B
e kig—28 1B — (k2g—2r + k2B—18) 2B + kap_28 R 2F (7
dlF
o kiB—1rlB — (k118 R + kiv—2r) 1F + kapr 2F 3
d2F
ar kog—282B + kip—aFr 1F — (k’ZF—>2B R+ kZF—>1F) 2F 9)

The temporal dependence of concentrations cannot be obtained in the most general case. However, it can
be analyzed in asymptotic situations according to the nature of the rate-limiting steps, which are associated to
either the photochemical reactions or the complexation reactions. Crossing between both kinetic regimes typi-
cally occurs when the relaxation times associated to the photoisomerization and the complexation reactions are
equal. Relying on the values subsequently extracted for the Spinach system at the micromolar concentrations
used in the present study (vide infra), we predicted that photoisomerization would remain rate-limiting up to
2.25 x 1072 ein.s~'.m~2," a value lying much above our typical light flux. Thus we reduced further theoretical
analysis in the following to the regimes where photoisomerization is rate-limiting.

The different dynamic models shown in Scheme 2 correspond to particular values of the rate constants
involved in Figure S1. The most general situation corresponding to non-zero values is shown in Scheme 2d.

. . hv,0 hv,0 A
Schemes 2b and 2c are respectively associated to zero values for k:12’ p and k217 g+ k21, p» and for k 5 and

k_ 2, whereas Scheme 2a is associated to zero values for I{:g”%, kgf”% + k2A1, g k2, and k_ 5.

Depending on the values of the rate constants k4 2 and k_ o, two different reduced schemes result from the
reduction of the mechanism displayed in Figure S1 upon considering that photoisomerization is rate-limiting.
In the most general situation, k. » and k_ > adopt non-zero values; then the reduced mechanism involves the

exchange between two reduced species (Figure S2a : Two state model). In contrast, when both £ 2 and k_ >

°On the one hand, the relaxation time in a regime where photochemistry is rate-limiting was calculated for increasing light intensities
using Eq.(54) and the parameters displayed in Table 1 of the Main Text. On the other hand, the relaxation time in a regime where
complexation is rate-limiting was similarly calculated using Eq.(10) which originates from reducing to the corresponding two state
model in the case Rior < Fiot:

F,0 1
vV s e 10
T kS Fior + k2 (10
with
hv,A,
[ kS + kS Ko’ an
+ - 1+Khu,A,0
F
hv,A,
o RSk, Kt a2
- 1+Khl/,A,0
B
and
K
Kpoat = 2 (13)
k21,'F+k2A1,F
khl/,()
Kgu,A,o _ 12,B . (14)

hv,0 A
k21,B + kZI,B

Then we derived the light intensity for which the two relaxation times were equal.
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are equal to zero, the reduced mechanism involves three species and two exchanges (Figure S2b : Three state

model).

Figure S2: : Models resulting from reduction of the mechanism shown in Figure S1 upon considering that
photoisomerization is rate-limiting. a: Two state model where k o and k_ > adopt non-zero values; b: Three
state model with k4 2 and k_ » equal to zero.

2.2 Analysis of the reduced two state model

In the “low”-illumination regime with non-zero values for k4 o and k_ o (Figure S2a), it is meaningful to
introduce the average species 1 and 2 (concentrations 1 = 1F 4 1B and 2 = 2F + 2B). The “instantaneous”

concentrations in 1F, 1B, 2F and 2B then follow®,

1 _
1F = ——1 15
14+ KPR (1>
A
13 = KR g (16)
1+ KPR
1 _
2F = ———2 17
1+ KR {an
A
op = P2l g (18)
1+ K&R
where
kA
K = % (19)
-1
k,A
K$ = kZ*Q. (20)
-2
Thus Egs.(6-9) transform into Eq.(21):
dl d2 — ~
a = _E:_k121+k212 (21)

°The association constants, K 1A and K. QA are the inverse of the dissociation constants Ky 1 and Kg 2. Furthermore, k4 ; and k_ ;
have been replaced with kﬁ,l and kﬁl to articulate that these rate constants are only affected by temperature rather than light.
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with
b, _ i thks KTR 2
1+ K£R
. (Kb e+ k5 e ) + (Ko + k3 5) KOR )
A 1+ K2R '

In the most general case, Eq.(21) has no analytical solution, because k12 and ko) are time-dependent as a
result of the R(¢) term. However, a tractable temporal dependence of the concentrations after a light jump from

0 to I° can be obtained in two regimes:

e The total concentration of the receptor (Ry.:) is much larger than that of the fluorogen (Fipt): Riot >

Ftot~ Then
I kg/}? + k%/,B K{ Rior o4
1+ K{£ Ryt
o (Kbt e+ ) + (K + K8 ) KD Rior )
AT 1+ K2Ry '

This case is relevant to analyze the experiments reported in the Main Text when R > Fiot.

e The change of light intensity generates a perturbation of the solution composition of small amplitude. As
a consequence, Eq.(21) can be solved at first order of light perturbation. This case is relevant to analyze

the experiments reported in the Main Text when Fio; > Ry -

2.2.1 Case Rtot > Ftot

In such a regime, the apparent rate constant k1o and k2 can be considered constant and equal to k9, and k3,

given by
hv,0 hv,0 A
W, = R Ko 26)
2 1+ K Ryor
() + () KRR
ky = = . 27)
1+ K2 Rior

Since Fior = 1 + 2, Eq.(21) becomes:
a(2-2°)
5 50
—— L = (WA (2-2) (28)
without any restriction on the amplitude of light jump. Then Eq.(28) leads to
g0 —

= 17 -T="32exp <—2) (29)

T12

2
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where
50 K?z
P = 2 g 30
1 +K?2 tot ( )
0 1
= — _F, 31
1K, tot (31)
) S - (32)
1+ K2Ry,
1 _
2F = — 9 (33)
1 + K2 Rtot
A
1p0 = Mo g0 (34)
1+ KARyy,
K$Riot =
op? = P2l g0 (35)
1+ K5 Riot
KA K& 1
RO = Rtot - ( L JZtOt 2 }itOt ?2) 0 Ftot ~ Rtot (36)
1+ KARyy 1+ K2Ry 1+ K9,
1
0
_ 37
2 kDo 4 k9, &7
0 kP
Ky = 20 (38)
21

In Eqs.(30-38), 2° 1% 1F0, 1B, 2F0 98O, RO, 74, and K, respectively denote the steady-state values of
2,1,1F, 1B, 2F, 2B, and R, the apparent relaxation time associated to the photochemical reactions, and the

apparent photoisomerization constant of the fluorogen F, in the presence of light at constant intensity I°.

2.2.2 Case of a perturbation of small amplitude

In this regime, there is no restriction on the relative concentrations of R and F. Thus the apparent rate constant
k12 and ko1 cannot be anymore considered constant at the investigated time scale. To be able to perform
analytical calculations, we consider that the light jump generates a perturbation of small amplitude. Then we

solve Eq.(21) at first order of the light perturbation upon writing:

7 = 130 (39)
1 =1-230 (40)
R = RY+&eRYt) (41)

where TO, §0, and R° denote the steady-state value of the concentrations when light of intensity I° is applied
on the system.9 Note that it is the same first order term which intervenes in Eqgs. (39) and (40) since 1 + 2 =
1°+2° = F,,.

In a first step, the relation existing between fl(t) and R!(t) is extracted. In relation to Eqs.(15-18), we

4The analytical expressions of these concentrations cannot be obtained. Indeed the steady-state concentration R is governed by a
polynomial equation, which has no analytical solution. In contrast, those values can be derived numerically.
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first derive:
1 1 KAR!
= = < 1-— d IZ £ (42)
1+ KAR 1+ KA~RY 1+ KARO
K2R KARD R!
L = L 1+ Aoy E (43)
1+ KAR 1+ KARO RO (14 KARD)

with ¢ = 1 or 2. Derivation of Eqs.(42,43) only requires that KiAsRl <1+ KZ-ARO. This condition is fulfilled
in the most general case as soon as e R! < R” where the light jump causes a small change of the concentration
in R. However, it is also interestingly fulfilled without any restriction on the relative values of R" and e R*
when the R concentration is low enough so as to have K iARtot < 1. Then one has both K Z-ARO < 1 and
K iAERl < 1. This case is relevant to analyze the experiments described in the Main Text.

Then we use Eqs.(16,18) and the conservation law

Rt = R+1B+2B (44)
to yield
J (45)
with
KlAfO B KQAEO
v - - HII{(IZTROO 1+K2]]:;§0 (46)

(1+KAR0)? T (1+KARY)®
The temporal dependence of k12 and k2

h0 | L hv0
ki p + kg K{R(t)

ki2(t) = 47
hv,0 hv,0
<k21,F + kQAl,F) + (kQI,B + k2A1,B) K2AR(t)
ka(t) = = (48)
1+ K2R(t)

is then extracted at first order using Eqs.(41,45). We derived

Kfey

— 17 3l 49
(1+ KPRO) " @)

hv,0 hv,0
kio(t) = K+ (km,B - klZ,F)

KAS’)/ —1
ko(t) = KO, + (k’””o - kh”’o) 2T gl (50)
21,8 — Ko F 1+ KQARO)Z
with
hv,0 hv,0
T kiyp + kiop KPRO 51)
12 1+ KARD
hv,0 hv,0
oo (kZI,F + kQAIF) + <k21,B + k2A1,B> K$ RO )
T 1+ K£RO '
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Eq.(21) is then solved upon using the expressions (39,40,49,50). We derived
1

d2 14
—4+ =27 =0 53
dt + sz (53)
with
1
T2 = =5 m— (54)
KDy + K3y + <7812 — 71 )
where
KA
0 hv,0 hv,0 i
Wy = (KD - kD) (55)
12 12,B 12,F (1 + KIARO)Q
KA
0 hv,0 hv,0 27
o= (kG- D) (56)
21 21,B ~ Fa1F (1+ KZARO)Q
Considering that the 2 states are not present at initial time, we then obtain:
— - — — t
621(25) = 2—?—?—1:—20@@ <_0> (57)
T12
where
50 K?Q
27 = Fi, 58
T+ KD, tot (58)
0 1
1" = —F 59
T+ KD, tot (59)
K&RO KSRO
R" = Ry L 2 L2 (60)
1+ KPR 1+ K$RO
0 ks
Ky, = & (61)
k)
Equipped with Eqs.(15-18,39,40,42,43) one has also at first order
14+ KARO 4+ KA4T0 _
1F(t) = 1F0— TR TR Sl (62)
(14 K{RY)
KA1 — KARY (14 KARY) _
1B(t) = 1B°+ L) LR 1 )521(25) (63)
(1+ K{RY)
14+ KARY — K842
oF(t) = opty LTETE B2 gy (64)
(1+ KSRY)
K842° + KARY (1 4+ KARY) _
2B(t) = 2B° 4 27 2 1 — )521(15) (65)
(1+ K$RY)
with
TP S (66)
1+ K£RO
KARY 4
1B = —L 1 67
1+ K{RO 7
1 50
2F) = —— 2 68
1+ K5$RO (©8)
K2RY g
2B = ——2 9 69
1+ K£RO (69
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In Egs.(58-65), QO, 1°. RO, 1F 01B% 2F%, 2B, 70,, KY, respectively denote the steady-state value of 2, T,
R, 1F, 1B, 2F, 2B, the apparent relaxation time associated to the photochemical reactions, and the apparent

photoisomerization constant of the fluorogen F, in the presence of light at constant intensity 1°.

2.2.3 Analysis of the fluorescence emission

Fluorescence emission I (t) originates from summing the individual contributions of the fluorogen-derived

species 1F, 2F, 1B, and 2B. Denoting ); for the molecular brightness, one has
Ip(t) = (QirlF + Q2p2F + Q1p1B + Q252B) I (70)

where the expressions of 1F', 2F, 1B, and 2B depend on the experimental regimes.

The expressions of 1F', 2F', 1B, and 2B can be retrieved from Eqs.(15-18) and (29-38) or (57-69). Then

one has:
Ir = A%+ (Q1—Q2)2 exp <—721502>} 1° (71)
with
A" = QuplF®+ Qup2F° + Qip1B° + Qyp2B° (72)
and

e Case Riot > Fior:
Q2 + Q2 K5 Riot

= 73
Q: 14 K2Rt )
0 = Qir + QlinRtot (74)
1+ K7 Riot
e Case of a perturbation of small amplitude:

14+ KR — K&42° K242" + K2&R® (14 K4 R°)

Q2 A2 @er A2 Q2B (75)
(1+ K3 R) (1+ K3 R)

1+ KARO + KA1’ KARO (14 KARY) — KAAT

@ : DL o KERULRER) “ KT (76)

(1+ KR RO)? (1+ KFRO)?
Moreover assuming that the system contains only 1 before illumination and that the brightnesses of both free
states can be neglected in the presence of their corresponding bound states (which is the case in the explored

regime of Spinach RNA concentration), the temporal evolution of photoinduced fluorescence-loss given in

Eq.(71) yields:
Ir(t) Ip(0) |1+ (Qr — 1) it (1 —<k?2+k91>t) 77)
= —1)——=F(1—e
g g T kG + R
with
Q2B o Kg1+ Riot
Qi Kg2 + Riot

where I (0) is the initial fluorescence intensity at ¢ = 0, I (¢) is the fluorescence intensity at time ¢, and Q2

Qr (78)

and @1 g denote the molecular brightnesses of 2B and 1B respectively.
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2.2.4 Application to various dynamic models

Photoisomerization of the cis-DFHBI fluorogen In relation to the photoisomerization of the cis-DFHBI
fluorogen in the absence of Spinach RNA which was investigated in an independent experiment, we first derive
the temporal dependence of the normalized fluorescence intensity upon applying a light jump from 0 to I°.

Hence we adapted Eq.(71) to derive

Qa2r ki — (kO kY, )t
Ie(t) = Ip(0) |1 1 1 — e~ Rtk 79
F(®) i )[ +<Q1F k?2+k31( ‘ ) )
with
Ky = Kyh (80)
K, = Khp+ kS g 81)

Photoisomerization and complexation of the cis-DFHBI fluorogen (Scheme 2a) In the regime considered
in the Main Text (R > Fiot), Eq.(77,78) adopt different expressions upon assuming that the system contains
only 1 before illumination and that the brightnesses of both free states can be neglected in the presence of the
bound state(s) (which is the case in the explored regime of Spinach RNA concentration). In the case of the

dynamic model displayed in Scheme 2a, one has

k9 0 110
Ir(t) = Ip(0) [1 S - B (1 - e(k12+k21)t>:| (82)
kg + k9
with
Ka1 hv0
), = ——% ™ 83)
12 Kg1+ Riot 12,F (
K = kyyp+ kS g (84)

When Ry, is much larger than K 1, kY, becomes notably vanishing. As a consequence, one expects the
loss of fluorescence amplitude to vanish and the rate of fluorescence decay (k¥ + k9;) to decrease, when the

total concentration of R is increased.

Photoisomerization of cis-DFHBI and complexation of both cis- and trans-DFHBI stereoisomers (Scheme

2b) In the case of the dynamic model displayed in Scheme 2b, Eqs.(77,78) are valid with

Ka
Ky = —— k) (85)
12 Kg1+ Reor 27

Kap
Ky = ——— kS p. (86)
21 Kd,2+Rtot 21,F

When Ry, is much larger than K, and K42, both k9, and k9, become notably vanishing. As a conse-
quence, one expects the rate of fluorescence decay (kU + k3;) to vanish when the total concentration of R is

increased.
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Photoisomerization of and complexation of both cis- and trans-DFHBI stereoisomers (Scheme 2d) In

the case of the dynamic model displayed in Scheme 2d, Eqs.(77,78) are valid with
k[l)Q,F Kd,l + k(I)Z,B Riot

K, = 87
12 Kg1+ Rt 7

W0 K9y p Kag + k9 g Riot (88)
2 Ko + Riot '

2.3 Analysis of the reduced three state model

In the “low”-illumination regime with zero values for k4 2 and k_ o (Figure S2b), one can now introduce only
one average species 1 with concentration 1T = 1F + 1B. The “instantaneous” concentrations in 1F and 1B

again follow,

1 _
1F = ———1 89
1+ KPR 59
KAR _
1B %1 (90)
1+ KPR
where
8,
KlA = kA’ . ©On
-1
Thus Egs.(6-9) transform into Eqgs.(92-94):
dl _
- = - (ki2,F + K12,B) 1+ ko1, p 2F + ka1, g 2B (92)
d2F -
W = Ri1g,F 1-— k721,F 2F (93)
d2B _
— k12,8 1 — ko215 2B (%94)
dt
with
L b (95)
K = —
12K 1+ KAR T
korp = kg (96)
KPR,
= ———k5 97
K12,B 1+ KAR 128 N
ks = kb p+kRp. (98)

When Ryt > Fiot, the system of linear differential equations (92-94) possesses two non trivial negative

eigenvalues A1 and A_ associated to two relaxation times 74 and 7_ given in the expression (99)

1 1
Ay = = —55 + 5\/52 — 4 (k12,rko1,B + k21,7k21,B + ko21,FK12,B) (99

1
T+
with

S = KigF + ko1, r + Ki2,B + k21,B. (100)
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Upon assuming that the contribution of the free states 1F and 2F to the overall fluorescence emission can

be neglected, the temporal evolution of the fluorescence emission occurring after a jump of light intensity from

0to I%is

with

ao

a4

Ip(t) = T (@0 +ayert 4+ a_e’\—t) 10
1 KlARtot h
ArA_ 1+ KlARtot 21L,F Q1B 21,B Q25 12,B
1 KlARtot N
A (Ar = A ) 1+ KBRyy (k21,r +A4) |Q1 (k21,8 + A+) + Qapkis g
1 KlARtot

A (0 —A) 1+ KPRy

(ko1,F + A2)

|

Q1B (k21,8 + ) + QQBI‘?{L;B}

where T° = 1F° + 1B° designate the steady-state value of the concentration in cis-species.

(101)

(102)

(103)

(104)

With this model, one correspondingly expects a bi-exponential decay of the temporal evolution of the

fluorescence emission.
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3 Theoretical computations

The equations (54), (71), (66), (67), (68) and (69) have been first used to compute the relaxation time 7'?2 and the
0
normalized fluorescence loss % as well as the steady-state concentrations 1F% 1BY, 2F° and 2BY
1—2
at Ryot = 0.1 uM and Fy,; = 1 uM for various values of the light intensity I° upon using the Spinach-DFHBI

features displayed in Table 1 of the Main Text. The results are displayed in Figure S3.
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Figure S3: Theoretical computation of the dependence of the relaxation time 7'{)2 (a), the normalized fluores-
=50
cence loss % (b), the free (¢; 1FV: dotted line; 2FY : solid line) and bound (d; 1B°: dotted line
1—&2
: 2B : solid line) state concentrations on the light intensity I° using Eqgs. (54), (71), (66), (67), (68) and (69)
respectively. Reor = 0.1 uM; Fior = 1 pM.

The same set of equations have been also used to compute the dependence of the relaxation time 7{y, the
=0

normalized fluorescence loss %, and the steady-state concentrations 1F°% 1B9 2F0 and 2BV at
1—2

light intensity 7%= 9.0 x10™ ein-s~! for various values of the total concentrations R;,; and Fj,; upon using

the Spinach-DFHBI features displayed in Table 1. The results are displayed in Figures S4a,b and S5a,b.
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Figure S4: Theoretical computation of the dependence of the relaxation time 7{, (a) and the normalized flu-

=0
orescence loss % (b) on the total RNA concentration at F;,; = 1 uM and 1°= 9.0 x10~° ein-s~!
AP4+(Q1—-Q2)2

using Eqs. (54) and (71) respectively.
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Figure S5: Theoretical computation of the dependence of the relaxation time 7'102 (a) and the normalized fluo-
=0
rescence loss % (b) on the total DFHBI concentration at Ry,; = 1 M and 1°=9.0 x10~ ein-s~!
1—&2
using Eqgs. (54) and (71) respectively.
The significance of the relative total concentrations R;,; and Fj,; on the relaxation time and on the nor-

malized fluorescence loss is weaker than the one of the light intensity 7°. In fact, it essentially reflects the

difference of the photochemical properties between the free and bound DFHBI states (see Table 1).
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4 Supplementary Figures
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Figure S6: Kinetics of cis-DFHBI photoisomerization. a: Temporal evolution of the normalized fluorescence
emission at 510 nm upon illuminating a 100 M cis-DFHBI solution with 470 nm light (5x107? ein.s™1).
Dots: experimental points; solid line: exponential fit with Eq.(3) of the Main Text; b: Dependence of the rate
constant associated to the fluorescence decay k?z’ rt kgL - on light intensity 1 0. Markers: experimental points;
solid line: linear fit. Solvent: pH 7.4 Hepes buffer; T =293 K.
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Figure S7: Decay of fluorescence emission at 498 nm of the Spinach system upon illuminating at 470 nm.
Temporal evolution of the normalized fluorescence emission at 498 nm upon illuminating a solution containing
0.1 uM cis-DFHBI and 1.8 (a) or 20 (b) M Spinach RNA with 470 nm light (1.7x108 ein.s!). Dots:
experimental points; solid line: exponential fit with Eq.(4) of the Main Text. Solvent: pH 7.4 Hepes buffer; T

=293 K.
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Chapter 3

The theoretical framework : Out-of-phase
titration after modulation of activating
light (OPTIMAL) for selective and

quantitative detection

3.1 Introduction

3.1.1 Context

In this subsection, we first present the protocol which was originally introduced in the
group to perform a titration (and imaging) under kinetic control.?%!1® We then expose the
general features of the new imaging approach that we introduced based on light modulation,

photochromism and quadrature detection.

3.1.1.1 Temperature modulation and quadrature detection

Employing a periodic modulation of temperature had been chosen to reveal the dynam-

ics of a titration reaction.

The model We consider the association between an analyte A; with a probe P to form a

product A, as probing reaction

kY
Ail+P= A 3.1)

where k? and k_ are respectively the forward and the backward rate constants. In a regime
of a large excess of P, the mechanism can be reduced to a simple exchange between A; and

A, with an apparent rate constant k; = kf [P].
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ks
Ay k:‘ As (3.2)

A sinusoidal modulation of the temperature T is applied to the system around Tj with a

small amplitude BTy (B < 1) at a radial frequency w
T =Ty [1+Bsin(w?)] (3.3)

The dependence of the kinetic constants k. on temperature 7 is given by the Arrhenius’
law : ks = roexp(—E+/RT) where R is the ideal gas constant, r, the pre-exponential fac-
tor and E. the activation energy. Assuming that neither r. nor E. vary in the investigated
range of temperature, a first-order expansion in the perturbation shows that modulating the

temperature T results in a modulation of the kinetic constants k. :

E. .
ki) =kY |1+ ﬁR—;:O sm(a)t)] (3.4)
with v
kY = riexp (R_Yib) (3.5)

0 _

Beyond the relaxation time 7" = the system enters into a permanent and forced

1
KO +K0’
regime. The concentrations A;(¢) in each species are constituted of three terms : a constant
term A(l.) and two oscillating terms at radial frequency w in phase and out-of-phase with the

temperature whose amplitudes are respectively A} and A}°S :

Ai() = A? + B| AV sin(wt) + AX° cos(w) (3.6)

A? is the concentration in A; at chemical equilibrium at Ty

Al = oo 3.7)
0 KO
Ay = Tt (3.8)

where A;,; is the total concentration in the { A}, A, } couple and K° = k%/k9 is the apparent
equilibrium constant of the reaction 3.2 at Ty. In addition, the amplitudes of the in- and

out-of-phase oscillating terms are given by

. . AH K° 1
Alsm — _Alsm - _ A 3.9
1 2 RTy 1+ K92 1+ (w192 5:9)
AH K° wt°
Aleos  _ _ plcos _ A 3.10
1 2 RTy (1+ K92 1+ (w702 " (5.10

where AH = E; — E_ is the standard enthalpy of the exchange reaction 3.2.

74



3.1. INTRODUCTION

Optimal out-of-phase response Studying the dependence of A}*"" and A1°% on K and the

0 reveals two distinct behaviors. Contrary to A{Sin, A%cos

adimensionnal relaxation time wt
exhibits a peaked response. The coordinates of this extremum are given by the two simple

equations (called resonance conditions in the following) :

K°=1 3.11)
wt’=1 (3.12)

- N 0
The first resonance condition results from the optimization of the term (1+KT)2 It shows
that A; and A, needs to be in equal proportions to maximize the out-of-phase response, so

that temperature modulation induces the largest relative variations in their concentrations.

0 . .
% requires that the radial frequency of the temperature modula-

tion matches the relaxation time associated to the exchange reaction. In the regime w <« Tio,

Optimizing the term

the system follows the perturbation and the concentrations respond in phase with the ther-
mal excitation : A}*"" reaches its largest value whereas A}°°* cancels. If w > =, the exchange
is slow compared to the temperature oscillations. The system has not enough time to re-
spond, both A}S"” and A1°° tend to zero. As a consequence, the out-of-phase response is
specific of the targeted analyte A; since the coordinates of the optimum of Aic"s depend ex-
clusively on the thermokinetic properties of the reaction in which it is engaged. Extracting
the out-of-phase response enables to selectively retrieve from the global signal the contribu-
tion of the analyte A;.

Quadrature detection This approach has been experimentally validated in vitro using a
hybridization reaction to selectively titrate a green fluorescent oligonucleotide in a mixture
containing interfering compounds. Preliminary experiments enabled to identify the reso-
nance conditions involved in the reaction between the fluorescent analyte A;; and the probe
P. Several mixtures were injected in a microfluidic chip (see Figure 3.1a). Solutions contain-
ing increasing concentrations of the targeted analyte A;; at a constant concentration in the
probe P were prepared (channels 1 to 3). Two interfering compounds Anxgr and Ap/p were
also added to these mixtures. Channel 4 contained only the analyte A;; and the probe P and
was used for calibration. Channel 5 was filled with only Ayg and Apsp to control the selec-
tivity of the protocol. To monitor the amplitude and the phase of the temperature excitation,
a molecular thermometer emitting in the red was added to the channel 4.

A thermal forcing around T, = 306 K with an amplitude equal to ST, = 0.6 K at a radial

frequency 23.65 rad-s~!

was applied. The fluorescence intensity variations were recorded for
625 periods. Time-averaging of the whole movie yielded the image displayed in Figure 3.1b.
It corresponds to the result obtained with a titration performed at constant temperature T
(chemical equilibrium at Tp). Using this image to titrate the A;; analyte gives rise to an over-

estimate of its concentration due to the contribution of the interfering compounds. The out-
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a b c-'.
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Figure 3.1: Titration of the A;; target by the probe P in a mixture containing two interfering com-
pounds : the non reactive Ayg and the fast-exchanging Ay/p. (a) Scheme representing the various
samples’ initial composition and corresponding A; profile. (b)Fluorescence emission at equilibrium
at Ty = 306 K and corresponding A,{”‘O trace. (c) Out-of-phase response of the fluorescence emission
upon harmonic forcing around Ty (w = 23.65 rad-s71, B =0.002) and corresponding Ai”_lc"s trace.

Adapted from Zrelli et al.?°

of-phase response of each pixel was then extracted from the movie using a phase-sensitive
detection scheme. The resulting image is displayed Figure 3.1c. In this case, the concen-
tration of the A;; target is accurately estimated since the contribution of the non-resonant

species is extinguished.

Limitations linked to theory Analytical expressions of the concentrations and the reso-
nance conditions are only retrieved in the case of a temperature modulation of a small am-
plitude. As a result, the probe signal varies faintly due to small modulation that renders
difficult (and possibly not reliable) the extraction of the out-of-phase response. To overcome
this issue, a modulation of large amplitude could be employed but it is not compatible with
in vivo samples. Indeed a variation of 30 K (which represents 10 % of room temperature)
cannot be employed. Moreover, since most of chemical reactions depend on temperature,
its modulation can alter the properties of the components of a living cell and perturb not
only the targeted reaction but also other biological processes. Thus, it could be difficult to

deconvolute the different responses giving rise to a selectivity issue.

Limitations linked to experimental implementation Implementing a temperature mod-

ulation remains quite difficult : it indeed requires a dedicated set-up?!~%3

or a heating mi-
crodevice. 82 In particular, temperature excitation needs to be uniform. This is crucial to
have the same resonance conditions everywhere in the sample. In addition, a non-uniform
temperature profile may induce spatial variations of the refractive index rendering compli-
cated the optical corrections. Since biological samples (e.g. cell) are highly inhomogenous, it
is even more difficult to have a uniform temperature excitation within the sample. To tackle

this issue, the heating device is generally oversized to avoid any edge effect. Moreover, the
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amplitude of the temperature modulation (8) diminishes when the frequency of the excita-
tion increases. !'¥ The typical value of the cutoff frequency f.. (corresponding to the frequency
where the amplitude of the temperature modulation drops by 71 % of its largest value) varies
from ~ 10 Hz to ~ 1 kHz depending on the heating device and the geometry of the thermal
excitation. In addition, temperature modulation can induce dilation and compression of the
solvent of the sample (the regular value of a dilation coefficient for a liquid is ~ 1073 K™ 1)

resulting in concentration variations.

Despite these limitations, temperature modulation can be applied with various chemi-
cal reactions since there is a coupling with temperature as soon as the reaction enthalpy is
different from zero. This control parameter is very interesting for in vitro applications but is

more complicated to implement for in vivo applications.

3.1.1.2 Another control parameter for a probing reaction

Based on the preceding results (using the periodic perturbation of a control parameter to
reveal the dynamics of a chemical reaction), we have adopted a similar approach to design a
selective and quantitative analytical protocol.

Since we wanted to design a protocol which could be used by many laboratories, we
looked for another control parameter. Light satisfies the criteria we developed in the General
Introduction. Indeed, it is non-invasive and compatible with in vivoimaging. In addition, its
modulation is easily feasible even with commercially available microscopes.

The probing reaction that we adopted is the photochemical reaction involved in the re-
versible photoswitching of photochromic probes. At large enough time scale, the dynamic
behavior of these photoswitchable probes upon illumination can be modeled by a light-

driven two-state exchange :

kﬂ t)

1 =
ko1 (1)

(3.13)

where ki2(f) and k» (t) are respectively the forward and the backward rate constants which
depend linearly on the intensity of light I(#) :
ki2(t) = 0121(1) (3.14)
ko1 () = oo l(t)+ k5 (3.15)
012 and 02, are the molecular action cross-sections for photoisomerization whereas szl is
the rate constant of the thermally-driven relaxation from the state 2 to the state 1.

By analogy, % a periodic modulation of monochromatic light was chosen to modulate the

rate constants k2 (t) and ko ()

I(t) = I°[1 + esin(wD)] (3.16)

77



3.1. INTRODUCTION

where I° is the average light intensity, w the radial frequency of the light modulation with an
amplitude £1°.

Thus, the light-driven two-state exchange 3.13 and the expressions of the rate constants
k12 (t) and k»; () closely mirror those written in the subsection 3.1.1.1. As a consequence, a
similar behavior (resonance of the out-of-phase first-order response) was expected when a

monochromatic light modulation is applied to a photochromic probe.

3.1.2 Presentation of the article

My second article deals with the extensive theoretical framework of the approach 'mono-
chromatic light modulation, photochromism and quadrature detection’ which was dubbed
OPTIMAL for Out-of-Phase TItration after Modulation of Activating Light.

In the paper, we successively investigate the concentration response of a photoswitch-
able probe submitted to a sinusoidal or a square wave modulation of small or large am-
plitude. Similarly to temperature modulation, optimizing the out-of-phase concentration
response gives rise to two simple resonance conditions on the average light intensity and
the radial frequency of the light modulation in the case of a modulation of small ampli-
tude. In contrast, analytical expressions cannot be derived when a light modulation of large
amplitude is applied to the photochromic system. As a result, we evaluated the validity of
the two previous resonance conditions in the case of a modulation of large amplitude using
numerical calculations. We have concluded that adopting the analytical expressions of the
resonance conditions for a large amplitude modulation (sinusoidal as well as square wave)
causes an error which has the same order of magnitude as the experimental errors. Then,
we studied the retrieval of the out-of-phase concentration response from the overall signal
or observable. In particular, we investigated the out-of-phase response of the fluorescence
emission in the context of an application compatible with imaging. Finally, we discuss the
advantages of this approach compared to classical analysis relying on constant illumination.
The potential applications of this separation-free protocol are also highlighted : the selective
and quantitative detection of a targeted photoswitchable probe in (i) a mixture containing
other probes or interfering compounds or (ii) a phase of interest if an environment-sensitive

probe is incorporated into a heterogeneous medium.
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3.2 Article 2: Expanding discriminative dimensions for anal-

ysis and imaging
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Eliminating the contribution of interfering compounds is a key step in chemical analysis. In complex media,
one possible approach is to perform a preliminary separation. However purification is often demanding,
long, and costly; it may also considerably alter the properties of interacting components of the mixture
(e.g. in a living cell. Hence there is a strong interest for developing separation-free non-invasive
analytical protocols. Using photoswitchable probes as labelling and titration contrast agents, we
demonstrate that the association of a modulated monochromatic light excitation with a kinetic filtering
of the overall observable is much more attractive than constant excitation to read-out the contribution
from a target probe under adverse conditions. An extensive theoretical framework enabled us to
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Introduction

One of the main challenges for chemists remains being able to
quantify a specific analyte in highly complex systems such as
biological or medical samples.'” A crude sample (e.g. cell
extract), like those found in diagnostics assays," drug
screening,>® or metabolites quantification,” may contain up to
10* to 10° rather similar components at concentrations
covering ten orders of magnitude. Analysis requires in general
challenging sample conditioning and preliminary purifica-
tions. Selective detection is even more challenging when the
sample has to remain in its native state (e.g. living cells). Non-
invasive methods have thus to be adopted. The archetype of
such methods is fluorescence microscopy, which has revolu-
tionised the way one observes biological samples.*® However
relying on fluorescence as read-out presents several limita-
tions. Hence multiplexed observations of more than a few
fluorescent species are difficult because of spectral crowding
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fluorescence imaging, which offers promising perspectives.

resulting from the large emission bandwidth of most fluo-
rophores. Moreover biological media often produce high levels
of scattering and autofluorescence at optical wavelengths,
which interfere with the signals of interest and diminish the
contrast. There is therefore a strong need for approaches
enabling to circumvent the selectivity issue in the context of
both analysis and imaging.

To detect a target in a complex medium, one needs a probe.
This probe can be intrinsic, i.e. present in the target (atoms or
functional groups). However it is often difficult to find an
intrinsic probe that is unique for a target. For instance,
biomolecules (e.g. proteins, nucleic acids) are essentially
composed of the same functionalities. Alternatively, exogenous
probes with unnatural chemical functions or singular spectro-
scopic properties can be used to give a unique signature and act
as contrast agents. Additional selectivity can be observed if the
exogenous probe is engaged in a reactive process. This is typi-
cally the strategy of titration experiments, where one observes a
reagent specifically probing the analyte of interest thanks to a
chemical reaction. Selectivity classically results from the
difference between the equilibrium constants associated to the
titration reaction. Relying on kinetics opens further dimen-
sions to improve selectivity by increasing the number of
discriminating parameters: in the most simple case, two inde-
pendent rate constants instead of only one thermodynamic
constant are associated to the titration reaction for each system
component. In this account, we exploit chemical kinetics to
introduce a simple and cheap protocol for selective analysis or
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Fig. 1 Out-of-Phase Tltration after Modulation of Activating Light
(OPTIMAL) for selective detection of a photoswitchable probe. When
illuminated, a photoswitchable probe (green square) used either (a) as
a label or (b) as a titrating reagent exchanges between two distin-
guishable states 1 and 2 (c). With a periodic modulated light, its
response signal is modulated with a phase shift. The amplitude of the
out-of-phase (or quadrature-delayed) first-order component of its
response is optimal when the average intensity and the angular
frequency of the modulated light match the dynamic parameters of
the probe. Accordingly, when the modulated light is tuned to its
dynamics, the photoswitchable probe is the only species giving a
significant signal in quadrature detection. This enables its selective
detection in (d) a mixture of interfering probes or species displaying
different dynamics or, if its dynamics is environment-sensitive, in (e) a
specific phase of a heterogeneous multiphasic medium.

imaging of a probe used either as a label (Fig. 1a) or as a
titrating reagent (Fig. 1b).

Kinetic information can be uncovered by
methods," where an externally driven excitation forces the
system out-of-equilibrium.”>"” Recently, selective imaging
protocols relying on kinetic filtering have been implemented
upon modulating the probe signal using light'**' or tempera-
ture®* as external triggers. In this work, we adopted light as a
non-invasive and easily modulatable trigger. We additionally
chose photo-switchable probes, which interconvert between two
states upon light illumination and correspondingly exhibit
several discriminating parameters that can be used to optimize
an efficient dynamic contrast (Fig. 1¢).*® As we already showed in
the context of selective analysis and separation,******** modula-
tion of a control parameter can reveal intrinsic chemical kinetics
upon periodically forcing the system out-of-equilibrium. By
analogy, we adopted a periodically oscillating monochromatic
light excitation, which modulates the extent of the photochem-
ical reaction, thereby modulating the reporting signal. Beyond
favoring discrimination against background noise by means of a
lock-in detection® such a modulation enables subsequent kinetic
filtering. More precisely, we show theoretically how tuning both
the average intensity and the frequency of the modulated

relaxation
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monochromatic light excitation permits to simply and selectively
extract from the overall signal the contribution from a photo-
switchable probe of interest within a mixture of species, photo-
switchable or not. Hence it will be possible to specifically retrieve
the contribution from a targeted probe in a mixture of interfering
probes (Fig. 1d), or the contribution originating from a specific
compartment when a medium-sensitive probe is incorporated in
a heterogeneous multiphasic medium (Fig. 1e). We correspond-
ingly dubbed our approach OPTIMAL for Out-of-Phase TItration
after Modulation of Activating Light. In particular, it generalizes
the fluorescence imaging approach OPIOM (Out-of-Phase
Imaging after Optical Modulation) we recently introduced,*’
which enables selective and quantitative imaging of photo-
switchable fluorescent proteins.

Optimizing the response of a
photoswitchable probe to periodic
illumination

The model

The dynamic behavior of a photoswitchable probe P illumi-
nated with a light of intensity I(¢) can be described by the two-
state exchange (1)
kia (1)
1=—2 1
k(1) ( )
where the thermodynamically more stable state 1 is photo-
chemically converted to the thermodynamically less stable state
2 at rate constant

k(1) = 0121(2), (2)

from which it can relax back to the initial state 1 either by a
photochemically- or a thermally-driven process at rate constant

k() = a1 1(1) + K51, 3)

where 0,,1(¢) and k3, are respectively the photochemical and the
thermal contributions of the rate constant. In that case, the
molecular action cross-sections for photoisomerization ¢;, and
0, and the thermal rate constant k5, fully define the behavior of
the photoswitchable probe.

It is worth to mention that the following theoretical devel-
opment involving a truncation of the kinetic equations to
various orders of the light intensity could be applied to other
mechanisms possibly involving non-linearities. However the
scheme (1) provides simple expressions. Furthermore it is
already relevant to model several multi-step mechanisms,
which can be dynamically reduced to light-driven exchanges
between two states.”*™* Hence, in ESI,T we first demonstrate
that this scheme satisfactorily accounts for the behavior of
photochromic probes. Then we show that it describes as well
the dynamics of (i) a chromophore yielding singlet and triplet
states upon illuminating and (ii) a photoswitchable probe
sensing an analyte present in excess as long as photochemical
steps are rate-limiting.

This journal is © The Royal Society of Chemistry 2015
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Concentration response to constant illumination

When the system is submitted to a constant illumination
defined by the intensity I(¢) = I°, the forward and backward rate
constants become

k(1) = k= ol (4
ko () = k31 = a2, 0° + k5. (5)

After a transient regime defined by the relaxation time 79, =
1/(k}, + k31), the system reaches a photostationary state char-
acterized by the apparent photoisomerization constant K}, =
k9,/k5;. The concentrations of 1 and 2, noted respectively 1°and
2°, are then given by
20 =

10 = Ptol - 7Pml (6)

where P, is the total concentration of P.

Concentration response to sinusoidal modulation of small
amplitude

To evaluate the behavior of such system upon illumination with
a periodically modulated light, we first consider a sinusoidally
modulated illumination oscillating around the averaged value
I° at angular frequency w and with a small amplitude ¢I° (¢ < 1)
such that

I(1) = P[1 + & sin (w?)]. (7)

Temporal dependence of the concentrations. After intro-
ducing the expression (7) into eqn (2) and (3), the system of
differential equations governing the temporal evolution of the
concentrations in 1 and 2 is solved at the first-order expansion
in the light perturbation (see ESIt). Beyond the relaxation time
79,, one enters into the forced and permanent regime where the
concentration i = i° + ¢i’(¢) in each species i (i = 1 or 2) oscillates
around a mean value i® (corresponding to the concentration of i
at steady-state associated to the photon flux I; see eqn (6)) at the
angular frequency « but with a phase delay of ¢, =
arctan(wty,)

0 0 A
_ _ PnTnPiy

L+ () sin(wt — ¢y5). (8)
+ (w7},

In eqn (8), p, = k3,1° = £9,2° and p% = k§1/(02110 + k;)
respectively designate the steady-state rate of reaction (1) and
the relative thermal contribution to the relaxation of state 2
upon illuminating at 1°.

The phase-delayed oscillating concentrations i can also be
written

i) = © + €i"" sin(w?) + i°" cos(wr)] 9)

where "' sin(wt) and &i°"* cos(wt) are in-phase and out-of-

phase (or quadrature-delayed) oscillating terms at angular
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1,in 1,out

frequency w. The amplitudes """ and i°" of the in-phase and
out-of-phase oscillating terms are (see ESIY)

) ) 1
e r B
1+ (w1},)
0
21‘0ut — _ l].out — _pfl)zf(l)ngl wrl2o 5 (11)
1+ (wt),)
or similarly
; . K 1
21,111 — _ ll,m :pzAl 12 5 2 Ptot (12)
(14K 1+ (w1),)
KU 0
zl‘out — _ ll.out — _ A 12 W), 2Ptot (13)

V4
T(HKD) 1 (o)

to make explicit the proportionality of 2™ and 2" with the
total P concentration.
Optimal out-of-phase response. Fig. 2a and b displays the

dependence of the normalized in-phase |15in,| = [1""/Py| and
out-of-phase |15sm| = |17°"/P,| amplitudes on the control

parameters I° and  for a given photoswitchable probe P char-
acterized by the triplet of parameters (o1, 051, k51). In contrast to
the in-phase amplitude, the out-of-phase amplitude exhibits a
single optimum when the control parameters (I°, w) verify

kA
0 =_"2 (14)
12+ 021
w = 2k5 (15)

with full widths at half-maximum 4\/5@1 (012 + 021) along r
and 4+/3k5, along w. The normalized out-of phase amplitude
[159%| is then equal to 4,/[8(012 + 021)]-

The optimization of 1"°“ results from the independent
optimisation of the terms p5K%,Pe/(1 + K3,)* and wrly/
[1 + (079,)%] in eqn (13). From the expression (6) using eqn (4)
and (5), one can calculate d2°/d In I° to show that ep5,K,Pyo/
(1 + K,)* measures the composition shift 62° from the steady-
state 2° after a light intensity jump of amplitude &/°. It depends
on I° and is maximized in a regime of intermediate illumina-
tion, in which thermally- and photochemically-driven reac-
tions occur at the same rate such that k5, = (o1, + 01)I° (see
eqn (14)). When the light intensity is too low, the thermal
relaxation dominates the photoisomerization and the light
intensity jump eI’ cannot significantly shifts the photo-
switchable probe from the state 1. Conversely, when the light
intensity is too large, the thermal relaxation does not
contribute anymore to the dynamics of the exchange (1): the
relative proportions in states 1 and 2 become independent of
the light intensity, so there is no composition shift induced by
the light jump. The second optimized term, wt3,/[1 + (wt3,)*],
is maximized upon matching the radial frequency of the light
modulation w with the exchange relaxation time 79, so that
wt), = 1 (see eqn (14) and (15)). When w > 1/19,, the
exchange is slow compared to the light variations and the
couple {1, 2} has not enough time to respond: both i*™ and
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Fig. 2 Theoretical computation of the response of a photoswitchable
fluorophore 1 = 2 submitted to light harmonic forcing of small
amplitude. The absolute values of the normalized amplitudes of the in-
phase and out-of-phase oscillations in 1 concentration, [11,.,] (a) and
[1554 | (b) respectively, are plotted versus the light flux /° (in ein s™* m™2)
and the adimensional relaxation time wts. a1, = 73 m? mol™, o, = 84
m? mol ™, k5, = 1.5 x 1072 s71. See eqn (12) and (13).

{"°"* vanish. Conversely, when w < 1/19,, cancels, so the

concentrations of 1 and 2 oscillate in phase with the light
modulation.

il,out

Concentration response to square wave modulation of small
amplitude

As an experimentally relevant extension of the previous case, we
analyzed the behavior of the system upon illumination with a
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square wave light modulation of weak amplitude around the
averaged value I°. We adopted its Fourier series expansion

.
T sin[(2p + 1)wi]

» (16)

de <
I()=1"11+—=
® +— ;
with ¢ < 1 upon choosing the starting time (¢ = 0) halfway
through the first pulse.

Temporal dependence of the concentrations. The expres-
sion (16) was introduced into eqn (2) and (3) and the system of
differential equations governing the temporal evolution of
the concentrations in 1 and 2 was again solved at the first-
order expansion in the light perturbation (see ESI}). In
the forced and permanent regime observed beyond the
relaxation time 79,, the concentration 7 in each speciesi (i = 1
or 2) now oscillates around i at multiple angular frequencies
2p + 1w

i(=0+ey [igzv*;m sin[(2p + D] + il cos[(2p + 1)w]]
=0
(17)

where the amplitudes of the in-phase and out-of-phase oscil-
lating terms at angular frequency (2p + 1)w are (see ESIt)

. . 4 ,00 TOZPA 1
21‘|n — _ ll,m _ 12124721 18
(2p+1) (2p+1) T 2[7 +1 1+ (2p + 1)2(&)’5?2)2 ( )
4 0 0 LA 2 1 0
2y = g, = - F PP LUt )

L 1+ ) ()

Except for the numerical factor 4/, the expressions (10), (11)
and (18), (19) for p = 0 are similar. This observation suggests
that the resonance conditions (14) and (15) valid for the opti-
mization of 1"°" with the weak sinusoidal light modulation at
radial frequency w are equally relevant to optimize the ampli-
tude 1(;§"“ when the system is submitted to a weak square wave
light modulation of fundamental radial frequency w. In fact,
this conclusion would equally apply for any periodic light
modulation of small amplitude with fundamental radial
frequency w. Indeed, at first order, the amplitude of the out-of-
phase modulation of the concentrations of the species 1 and 2
at radial frequency « only originates from the sinusoidal
modulation at radial frequency @ in the Fourier series associ-
ated to the light modulation.

Concentration response to periodic modulations of large
amplitude

The use of a modulation of small amplitude is favorable to
derive simple analytical expressions. However, it generates only
small variations of the probe signal because of the small
modulation, which is a drawback to reliably extract the out-of-
phase amplitude of the first order response from the experi-
mental signal. To overcome this limitation, we analyzed the
response of a photoswitchable probe to the preceding periodic
illuminations but with a large modulation amplitude «. Thus
we adopted

This journal is © The Royal Society of Chemistry 2015
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I(1) = P[1 + «sin(w?)] (20)

and
1(9) —I”{l +4£ i 2p1+ psin((2p + 1)wﬂ} (21)

p=0

for the sinusoidal and square wave modulation respectively. In
particular, the latter periodic illumination is of simple experi-
mental implementation (on-off illumination switching).
Temporal dependence of the concentrations. The ESIT
details the calculations referring to these two modulations of
large amplitude. In this paragraph, we only introduce the
calculation guideline, which is common to both types of
modulations. The light intensity can be written
1) = I[1 + ah(wi)] (22)
where h(wt) designate a periodic function with fundamental
radial frequency w. Eqn (22) was used to express the rate
constants with eqn (2) and (3). Then, upon expanding the
concentration expressions as

2 =2+ af(wi) (23)

1=1° - aflwr), (24)

the system of differential equations governing the temporal
evolution of the concentrations in 1 and 2 becomes

df ﬁf‘) = —f(0x) + [a — bf (6x)]h(6x) (25)
where
t
X = = (26)
a = plophith (27)
b= a(or + o)’ (28)
0 = &)T?z. (29)

Beyond the relaxation time t3,, one enters into a permanent
regime in which f{fx) is a continuous periodic function. In
contrast to the situation of light modulation of small amplitude,
one cannot anymore restrict the f{#x) analysis to the first-order.
The f{0x) function has to be expressed as a Fourier series

f(0x) = ay+ i (@, cos(nbx) + b, sin(nbx)]

n=1

(30)

where a, and b,, designate the amplitudes of the n-th compo-
nents of the Fourier series. The a,, and b,, terms can be extracted
from eqn (25) upon identifying the amplitudes of the compo-
nents of same order. Then one can obtain the expressions of the
concentrations in 1 and 2:

n=1

2=2"4 a{ao + i [@, cos(nfx) + b, sin(nﬂx)]} (31)
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1=1°- a{ao + iﬂ [a, cos(nfx) + b, sin(n&x)]}. (32)

n=1

Consequently, at steady-state, a large periodic modulation of
illumination now causes modulation of the concentrations in 1
and 2 at an infinite number of radial frequencies. Eqn (31) and
(32) can be transformed to explicit the amplitudes i™™ and i
of the in-phase and out-of phase terms oscillating at the radial
frequency nw. The concentration of i can be now written

+ % .
i=1+a) [(""sin(nwr) + """ cos(nwr)]. (33)

n=1

Interestingly, 1°, """ and """ are proportional to P.

Indeed eqn (25) can be transformed into

a7 (6x)
dx

+/(6x)[1 + bh(6x)] = ah(6x). (34)

Neither b nor A(6x) depend on Py, (see eqn (20), (21) and (26-
29)). In contrast, a is proportional to P (see eqn (6) and (27)).
Derivation being a linear operation, eqn (34) then implies that
fl6x) is proportional to P The system of equations giving
access to a, and b, being linear (see ESIt), all the a, and b,
amplitudes are individually proportional to P,. Finally, we use
eqn (31-33) to deduce that °, "™ and i are proportional
to Piot.

We showed that, in the case of light modulation of small
amplitude, the out-of-phase amplitudes of the concentration
modulation at radial frequency w are optimal when the reso-
nance conditions (14) and (15) are fulfilled. In the absence of
analytical expressions for 1%*'' and 2*, such conclusions
cannot be directly derived in the case of periodic light modu-
lation of large amplitude. We correspondingly evaluated their
relevance by means of numerical calculations (see ESIt). For
harmonic forcing as well as square wave modulation in a regime
of large amplitude modulation, we could show that |1\1“§’l':,tI
exhibits an optimum in the space (I°, w), which position and
amplitude are very close to those observed with a sinusoidal
modulation of small amplitude. In fact, the error done when
taking the analytical expression of the resonance conditions
valid only for a modulation of small amplitude is always less
than 20%, no matter which amplitude « is used. Such an error
would be of the order of magnitude of the experimental errors
done when fixing the average light intensity and radial
frequency to their values at resonance, I”® and w*.

Application to selective and
quantitative detection of a
photoswitchable probe

In the preceding section, we demonstrated that, for a photo-
switchable probe submitted to a periodic modulated light, the

out-of-phase first-order response of the concentration could be
maximized by appropriately choosing both the average light
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intensity and the radial frequency of the light modulation.
However, in general, concentrations are retrieved from a signal.
In this section, we analyze whether the out-of-phase response of
the signal can be used for selective detection of a photo-
switchable probe.

Out-of-phase response of the overall observable

The overall observable O (e.g. absorbance, electrophoretic
mobility, ...) from the photoswitchable probe results from the
individual contributions of the states 1 and 2. We assume that
this observable varies linearly with the concentrations in 1 and
2. We note Q; the response factor of i linking signal and
concentration (hereafter considered as constant). We can write

01 = O11(1) + 022(1). (35)

In the general case of a periodic modulation of large
amplitude, using the expressions of 1(¢) and 2(¢) given in eqn
(33), the expression of the signal O(t) becomes

o) =9° + Z[@"'i“ sin(nwt) + O™ cos(nwt)},

n=1

(36)

where (see ESIT)

Dl.ont _ (QZ _ Q] )azl,ﬂlll. (37)

As shown in eqn (37), O"*"" is directly proportional to 2",
which was shown above to be optimal when the resonance
conditions (14) and (15) are fulfilled. Hence, the analysis of the
out-of-phase first-order response """ of the overall observable
O(t) allows for the selective and quantitative detection of a
photoswitchable probe. Note that O™ can be easily extracted
from the overall signal O(t) via lock-in amplification, which
enables to further improve the signal to noise ratio (see ESIt).

Out-of-phase response of the fluorescence intensity

Fluorescence emission is a particularly relevant observable to
apply the present protocol.** In small molecules, combining
fluorescence emission and photochromism is difficult since
both processes are often competitive mechanisms for relaxation
of the excited states.*” In contrast, such a combination is widely
found in photochromic fluorescent proteins which have
recently led to powerful techniques including time-resolved
protein tracking,*® super-resolution microscopy*’~** and high
contrast imaging."** Moreover we recently showed that hybrid
systems composed of a photoconvertible fluorogen that fluo-
resces upon binding to an acceptor provide an attractive two-
component approach.®

Compared to other observables, the fluorescence intensity
Ix(t) includes an additional signal convolution since it is not
only proportional to concentrations, but also proportional to
the light intensity. Thus, considering that both concentrations
of the states 1 and 2, and light intensity are modulated, the
fluorescence emission Ix(¢) can be written

Ie(1) = O(0)(2) (38)
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with Q; being the molecular brightness of i. In the general case
of a periodic modulation of large amplitude, one obtains

Is() =35 + Z {S%i” sin(nwr) + 4 Cos(nwt)]. (39)
n=1
where (see ESIT)
Si\.out _ OC(QZ _ QI)IO I:Zl.DllI +g(zn.in, Zn.mn)} (40)

with n = 1. For a sinusoidal or square wave modulation of small
amplitude, g(2™", 2"*") = 0 but it is non-vanishing in the case
of a periodic modulation of large amplitude.

In a regime of sinusoidal or square wave modulation of small
amplitude, the out-of-phase amplitude of the fluorescence
emission, 313'01”, is proportional to 2"°"* and exhibits a resonant
behavior. In contrast, such a conclusion cannot be directly
drawn in the case of periodic modulation of large amplitude
since analytical expressions are cumbersome. We therefore
evaluated its relevance by means of numerical calculations
using typical values found for photoswitchable fluorescent
proteins.®**¢ To evaluate the possible interference originating
from the second order term g(2™!", 2™}, we used eqn (40) to
numerically compute the dependence of 34*"" on w and I° (see
ESIt). Hence we showed that the position and the amplitude of
its optimum are similar independently on the nature and
amplitude of the light modulation.

Therefore, the out-of-phase first-order fluorescence emission
enables the selective and quantitative detection of a photo-
switchable probe. Easily extracted from the overall signal Ix(¢)
with the benefit of synchronous detection (see ESIT), it addi-
tionally provides an improved spatial resolution compared to
usual fluorescence detection (see ESIT), which is an advantage
for imaging.

Discussion

Our theoretical framework suggests that the out-of-phase first-
order response to a periodically modulated light excitation
under resonant conditions is appropriate to isolate the contri-
bution of a photoswitchable probe of interest when the
observable linearly depends on concentrations. Compared to a
classical analysis that relies on an observation in absence of
concentration modulation, this feature provides a simple
protocol to perform selective and quantitative analyses in
complex media without any preliminary separation.

A separation-free selective and quantitative analytical protocol

Instead of analyzing the behavior of a given photoswitchable
probe upon varying the values of the control parameters I° and
w, we now examine which photoswitchable probe can be
specifically addressed at fixed values of I° and w.

Dynamic contrast. In a mixture of photoswitchable probes,
dynamic contrast will originate from differences in the triplet of
parameters (012, 021, kﬁl). At fixed values of I° and w, the opti-
mized out-of-phase first-order response to a periodically
modulated light excitation originates from matching (i) the rate
constants for the thermally- and photochemically-driven
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reactions (see eqn (14)) and (ii) the exchange relaxation time 13,
with the radial frequency of the light modulation w (see eqn (14)
and (15)). We correspondingly use the (o, + 7,1, k2;) dynamic
set to characterize the dynamic behavior of the photoswitchable
probes illuminated at average intensity I° and radial frequency
w. Fig. 3a and b displays the dependence of the normalized in-
phase [152.| = [1%™/P,,| and out-of-phase [1h9%| = |1%°4Y
P.| amplitudes on (g1, + 0,1)°’/w and k5 /w for a weak
sinusoidal light modulation. In contrast to the in-phase
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Fig. 3 Theoretical computation of the response of a photoswitchable
probe 1 = 2 submitted to light harmonic forcing of small amplitude at
fixed values of /° and w. The normalized amplitudes of the in-phase
and out-of-phase oscillations in 1 concentration, |15 | (a) and [1554%
(b) respectively, are plotted versus (o1, + 021)/°/w and k51/w for o/
(012 + 021) = 0.46. See eqgn (12) and (13).
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amplitude, the out-of-phase amplitude exhibits a single
optimum centered on

(41)

w
12 + 02 =370

w
k=5 (42)

At fixed values of I and w, eqn (41) and (42) show that one
can selectively isolate the contribution from the monodimen-

. [3) . . . .
sional (012, — 012, E) manifold in the three-dimensional

w
21°
(012, 021, k51) space of photoswitchable probes. Among the

manifold members, the |155m| = 012/[8(d12 + 021)] amplitude is

ruled by the 04,/(c1, + 0,,) photochemical parameter. |155mm| is

. 1 w W .
maximal <§> for the (ﬁ’ 0, 5) photoswitchable probe.

However the amplitude of all the manifold members notably
remains of the same order of magnitude as long as g4, does not
drop much below the o,; range.

Selective and quantitative detection. The above discussion
shows that optimizing the out-of-phase response by choosing
a couple (I°, w) that verifies the resonance conditions (14) and
(15) opens an interesting way to selectively image and quan-
tify a photoswitchable probe P in the presence of interfering
compounds X (of total concentrations X,.), each defined by a
different set of parameters (012 x, 021,x, k?l,X). Note that X can
be non-photoswitchable: in that case g1, x = 01,x = 0 and
kél,x = 0. To illustrate this, we take a simplified case of a
mixture containing photoswitchable probes, whose only the
state 1 yields an observable signal, and possessing all the
same brightness Q,. In that case, a protocol relying on illu-
mination at constant light intensity I° leads to a signal S°
which is proportional to the sum of the contributions of the
different probes such that:

SO * 18’ + Z 18{ = (12’/P‘°I) titration (43)
X
where
0 X / Xlot
Pmrauon - PlOt + Z 730 I\ X'Iol > Ptot (44)
(/P

When the signal S° is used to titrate the concentration of P
upon assuming that only the reactant of interest is present, the
titration result P ation always overestimates the total concen-
tration P because of the contributions of the interfering
compounds (see Fig. 4a).

In contrast, the corresponding out-of-phase first-order
response to light modulation &

gl-om * 11’.(““ + Z lleom = (ll’yom/Pm‘)P:n(;:Iwn (45)
X
where
11 oul/X

1 tot
Ptll?::lon = Pwl + Z 11 Om/P ) )(tot (46)

tot
Chem. Sci.

86



3.2. ARTICLE 2 : EXPANDING DISCRIMINATIVE DIMENSIONS FOR ANALYSIS AND IMAGING

Chemical Science

logu 22X
"0

9i2x

logiy 22X

910

logo 73~

K
K

10ut
1x°

Xeot

5
T
4

o
S
e
®
[ ]
®
®
1@,

Rvaton

1.0 20 3.0 4.0
n

Fig. 4 Theoretical computation of Piyation in Seven different equi-
molar mixtures, which include the targeted triplet (o5, 021, k51) plus
eight other interfering ones. In each sample labelled n, the latter
species correspond to the eight (12 x 021 kélyx) sets placed on the
nodes of a cube centered on (a2, 021, k1) and which mesh size is n in
decimal logarithmic units (a; the individual responses (1/Xo) and
(1x°""/X,o) have been used to define the sphere radius associated to
each (o1x 021x K31x) set in (1%Py) and (1%°“Y/Pyy) units). The n-
dependence of the ratio of Pyyation tO the effective target concentra-
tion Py is displayed in b for both the constant light intensity (disks) and
the OPTIMAL (squares) methods. a1, = 73 m? mol™?, o1 = 84 m?
mol™, k31 = 15 x 1072575 1% = k3y/(o12 + 021) = 9.6 x 10 > ein st
m2 w=2k5 =3 x 10 ?rads".

enables to determine Py, when the light parameters (°, ) are
tuned to the resonance conditions of P. Indeed, the term 15°" is
then maximal while the terms 1y°"* are negligible (Fig. 3b).
Thus, the signal from P now dominates those of the other
probes, and the titration result Pygation is approximatively equal

to P (see Fig. 4a). Fig. 4b illustrates for various mixtures the
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superiority of this second strategy over measurements per-
formed at constant light intensity: whereas all the P2 ration Are
several times larger than the actual P, concentration, the
discrepancy between Pjgation and Py, becomes negligible as

soon as (01, 021, k31) deviates from (o142 x, 021,x, k31.x)-

Experimental implementation

This theoretical analysis suggests that it is possible to selectively
and quantitatively visualize a given photoswitchable probe
defined by the triplet of parameters (v1,, 0,1, k5;) by simply
analysing the out-of-phase (or quadrature-delayed) first-order
component of the overall signal resulting from an illumination
with a light of average intensity I° and periodically modulated at
fundamental angular frequency w so as to fulfil the resonance
conditions (14) and (15) (Fig. 1).

To selectively address a photoswitchable probe of interest
used for analyte labelling necessitates to preliminarily measure
the sum of its molecular action cross-sections for photo-
isomerization g, + 0,; and its thermal rate constant k5;, which
can be easily performed, for instance, with a series of simple
light jump experiments.*>** Once the parameters o, + 0,; and
k5, are known, one fixes the parameters I° and o of the modu-
lated illumination so as to fulfil the resonance conditions (14)
and (15) of the photoswitchable probe. Then one extracts the
out of phase first-order response """ from the acquired probe
signal S(t) (possibly contaminated by the contribution of inter-
fering compound). One subsequently aims at extracting from
@™ the total probe concentration PLC", which quantifies the
labelled analyte. Although theoretical expressions could make
possible to directly retrieve the concentrations of the photo-
switchable probe from the observed signal, it is probably easier
to proceed by calibration upon acquiring the signal from the
pure photoswitchable probe at a reference concentration P2
under the same illumination conditions (see ESIt). Then

~1,0ut
lout __ cal
Ptot - @L,Dut.m[ tot* (47)

When the photoswitchable probe is used as a titrating
reagent, to fulfil the resonance conditions for the parameters I°
and w first requires an initial guess since the apparent molec-
ular action cross-sections for photoisomerization and thermal
rate constant now depend on the concentration of the targeted
analyte A, (see ESIt). In fact, as usually encountered in any
titration protocol, one should have an order of magnitude of the
latter value before proceeding. Moreover, in contrast to the
previous situation, the information sought for is not anymore
Pyoc but Ay, which is contained in the amplitude of the P
response to the light modulation (see ESIT). However, the latter
amplitude is also proportional to Py and one has first to
remove this dependence, for instance by relying on a ratio-
metric analysis, where one collects the overall signal upon
adopting a same illumination but under two conditions of
observation (e.g. by recording the fluorescence emission at two
different wavelengths). Hence, the analyzed observable is now
the ratio plout = @M /S of the out-of-phase first-order

This journal is © The Royal Society of Chemistry 2015
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amplitudes of the signal collected under the two observation

conditions (see ESIt). Calibration now requires to preliminarily

investigate the dependence of p"°*"* on A Then quantification

can be simply achieved by recording the observable from a

calibrating solution where the photoswitchable probe is used to
cal

sense a known concentration Ags;.. The concentrations of the
analyte, which is retrieved at first-order, is eventually

1,out
Al.oul _ p cal

tot T ] outcal “ tot”
p

(48)

Fields of application

The possibility to selectively and quantitatively retrieve the
signal from a probe of interest without any separation is espe-
cially attractive when dealing with complex unknown systems.

Selective and quantitative detection in a mixture of probes.
As a first field of application, one can think of selectively and
quantitatively detecting a probe of interest in a system con-
taining multiple probes or interfering compounds. This appli-
cation could be especially useful in living cells, both to perform
multiplexed observations as well as to overcome the contribu-
tion of endogenous components (Fig. 1a).

Selective and quantitative detection in a heterogeneous
system. Another attractive field of application deals with the
analysis or imaging of heterogenous systems. Indeed the
brightness as well as the thermokinetic features of a probe often
strongly depend on its environment. Thus, in a highly hetero-
geneous system (e.g. a living cell), it may be especially hazardous
to retrieve a quantitative information from the probe signal
acquired at constant illumination, when one has no informa-
tion on the probe location. Indeed the collected signal depends
on the concentration, the brightness and the thermokinetic
features of the probe. In contrast, the out-of-phase first-order
probe response strongly depends on the probe thermokinetic
properties, which permits to selectively address the probe
molecules located in a given phase, in which preliminary
experiments for setting resonance conditions and calibration
should have been performed. Therefore, the present analytical
protocol could be fruitfully used to selectively analyze concen-
trations in a phase of interest within a multiphasic media
(Fig. 1b), without requiring any extensive structural modifica-
tion of the probe (as it is usually done to drive the probe loca-
tion) or fluctuation-based protocols®” to achieve calibration-free
concentration measurements.

New challenges for probe development

The relevance and efficiency of the OPTIMAL/OPIOM protocols
rely on the availability of appropriate photoswitchable probes.
Many photoswitchable organic®® as well as inorganic® plat-
forms are presently available, so as to make promising the
development of OPTIMAL labels with different types of
observables. Moreover, these platforms have been already
extensively implemented in the context of photocontrollable
receptors,® so as to consider as well their use as OPTIMAL
sensors. In the specific OPIOM context, photoswitchable fluo-
rescent proteins are already highly significant probes. However,
even in this case developing photoswitchable fluorescent

This journal is © The Royal Society of Chemistry 2015
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probes fully optimised for OPIOM would enable to increase
both the temporal resolution and the signal-to-noise ratio of
this new imaging protocol. Indeed, although the above argu-
ments are favorable, the extensive use of the OPTIMAL/OPIOM
protocols may be hampered by the lack of a library of suitable
engineered photoswitchable probes. This point has already
motivated specific developments of photoswitchable fluores-
cent proteins in the context of SAFIRe.®! In fact, most available
reversibly photoswitchable fluorescent proteins (e.g. Dronpa®?)
have been engineered to exhibit extremely slow thermal return
after photoconversion. In the context of OPIOM, such a feature
is particularly detrimental in terms of fluorescence signal and
temporal resolution: at resonance, intensity of light excitation
as well as frequency of light modulation are proportional to the
rate constant for thermal return (see eqn (14) and (15)). Even
upon relying on the fastest Dronpa-3 mutant,*® we only reached
20 s for the period of light modulation - typically leading to the
minute range to record an image.” Such conditions are not
optimal with respect to dynamic analysis of biological
phenomena.®® A slow thermal return also requires working at
low average light intensity, which is not favorable to get a
satisfactory signal to noise ratio.**** We currently estimate that
temporal resolution in the second range at a satisfactory few
tens of W cm™> average light power could be reached with
photoswitchable probes exhibiting a relaxation time for thermal
return in the 0.1-1 s range. Moreover, in relation to multiplex
applications, Fig. 4 shows that it would be relevant to generate
libraries of photoswitchable probes with values of their
relevant dynamic parameters k5 and a4, + 021 spread over at
least two orders of magnitude ranges. Both photoswitchable
fluorescent proteins as well as photoswitchable fluorescence
turn-on probes are favorable candidates to implement such an
engineering.*"**%

Conclusion

By relying on the out-of-phase first-order response to periodic
light modulation, OPTIMAL can discriminate - without any
separation or washing step - a targeted photoswitchable probe
among various interfering compounds, photoswitchable or not.
Its experimental implementation is expected to be simple and
cheap, just involving one-day preliminary investigations and
appropriate tuning of two control parameters, the average
intensity and the radial frequency of the modulated illumina-
tion, in order to fulfil robust resonance conditions. In partic-
ular, the OPTIMAL approach holds promises for selective and
quantitative analyses in complex media such as encountered in
biology: with optimized photoswitchable probes, the OPTIMAL
protocol should make possible to titrate minor or signal-buried
components as well as to facilitate multiplexed observations, as
we recently demonstrated upon introducing the OPIOM fluo-
rescence imaging approach in integral cells and organisms.*’
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1 Reduction of photo(physical)chemical mechanisms to a two-state exchange

In the following subsections, we show that various mechanisms involving light absorption can be reduced to

the two-state model (1) at an appropriate time scale.

1.1 A photoswitchable probe

In a first step, we examine the behaviour of a photoswitchable probe. Light absorption is supposed to drive the
exchange between two ground singlet states of a probe denoted Sp; (i=1 or 2). In the considered scheme, the
state Sg.1 is supposed to be thermodynamically more stable than the state Sg 2. Mechanistically, this exchange
involves light absorption leading each ground state Sg ; to its corresponding first singlet excited state S; ;. The
latter is then assumed to relax either by leading back to the Sg; state (for instance by emission of a photon
when the probe is a photoswitchable fluorophore) or by photoisomerization (yielding the other ground state).
The ground state Sg 2 can also notably relax thermally toward the more stable S ; state. The overall scheme is

displayed in Figure S1.

Figure S1: Mechanism accounting for the behaviour of a photoswitchable probe upon illuminating. The arrows
and the associated rate constants refer to the exchange processes. See Text.

Relying on the mechanism displayed in Figure S1, we write Eqs.(1-4) to describe the concentration evolu-

tions:
d.z(zg = —ko1,150,1 + k10,1511 + kgAlSO’Z + k,10725172 )
di{;,g = k1511 — (korz + k5 So2 + k102512 @)
di;g = ko1,150,1 — (km’l + k/10,1> Sia 3)
dii,z = ko1,2502 — (klo,z + k'10,2> S1a. @

In Figure S1, the rate constants k1g; and k,m,i are notably much larger than the rate constants kg1 ; and
k:ZAl. k10,; and k/IO,i are typically larger than 10%s~ 1.1 In contrast, ko1 is in the 10 g1 range under typical
illumination conditions.* Moreover kQAl is at most in the 10% s~! range. Thus it is possible to apply the steady-

state approximation to S 1 and Sy 2 beyond the nanosecond time scale. Under such conditions it is meaningful

*Using ko1,; = 001,:1° by considering that the typical photon flux at the sample of an illumination setup is I° = 10*!
photons.m~2.s™* and that the molecular cross section for light absorption ¢o1,; = 2.3¢;/Na (Na is the Avogadro number) is in

the 10™2° m?/molecule range for the considered probes.
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to consider that the states Sg ; and S1 ; are in a fast exchange so as to introduce an average species i for which

So,; and S ; contribute in ps, , and ps, , respective proportions where

1

) 5
PSos 1+ Ko ®)

Ko
oo _fei 6
DS, ; 1+ Kows (6)

with

ko1

Koy, —_— . (7N
' k10, + Ky

Under the experimental conditions used in this study, the relative proportions in the excited and ground states
are typically ps, ; ~ 10~ and DS, ~ 1.
Considering that the concentration in i, 7, is equal to Sp ; + 51 ;, Eqs.(1-4) reduce to Eq.(8) beyond the time

scale at which the steady-state approximation is valid.

d2 dl KOl 1 ’ K01 2 ’ 1 A

= = ="k 1— ——k —k5 ) 2. 8

dt dt (1 + K()171 10’1) <1 + K0172 10,2 * 1+ K01,2 2 ®
Considering that, far from saturation, K1 ; is proportional to the photon flux I 0 and much lower than 1,

one can write:

Koin ' 10,1 0 h
_BOLL g Kok = ——20 o 10 = gy 9
1+ Ko, 101 01,1%10,1 Fron + Ko 01,1 12 )
Koo ' k10,2 0 L
012 ~ Koigkygy = ———F—0o121" = kjy 10
11 Ko g 102 01,2%10,2 Fiom + i 01,2 21 (10)
1
. TV Y 11
1+ Kors 21 21 (11)

Hence Eq.(8) can be alternatively written

d2 a V
e L (kgl +k§1) 2 (12)

in which we introduced the notations k?z” and k:gl” to express that the corresponding terms are proportional to

the incident photon flux. Eq.(12) is dynamically identical to Eqs.(42—43).

1.2 A three-state electronic model

As a second relevant situation, we analyze the behavior of a chromophore, which light excitation yields its first
excited singlet state S; from its ground singlet state Sg. S; can subsequently relax to the ground state Sq (for
instance by fluorescence emission) or be converted to its first triplet state T;. T; then deexcites to give back

the ground state Sg. The overall scheme is displayed in Figure S2.
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Figure S2: Mechanism accounting for the behaviour of a chromophore yielding its first singlet and triplet
excited states upon illuminating. The arrows and the associated rate constants refer to the exchange processes.
See Text.

Relying on the mechanism displayed in Figure S2, we write Eqgs.(13-15) to describe the concentration

evolutions:
% = —kouSo + k101 + kT (13)
% = ko150 — (k1o + krsc) Sh (14)
% = krscS1 — krTh. (15

In Figure S2, the rate constant k1g (typically larger than 109111 is notably much larger than the other
rate constants. Again kg ; would be in the 10 s~ under typical illumination conditions. In addition k;gc and
kr are usually in the 10% and 103-106 s—! range.l'! Thus we can apply the steady-state approximation to S
beyond the nanosecond time scale. Under such conditions it is meaningful to consider that the states Sg and
S: are in a fast exchange so as to introduce an average species 1 for which Sg and S; contribute in pg, and ps,

respective proportions where

1
DS, 1+ Koy (16)

Kop
_ 17
DS, 1+ Koy 17)

with
k

Koy = /T(l)(l) (18)

Under typical experimental conditions, the relative proportions in the excited and ground states are typically
ps, ~ 1078 and pg, ~ 1.
Considering that the concentration in 1, 1, is equal to Sy + S; and denoting T; by 2 in the following,

Eqs.(13-15) reduce to Eq.(19) beyond the time scale at which the steady-state approximation is valid.

d2 dl ( Ko

g (il 1— kp2. 1
dt dt 1+K01k‘750> br (19)

Considering that, far from saturation, K is proportional to the photon flux 7° and much lower than 1, one
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can write:

1
krsc ~ Koikrsc = kTOUoJOkISC = k{¥ (20)

K = k. 1)

Hence Eq.(19) can be alternatively written

d2 d1
- = = kM1 — k52 (22)

in which we introduced the notations k{‘g to express that the corresponding term is proportional to the incident

photon flux. Eq.(22) is dynamically identical to Eqs.(42—43) upon noting that k4V = 0.

1.3 A four-state model associated to titration of an analyte A

In this last subsection, we reduce the dynamic behavior associated to a photoswitchable sensor. The generic
dynamic model is a four-state mechanism consisting of the two exchanging free states of a photoswitchable
probe, 1F and 2F, which can both bind an analyte A to yield the corresponding bound states, 1B and 2B.
This situation is relevant of a photoswitchable pH-indicator for instance. As in the previous subsections, 1
and 2 states interconvert by photoisomerization in both the bound and free states while only 2 to 1 conversion
may occur by thermally-driven exchange. The associated rate constants are presented in Figure S3, where the

superscripts hv and A respectively denote photochemical and thermal contributions.

hv
12,F
A+ 1F =—— 2F . A
K + Kk
21,F 21,F
A A A A
k | k k | k
-1 +,1 -2 +,2
hv
12,B
1B ——— 2B
+
21,B 21,B

Figure S3: Four-state mechanism accounting for the photochemical and probing behavior of a photoswitchable
sensor in the presence of an analyte A.

The theoretical framework closely mirrors that described in a previous work by Emond et al.l2l The con-
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centration profiles within the four state model are governed by the equations:

dlB
o - (k1B—1F + k1B—2B) 1B + k2p_s18 2B + kg1 A 1F (23)
d2B
i kig—28 1B — (ka2 + k2B—1B) 2B + kar—2 A 2F (24)
dl1F
5 = kig—s1r1B — (kip—18 A + kir—2r) 1F + kap_qp 2F (25)
d2F
o = kag—2k2B + kir—ar 1F — (kap—28 A + kar—1r) 2F (26)

The temporal dependence of concentrations cannot be obtained in the most general case. However, it can
be analyzed in asymptotic situations according to the nature of the rate-limiting steps, which are associated
to either the photochemical reactions or the complexation reactions.” In this account, we are interested to
examine the case in which the photochemical steps are rate limiting. Indeed it should be relevant in most
sensing situations.*

In the corresponding “low”-illumination regime, it is meaningful to introduce the average species 1 and 2
(concentrations 1 = 1F 4+ 1B and 2 = 2F + 2B). The “instantaneous” concentrations in 1F, 1B, 2F and 2B

then follow,

1
1F = ———1 27
1+ KPA @7

KPA
1B = —L 1 28
1+ KfA 28)

1
2F = 2 29
14+ KA @9

KA
2B = —2 2 30
1+ K A G0

where

kA
K& = kal (31)

kA
K = kZ’Q. (32)

-2

Thus Eqgs.(23-26) transform into Eq.(33):
dl d2

a = _E = —kig 1+ ko 2 (33)

fCrossing between both kinetic regimes typically occurs when the relaxation times associated to the photoisomerization and the
complexation reactions are equal.

The rate constants associated to the photochemical steps adopt the expression kf‘]’“s = 04j,5¢i;,51° (i and j are equal to 1 or 2 with
i # j, 8 = F or B). By considering that the typical photon flux at the sample of an illumination setup is 7° = 102! photons.m~2.s~*
and that the molecular cross section for light absorption oo1,; = 2.3¢; /N4 (N4 is the Avogadro number) and the quantum yield ¢;j,s
associated to photoisomerization are typically in the 10~2® m?/molecule and 0.1 ranges respectively for the considered probes, we
derive k:zhj”s ~ 1s™1. Hence the relaxation times associated to photoisomerizations would be typically in the 1 s range. Such a range
is above the order of magnitude of the relaxation times associated to titration reactions. For instance, diffusion-limited reactions (e. g.
most proton exchanges!®!) are associated with rate constants in the 10'° M~ 's ™! range. They would give rise to relaxation times below
the millisecond for titrating reagents with 10° < K2 < 107 upon assuming K> (i=1 or 2) to be tailored such that the concentration

in analyte A is in the range of 1/ K2 to get the largest sensitivity.
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with
b, o Mt ks KPA 1)
14+ KfA
o (Kt + k515 ) + (Rt + R ) RS A 5
A 14+ K24 '

In the most general case, Eq.(33) has no analytical solution, because k12 and ko) are time-dependent as a
result of the A(t) term. However, a tractable temporal dependence of the concentrations upon light excitation
can be obtained in the most important sensing situation when the total concentration of the analyte (Ay) is

much larger than that of the photoswitchable sensor (Piot): Azor > Py Introducing

kY g+ kY g KT Aror

ki = : 36
. 1+ K2 Ay 6)
o RSe KL g K5 A
ky = A (37)
1+ K2 Atot
A kJQALF + kQALB K5 Ao
1+ K5 Aot
Eq.(33) can be alternatively written
d2 dl y y
== T =kl (kgl +k:2A1) 2 (39)

in which we introduced the notations k?é’ and kgf to express that the corresponding terms are proportional to

the incident photon flux. Eq.(39) is dynamically identical to Eqs.(42-43).9

$The most general case is made complex by the existence of the product of concentrations of the reactants in the dynamic law. In
principle, this law could be linearized around chemical equilibrium when light modulation is of small amplitude but it would yield
intricate resonance conditions. Moreover, to subsequently implement experimentally these resonance conditions would generally ne-
cessitate the knowledge of the overall concentrations of both the probe and the analyte. Whereas to have a guess about the concentration
of the analyte is classical in titration protocols (and our final protocol precisely integrates such a guess), we estimated that it would be
too demanding prior the titration experiment to have another guess about the concentration of the probe. In particular we had in mind
biological applications for which intra-cellular or intra-organism partition of an externally added molecule can be hardly predicted.
Therefore we deliberately favored the case where the concentration of the probe is much smaller than the one of the analyte. Classi-
cally encountered for titrations, this situation can be easily fulfilled when a sensitive observable such as fluorescence is experimentally
implemented.

TIn the corresponding regime, one can also derive the average brightnesses of the average states 1 and 2. Denoting Q; for the
individual brightness of the species 1F, 2F, 1B, and 2B, one has

Q2r + QQBKQAAtot

= 40
@ 14+ K Avor “0)
Qir + QlBKIAAtot
. 41
@ 14+ K{ Asor “h
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2 Kinetic analysis of the two-state model

2.1 The model

We consider relaxation mechanisms which can be reduced to the two-state exchange displayed in Figure S4.

hv
_ 12
1 hv A 2
k -
21 21

Figure S4: Reduced mechanism accounting for the photochemical behavior of a photoswitchable probe. The
most stable state of the probe is here assumed to be 1, which can switch to the less stable state 2 by photoiso-
merization. Back reaction from 2 to 1 can occur either by photoisomerization or thermally-driven exchange.

We assume that the system is either homogeneously illuminated or that it can be considered homogeneous
at any time of its evolution. Then we rely on the mechanism displayed in Figure S4 to write Eqs.(42-43)

describing the concentration evolutions:

dl

= = (k1s2) 14 ka1 2 (42)
d2
il k1521 — (k2—1) 2 (43)

where we make explicit the photochemical and thermal contributions to the rate constants by writing

ki = kY (44
ky1 = KM+ kD (45)
where the exponent indicates the nature of the contribution.
In the following, we are interested to derive the theoretical expressions of (i) the concentrations in 1 and
2 (1 and 2 respectively), (ii) the overall observable originating from the photoswitchable probe, and (iii) the
convolution of the preceding overall observable with the light excitation (we chose fluorescence emission as a
representative example), upon applying either a jump or a periodic modulation of the illumination.
2.2 Light-jump experiments
We here consider that the system is “suddenly”!l illuminated, so that the incident surfacic photon flux varies
from 0 to 1°:

Ity = 1° (46)

fort > 0.

I'Note that “suddenly” here refers to a time interval such that Eqs.(42,43) can be considered valid.
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2.2.1 Expression of the concentrations

Denoting 012 and o2; the excitation cross sections associated to the transitions from the state 1 to the state 2,
and from the state 2 to the state 1 respectively, the apparent rate constants ko = k:?z” = 0121° and k9 =
kb 4+ k5 = 09110 + k%) can be considered constant and equal to &%, and k9,. Upon introducing the total

concentration in photoswitchable probe P, Py, = 1 + 2, Eqs.(42,43) yield:

d(2—-20
_(dt) = (k{, +K9) (2-2% (47)
from which we derive
t
2-20 = 19-1=-2"exp <—O> (48)
T12
where
KO
20 = —L2-p, (49)
1+ KY,
1
1 = —— Py (50)
1+ KY,
1
0
ks + k9,
0 k(1)2
K12 == kT (52)
21

In Egs.(48-52), 2°, 19, 7, and K, respectively denote the steady-state value of the concentrations in 2
and 1, the relaxation time associated to the exchange between the states 1 and 2, and the apparent photoisomer-

ization constant of the photoswitchable fluorophore P, in the presence of light at constant light flux I°.

2.2.2 Expression of the overall observable from the photoswitchable probe

The overall observable O from the photoswitchable probe results from the individual contributions of the states

1 and 2. Denoting @Q; for the molecular brightness, one has
O(t) = Q11(t) + Q22(t). (53)
Upon applying a light jump from 0 to I°, the overall observable evolves as

Ot) = 0°+(Q1—Q2)2%exp (—2) (54)

T12

where

0% = Q1%+ Q2. (55)
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2.2.3 [Expression of the fluorescence intensity

We now consider the probe to be fluorescent. Fluorescence intensity Ir(t) can be written

Ip(t) = O@I(t) = [Q11(t) + Q22(¢)] I(t)

(56)
where the expressions of (t), 1 and 2 can be retrieved from Eqs.(46,48). Then one has:
t
Ir = |0+ (Q1—Q2)2%exp (—Toﬂ 1°. (57)
12

2.3 Light modulation experiments

In the following, we successively consider two different types of periodically modulated illumination: (i) a
sinusoidal modulation (Figure S5a); (ii) a square wave modulation modelled by its expansion as a Fourier series

(Figure S5b; vide infra). For each type of modulation, the corresponding cases of small and large modulation
are successively considered.

a

P(l+a)} I°(1+a)

z'
IU IO F

I —a)f I°(1—a)f

27

el
€1a t

w

Figure S5: Periodically modulated illuminations, which have been considered in the present study. a: Si-
nusoidal modulation of amplitude o around the average value I°: I(t) = I°[1 + asin (wt)]; b: Square

wave modulation of amplitude o: I(t) = I° {1 + 470‘ > o0 21)% sin[(2p+ 1) wt]} at first- (p=1, dotted line),
second- (p = 2, dashed line) and third- (p = 3, dashed-dotted line) orders of the Fourier series expansion.
2.3.1 Sinusoidal modulation of small amplitude

Expression of the concentrations We first consider that the system is submitted to a weak sinusoidal modu-

lation of illumination around the averaged value I°. We correspondingly adopt

I(t) = I°[1 + esin(wt)) (58)
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with ¢ < 1. One has
ks (t)

K3y (¢)

The equations (42,43) are solved at first order of the light perturbation upon writing:

= KON 4 esin (wi)]

= KON 4 esin (wi)].

2 = 204 e2l(t) =20 —c1l(t)
1 = 19—e2'(t) =1 +e1'(t)
kio(t) = KO0 4 esin (wt)]
koi(t) = karO[1 4 esin (wt)] + kb
to yield
a2t 1 A
T %21 = ploph) sin (wt)
where
Plo = K1 = k5 2°
A k5
P =

hv,0 A
k21 + k21

(39)
(60)

(61)
(62)
(63)
(64)

(65)

(66)
(67)

09y and p5; designate the steady-state rate of reaction (1) and the relative thermal contribution to 2 relaxation

upon illuminating at 7°.
0

Beyond the relaxation time 715, one enters into a permanent regime in which the respective contributions

of the in- and out-phase terms 2% and 21:°%“* such that 2!(t) = 21" sin (wt) + 212 cos (wt) respectively

obey**
. . 1
lin __ lin _ 0 _0 A
2 = -1 = P12712P21 02
+ (Wﬁz)
0
lout __ lout _ 0.0, A WTi2
2 = -1 ——P12712P2170 3"
+ (Wle)
Upon noting that
KO
0.0 12
P12T12 = o 5 Prot,
(1+ K7,)
** Alternatively, one has
0 0, A
i) = —LTEPAL Gy (ot — o)
1+ (wrl)?
with
1
cospra = —————
1+(WT{)2)2
0
sind)lg = Wiz

V1+ (WT&)Q |
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(72)

(73)

(68)

(69)
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Eqgs.(71,72) become

217in — _117in i pQAI K]92 1 Pt t (74)
= = 2 2 O
(1+KP) " 1+ (wriy)
K? ¥
21,out _ _11,out — _p2A1 12 WT1g QPtot (75)

(14 KD)" 1+ (wrhy)

Expression of the overall observable from the photoswitchable probe In the case of a sinusoidal modula-
tion of light intensity obeying Eq.(58), the temporal dependence of the overall observable O(¢) originates from
the temporal dependence of 1'(¢) and 2! (¢) (given in Eqs.(74,75))

O(t) = Qi1+ Q2= 0"+ 0O "sin (wt) + O cos (wt) (76)

with
OY™ = (Qo—Qu)2""e (77)
Ol,out _ (QQ _ Ql) 21,out€. (78)

Expression of the fluorescence intensity Fluorescence emission Ir(¢) is extracted from Eq.(56) by using
the temporal dependence (58) of the exciting light source and the expressions of 1 and 2 from Eqs.(49,50) and

(61,62). Retaining only the terms up to the first order in the perturbation in the expression

Ip(t) = [OO + OV sin (wt) + 019U cos (wt)] I°[1 + esin (wt)] (79)
yieldsft
Ip(t) = I%+ 5™ sin(wt) + 13" cos (wt) (83)
with
Ip = (Q1°+@22°) I° (84)
I = e (@14 @22°) + (@2 — Q1) 2Y"] I° = ¢ [T + (Q2 — Q1) 24™1°] (85)
I = 2(Qa— Q) 2510, (86)

tSimilarly, using Eq.(68), Eq.(76) can be rewritten to explicit the phase delay between the fluorescence emission and the exciting
light :

0 P(1J2T{J2P2A1 .
Qil+ Q@22 = O +¢e(Q2— Q1) ————=rsin(wt — ¢12) (30)
1+ (‘*”'?2)2
Therefore, the temporal dependence of the fluorescence emission given in Eq.(83) becomes :
Ir(t) = Ip[1+esin(wt)+eRissin (wt — ¢12)] 81)
with

_ 0.0, A
R?Q = ?z Q120 Pi12T12P21 82)
@+ Q2 1+ (WT{)Q)Q
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2.3.2 Square wave modulation of small amplitude

Expression of the concentrations We now consider that the system is submitted to a weak square wave

modulation of illumination around the averaged value 1°. We correspondingly adopt

de N1
I = {1+ = in[(2p+1
(®) + W;ﬂpﬂsm[(m )wt] (87)

by choosing the starting time ({ = 0) in this expansion halfway through the first pulse with ¢ < 1. The

equations (42,43) are then solved at first order of the light perturbation upon introducing

hv,0 de 1 )
kio(t) = ki3 <1+ - 2} i1 sin [(2p + 1) wt] (88)
_ o de & : A
kai(t) = ko 1+ P z:% 1 sin[(2p + 1) wt] p + k5 (89)
2 = 204y 2(p 1) (90)
p=0
L= 102 2y o1)
p=0
to yield
o d2} 1 o0 4 1
2p+1 '
Z —a p Lt T Z 2(2p+1) = plophi— Z 11 sin[(2p 4+ 1) wt]. (92)
p=0 =0 p 0

Beyond the relaxation time 7{,, one enters into a permanent regime in which the respective contribu-

tions of the in- and out-phase terms 2 and 2, Lout " quch that 2(2p () = olin sin[(2p + 1) wi] +

2p+1) (2p+1) (2p+1)

Qé(;qfl) cos [(2p + 1) wt] respectively obey
i 4 1 1
217m _ _11 in p pA ©93)
(2p+1) (2p+1) — P12712 217T2pJr 11+ 2 + 1) (WTH)Q
1,0ut 1,out 4 1 (2p+ 1)w712
2(2(;)11) = _1(2211) —ps 12?21 (94)

T2p4+11 4 (2p+1)? (w7?2)2.

Expression of the overall observable from the photoswitchable probe In the case of a square wave mod-
ulation of light intensity obeying Eq.(87), the temporal dependence of the overall observable O(t) originates

from the temporal dependence of 1} (2 +1)( ) and 2(2p +1)( ) (given in Eqs.(93,94))
Ot) = Q11+Q2=0"+ Z {0(12;7:_1 sin[(2p + 1) wt] + 012:7f1) cos[(2p+1) wﬂ} (95)
p=0
with

Ogpeny = (Q2= Q1254 0e (96)
0(12;))%1) = (Q2—Q1)2é‘;ﬁ1)5. 97)
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Expression of the fluorescence intensity Fluorescence emission Iz (t) is extracted from Eq.(56) by using
the temporal dependence (87) of the exciting light source and the expressions of 1 and 2 from Eqgs.(49,50) and

(90,91). Retaining only the terms up to the first order in the perturbation in the expression

Ip(t) =1 |O° + Z [ (12";1) sin [(2p + 1) wt] + Og;qfl) cos[(2p+1) wt]] X

1+4SPZ2 1+15m[(2p+ 1) wt| (98)
yields
Ip(t I+ f: [ ;Z(gpﬂ) sin [(2p + 1) wt] + I}F’,(()S;H) cos[(2p+1) wtﬂ (99)
p=0
with
Igtopsny = € [4 > 1+ I+ (Qe = Q1) 2030 0] (100)
ey = =(Q2— Q)20 I° (101)

2.3.3 Sinusoidal modulation of large amplitude

Expression of the concentrations We now consider that the system is submitted to a large sinusoidal modu-

lation of illumination around the averaged value I°. We adopt

I(t) = I°[1+ asin(wt)]. (102)

Then one has
K@) = KO0 4 asin (wt)] (103)
vy = k0N 4 asin (wt)]. (104)

The equations (42,43) are solved upon introducing:

2 = 2% raf(t) (105)
1 = 19— af(t) (106)
kio(t) = KO0 + asin (wt)] (107)
koi(t) = KyYO[1 4 asin (wt)] + k5 (108)
to yield
af) ~ L)+ ol sin (wh) — a (k’wo + kh”") F(£) sin (wt) . (109)
dt Tio

105



3.3. SUPPORTING INFORMATION

Upon introducing

t
o= (110)

712
a = P?QPQAN& (11D
b= (K + k) oy (12
0 = wrh 13

Eq.(109) becomes
dfflef”) = —f(6z) + [a — bf(6x)] sin (0z) (114)
x

Beyond the relaxation time 7{,, one enters into a permanent regime in which f(#) is a continuous periodic
function. Then f(#z) can be expressed as a Fourier series

+o00
f(0z) =ap+ Z [ay, cos (nBx) + by, sin (nfz)] (115)

n=1
where a,, and b,, designate the amplitudes of the n-th components of the Fourier series. The a,, and b,, terms can

be extracted from Eq.(114) upon identifying the amplitudes of the components of the same order. We derived

e Zeroth order:

aw = 2 (116)
e First order:
—af = —b +a—a0b+b% (117)
b0 = —aj — b% (118)
e Ordern > 1:
apnt = by — g (@ny1 — an—1) (119)
bpn = —a, — g (bnt1 — bn—1) (120)

from which we obtained the following expressions of the concentrations in 1 and 2:

“+oo
2 = 2%4+a {ao + Z [an, cos (nbzx) + by, sin (nﬁx)]} (121)

n=1

+o00o
1 = 1°"—«a {ao + Z [an, cos (nbzx) + by, sin (n@x)]} : (122)
n=1

Hence, at steady-state, a large sinusoidal modulation of illumination causes modulation of the concentrations

in 1 and 2 at an infinite number of radial frequencies.
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Eqgs.(121,122) can be transformed to explicit the amplitudes of the concentration modulations at all radial

frequencies. Thus we write

2 = 24« Z [2“’“‘ sin (nwt) + 2™ cos (nwt)} (123)
n=1
400 '
1 = 1°—«a Z [z”’“‘ sin (nwt) + 2™ cos (nwt)} (124)
n=1
and conversely
+00 4
2 = 2°—« Z [1“’“‘ sin (nwt) + 1" cos (nwt)} (125)
n=1
too
1 = 1°+a Z [1”’“‘ sin (nwt) + 1" cos (nwt)} (126)
n=1
where
2° = 294 aqg (127)
1° = 19— aq (128)
pmin o qmin b, (129)
Zn,aut — _ln,out = ay,. (130)

In the case of sinusoidal light modulation of small amplitude, 2!:°“! is optimal when the resonance con-
ditions (14,15) are fulfilled. In the absence of analytical expressions for 2%°*, such conclusions cannot be
directly derived in the case of a sinusoidal modulation of large amplitude, so we evaluated their relevance by
means of numerical calculations.

We first analyzed the dependence of 1% = —2%°4 — _ g, on the control parameters w and I°. To do so,
we analytically retrieved the 2n + 1 unknown parameters (ao,. . . ,a,,b,) Upon truncating the Fourier expansion
(30) at increasing orders n. Figure S6 displays representative results, which have been obtained with n = 5.

Figure S7 displays the dependence of the normalized amplitude, | 155 |=| 1%°*/P,,; |, on the light flux
I° and the adimensional radial frequency w{, when a = 1. Truncation of the Fourier expansion of the f(6z)

function at the fifth order (n = 5) is definitively sufficient to observe convergence: the dependence of | 1111’0‘11,112

on 1Y and w does not significantly evolve beyond n = 3. | 1#0% | exhibits an optimum in the space (1°,w),
which position and amplitude are very close to those observed with a sinusoidal modulation of small amplitude
(Table 1).

Note that the error done when taking the analytical expression of the resonance conditions, valid only for a
modulation of small amplitude, is always less than 20 %, no matter which amplitude « is used. Such an error
would be of the order of magnitude of the experimental errors done when fixing the average light intensity and

IO’R

radial frequency to their values at resonance, and w?.
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Figure S6: Computation of the amplitudes of the Fourier terms, | a, | (a) and b,, (b), from a solution of a
photoswitchable fluorophore 1 = 2 submitted to light harmonic forcing in the regime of large (o = 1) amplitude
modulation. The numerical computation has been performed upon truncating the Fourier f expansion at the
fifth order (n = 5). o2 = 73 m%.mol™!, o9; = 84 m%.mol~ 1, kQAl =15x102s1, 19 =96 x 10°°
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ein-s”-m™ “ and wryy = 1.
a -3 b -3 ¢ 3
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Figure S7: Theoretical dependence of the normalized amplitude of the out-of-phase oscillations in 1 concen-
tration, | 1hfm |=| 129"/ P,y |, of a photoswitchable fluorophore 1 = 2 submitted to light harmonic forcing
in the regime of large amplitude modulation (o = 1) on the light flux ° (in ein-s~'-m~2) and the adimensional
radial frequency wr&. The numerical computation has been performed upon truncating the Fourier f(6x)
expansion at various orders n (a: 1, b: 2, ¢: 3, d: 4, e: 5). The dependence observed in a regime of small
amplitude modulation, | 1Lout |, is shown in f. o192 = 73 m%.mol~!, oa; = 84 m2.mol™!, k5 = 1.5 x 1072

s~!. The markers correspond to isodensity curves : 0.01 (dot dashed), 0.03 (dot) and 0.05 (dashed).

Expression of the overall observable from the photoswitchable probe In the case of a sinusoidal modu-
lation of large amplitude obeying Eq.(102), the temporal dependence of the overall observable O(¢) originates
from the temporal dependence of 1!(¢) and 2!(¢) (given in Egs.(123,124))

Ot) = Q114 Q2=90°+ Z {D"’i" sin (nwt) 4+ O™ cos (nwt)} , (131)

n=1
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Amplitude n 10 x IOF 102 x w®  102x | 1500
(ein-s™'m™?) (rad-s™1)

Small - 0.96 3.02 5.81
Large 1 1.12 3.02 6.25
Large 2 1.19 2.82 6.38
Large 3 1.19 2.82 6.38
Large 4 1.19 2.82 6.38
Large 5 1.19 2.82 6.38

Table 1: Coordinates and amplitude of the | 1n0tm | extremum from a photoswitchable fluorophore 1 = 2
submitted to light harmonic forcing in the regime of large amplitude modulation (« = 1) as a function of the
truncation order n of the Fourier expansion of the f(6z) function. The Table also provides the coordinates and

the amplitude of | ln’é’,% | extremum observed in a regime of small amplitude modulation.

with
0° = Q11° 4+ Q22° = Q11° + Q22° + (Q2 — Q1) g (132)
O = (Qy— Q1) aby (133)
oM = (Q2— Q1) aay, (134)
forn > 0.

Expression of the fluorescence intensity Fluorescence emission Ir(¢) is extracted from Eq.(56) by using

the temporal dependence (102) of the exciting light source and the expression of O(t) given in Eq.(131). Then

writing
Ip(t) = 3%+ i [j‘%m sin (nwt) —l—jgout Cos (nwt)} (135)
=1

we derive T
2 - <Do+;agl,m) 70 (136)
3= (aD" + oM — 10492"’“*) 1 (137)
gro <Dl out Dzm) (138)
j%m _ { nm+ a (Drront Dn+1,out):| 70 (139)
jgout _ |:Dnaut+ Za Dn+1m Dnl:iﬂ)} 10 (140)

for n > 1. As shown in Eqs.(136-140), a large sinusoidal modulation of illumination is expected to cause
modulation of the fluorescence intensity at an infinite number of radial frequencies, which are integer multiples
of w.

The zeroth order term 3% can be expressed using Eqs.(84,112,116,129,133,136). We obtained

% = 04 Sa (QQ—Ql)[ (h”°+k§1”°) 12} 210, (141)
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In contrast to the out-of-phase first-order response, Eq.(141) shows that the zeroth order response of the fluo-
rescence emission upon sinusoidal light modulation of large amplitude significantly departs from %, which is
observed in the case of a same type of modulation but in a regime of small amplitude.

The first order terms can be expressed using Eqgs.(84, 129, 130, 133, 134, 137) and (129, 130, 133, 134,

138) to write
. 1 1
" = alf+a(Qr— Q)20 {1 -5 (kh”o + kng) 12} — 507 (Q2— Qu) 22™1° (142)
jgout = a(Q2—Q)2* out g0 a (QQ - Q1) ,2in g0 (143)

In reference to the g (2™™, 2™°*!) function introduced in the Main Text, one has thus

g (Zn,in, Zn,out) — 7a22,i.t1. (144)

To evaluate the possible interference originating from the second order term g (z"’i", z“"’“t), we used
Eq.(40) to numerically compute the dependence of jg’out on w and I°. Figure S8 compares the absolute value

of the normalized out-of-phase first-order amplitude | J¥°%  |=| Iy M (Qa — Q1) %Py | obtained in the

F,norm

case of the largest amplitude modulation (o« = 1) with that obtained for a modulation of small amplitude. The

position and the amplitude of the optimum are similar in both cases: we found I%% = 1.03x 10~ ein-s~1-m~2,

R =3.09 x 10~ %rad-s~!, and | Ci;l;":;ttm |= 5.82 x 1072 in the case of a sinusoidal modulation of large ampli-

tude, and 1%% = 0.96 x 107 ein-s71-m~2, w® = 3.02 x 10~ %rad-s~!, and | Thout |= 5.81 x 1072 in the

Fnorm

case of a sinusoidal modulation of small amplitude.

a . b

10&11)(“’7'102)
103%'11)(“7'{]2)

log;(1°) log;(1°)

Figure S8: Theoretical dependence of the absolute value of the normalized amplitude of the out-of-phase oscil-
lations of fluorescence intensity, | Jg Zf‘tm =] 3% T /(Qg — Q1)I%P,y |, from a solution of a photoswitchable
fluorophore 1 = 2 submitted to light harmonic forcing in the regime of small (a) or large (b; oo = 1) amplitude
modulation on the light flux I° (in ein-s~*-m~2) and the adimensional radial frequency w7{y. The numerical
computation has been performed upon truncating the Fourier f expansion at the fifth order (n = 5). 012 =73
m2.mol~!, 091 = 84 m2.mol !, k5} = 1.5 x 1072 s~1. The markers correspond to isodensity curves : 0.01 (dot
dashed), 0.03 (dot) and 0.05 (dashed).
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2.3.4 Square wave modulation of large amplitude

Expression of the concentrations We eventually consider that the system is submitted to a square wave
modulation of illumination of large amplitude. We correspondingly adopt

4oy

T 2p+1

Ity = 1I°

sin [(2p + 1) wt] (145)

by choosing the starting time (¢ = 0) in this expansion halfway through the first pulse.

The equations (42,43) are then solved upon introducing

2 = 294 af(t) (146)
1 = 1°—af(@) (147)
hv,0 Ye = 1 .
kio(t) = K14 — > 25150 [(2p 4 1) wi] (148)
p=0
hr0 dao~ 1, A
kalt) = K" {1+ — > T [(2p+ 1) wt]  + k& (149)
to yield
df(t) f(t) 0 A hv,0 hv,0 4 = 1 .
. N + [0121021 - (k12 + kg > f(t)] ﬂp;o 1 sin [(2p + 1) wt] . (150)

Upon introducing x, a, b, and 8 given in Eqgs.(110-113), Eq.(150) becomes

YO pow) + fa — s ) jz@ g snl(2p -+ 1) 6] (1s1)

Beyond the relaxation time 7%,, one enters into a permanent regime in which f(6z) is a continuous periodic
function. Adopting again Eq.(115) for its Fourier series, the a,, and b,, terms can be extracted from Eq.(151)

upon identifying the amplitudes of the components of the same order. We derived

e Zeroth order:

2
ayg — —b*bl (152)
m
e First order:
4 2 & a2p
_ - _ “(a— 72 1
a0 b1 + - (a aob) + bﬂ_ 2 - 1 (153)
2 o= by
= —a;—b— E 154
b19 al bﬂ_ < 2p_ 1 ( 5 )
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e Even order n = 2k with k € N*:

ax2k0 = b+ b > S ) S (155)
2 | boprops1 = ok (2p41)
b2k = —az — b= > il > il (156)
p=0 p=0
e Odd order n = 2k + 1 with & € N*:
4 2 |82 Gahp) o Ga(irpr)
askrr 2k +1)0 = by +m(aob—a) +b= pz% 21 —pzo 2 L1 (157)
2 | = ba(ktpt1) — ba(k—p)
bokt1 (2k+1)0 = —age1 — b; p;] ol p;] il (158)

from which we can retrieve the expressions of the concentrations in 1 and 2 using Eqgs.(121,122). At steady-
state, as for the sinusoidal modulation of large amplitude, square wave modulation causes modulation of the
concentrations in 1 and 2 at an infinite number of radial frequencies. Eqs.(121,122) can be subsequently trans-
formed to explicit the amplitudes of the concentration modulations at all radial frequencies using Eqs.(123—
130).

We showed that, in the case of sinusoidal light modulation of small amplitude, 21:°** is optimal when the
resonance conditions (14,15) are fulfilled. In the absence of analytical expressions for 2*°“, such conclusions
cannot be directly derived in the case of a square wave modulation of large amplitude, so we evaluated their
relevance by means of numerical calculations. Compared to the sinusoidal modulation, square wave modula-

tion introduces harmonics at higher frequencies, which could interfere with resonance of the radial frequency.

Lout _ Lout _

We therefore analyzed the dependence of 1 -2 —ay on the control parameters, w and I° by
analytically retrieving the 2n + 1 unknown parameters (ag,. . . ,an,br,) Upon truncating at the orders p and n in
the expansions of the light excitation in Eq.(21) and the f(6x) function in Eq.(30). Figure S9 displays repre-
sentative results, which have been obtained upon truncating at the 3" and 4™ orders the expansions of the light
excitation and the f(6x) function.

1,0ut

Figure S10 displays the dependence of the normalized amplitude, | 155m |=| 14°**/ Piot |, on the light flux
I° and the adimensional radial frequency wr& when o = 0.8 (see also Figure S11 showing that | 1#0113 | is
essentially independent on «).

Truncation in the expansions of the light excitation in Eq.(21) and the f(fx) function in Eq.(30) at the
3" and 4" orders respectively is sufficient to observe convergence: the dependence of | 1§;,°§$ | on I° and
w does not significantly evolve beyond p = 1 and n = 4. As in the case of sinusoidal modulation of large
amplitude, | 155 | exhibits an optimum in the space (I°w), which position and amplitude are very close
to those observed with a sinusoidal modulation of small amplitude (Table 2). Note that the amplitudes are

1,0ut 1,out

respectively | Iyym |= 8.16 x 1072 for the square wave modulation of large amplitude and % | Tnorm |=

7.40 x 10~2 for the modulation of small amplitude (% is a correcting term resulting from Eq.(21)) (Table 2).
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0.5
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0.25 * 0.25

n™ order '™ order

Figure S9: Computation of the normalized amplitude | a,, | (a) and b,, (b) from a solution of a photoswitchable
fluorophore 1 = 2 submitted to square wave forcing (« = 0.8). The numerical computation has been performed
upon truncating at the 3™ and 4" truncation orders the expansions of the light excitation and the f(z) function.
012 =73 m%2.mol~!, o9 = 84 m2.mol !, kQAl =15x10"2s1,71°=96 x 107° ein-s~*-m~2 and UJT{)Q =1.

a -3 b 3
2 2
Za -1 ] -1
<2 ot
3 0 3 0
& 1 = 1f
< o
2 2 [
5 . . 5 L .
Y8 7T 6 5 4 -3 2 -1 T8 T 6 5 4 3 -2 -1
logy(1°) logy(1°)
c _ d
3
2 2
! ‘ S
T T
3 0 30 .
& 1 o5 1T
< 2
2 2 [
Y8 7T 6 -5 -4 -3 2 -1 "8 7 6 -5 -4 -3 2 -1
0 0
log(1) log(1")

Figure S10: Theoretical dependence of the normalized amplitude of the out-of-phase oscillations in 1 concen-
tration, 1,11’0‘11,1; |=| 12°"/ P, |, of a photoswitchable fluorophore 1 = 2 submitted to light square wave forcing
(o = 0.8) on the light flux I° (in ein-s~'-m~2) and the adimensional radial frequency w7'102. The numerical
computation has been performed upon adopting various values of p and n for the truncation of the orders in the
expansions of the light excitation in Eq.(21) and the f(6z) function in Eq.(30). p = 1andn = 4 (a); p = 2
and n = 6 (b); p = 3 and n = 8 (¢). The corresponding theoretical dependence of the normalized amplitude
of the out-of-phase oscillations of in 1 concentration from a solution of a photoswitchable fluorophore 1 = 2
submitted to light harmonic forcing in the regime of small amplitude modulation is displayed in d as a refer-
ence. o2 =73 m>.mol ™!, g1 = 84 m®.mol !, k5 = 1.5 x 1072 s~1. The markers correspond to isodensity

curves : 0.01 (dot small dashed), 0.03 (dot large dashed), 0.05 (dot) and 0.07 (dashed).

Expression of the overall observable from the photoswitchable probe The expression of the overall ob-
servable in the case of a square wave modulation obeying Eq.(145) is identical to the one derived for a sinusoidal

modulation. Then Eqs.(131,132,133,134) are here also valid.
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)

olwr

log;o (UJT&)

10%10(“’7'?2)
log;o(wTly)
210\WT12
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Figure S11: Theoretical dependence of the normalized amplitude of the out-of-phase oscillations in 1 con-
centration, | 1hom =| 1294 /P, , |, of a photoswitchable fluorophore 1 = 2 submitted to light square wave
forcing on the light flux I° (in ein-s~!-m~2) and the adimensional radial frequency w7{, for various values of
the amplitude modulation «. The numerical computation has been performed upon adopting p = 1 andn = 4
for the truncation of the orders in the expansions of the light excitation in Eq.(145) and the f(x) function in
Eq.(115). @ = 0.2 (a); o = 0.4 (b); @ = 0.6 (¢); & = 0.8 (d). 012 = 73 m®>.mol~ !, 091 = 84 m?.mol~!,
k@l = 1.5 x 1072 s~1. The markers correspond to isodensity curves : 0.01 (dot small dashed), 0.03 (dot large
dashed), 0.05 (dot) and 0.07 (dashed). In contrast to the sinusoidal modulation of large amplitude, we could
not numerically compute the behavior at the largest modulation amplitude o« = 1. This behavior probably orig-
inates from the truncation of the expansion of light excitation in Eq.(21). As shown in Figure S5, one observes
significant oscillations close to the discontinuity of the square wave function. They most probably generate
singularities (e.g. negative values of the concentrations) at too large « values. This explains why we checked
that the behavior of the | 1#‘,‘% | did not significantly depend on the « value. We correspondingly adopted
a = 0.8 above.

Expression of the fluorescence intensity Fluorescence emission I (¢) is extracted from Eq.(56) by using the
temporal dependence (145) of the exciting light source and the expression of O(t) given in Eq.(131). Adopting

again the expression (135), we derive

e Zeroth order:

20 > sz+1,in

o= (oo 22y 20 o (159)
s o 2p+ 1
e First order:
4 ‘ Ao 20 0 Dz(p-l—l),out
jl,m —_ Dl,m 790 _ _— IO 160
5 + T s 2p+1 ( )
L p=0
20 o Dz(p+1)7in
jl,aut _ Dl,aut + = Z ~ T IO (161)
S
i T =0 2p +1
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Modulation p n 10 x 1% 102 x wf  102x | 155,
(eins™'m~?) (rad-s™1)
Sinusoidal - - 0.96 3.02 5.81
Square wave 1 4 1.20 2.82 8.16
Square wave 2 6 1.20 2.82 8.16
Square wave 3 8 1.20 2.82 8.16
1,0ut

Table 2: Coordinates and amplitude of the | 1npy | extremum from a photoswitchable fluorophore 1 = 2
submitted to light square wave forcing (o« = 0.8) as a function of the truncation orders p and 7 in the expansions
of the light excitation in Eq.(21) and the f(6x) function in Eq.(30). The Table also provides the coordinates

and amplitude of | 1n’§,3‘m | extremum observed in a regime of sinusoidal modulation of small amplitude.

e Even order n = 2k with k € N*:

[ —1
j? me_ | o2bin Z zt—(2p+1),0ut - o0 m p o)
i o 2]9 +1 e 2p +1
i k—1
~2tout 28, 0ut 2704 DZH"ZIH"J«"" DZE (2p+1),in 0
B |9 I (163)
k T p 2p+1 = 2p+ 1

e Odd order n = 2k + 1 with k € N*:

[ k-1 9
i 4o 20 ©2(E—p),out O2(t+p+1)0ut
~28tLin e+, e B
’s i 0%+ — > > 1Y164)

@k+ D)7 ~Toprl & 2+l
i k—1
ngl o | gatrnont 2a 0 2(E+p+1)in O2(E—p),in 10 (165)
T o 2p +1 =0 2p +1

As for the sinusoidal modulation of large amplitude, a square wave modulation of illumination is expected to
cause modulation of the fluorescence intensity at an infinite number of radial frequencies, which are integer
multiples of w.

The zeroth order term 3% can be expressed using Eqgs.(84,112,116,129,133,136). We obtained

22p+1,in

38— I 2 n o 2 e
o = 1= (RO ) 2 23 (166)

(QQ_Ql)a2IO ™ T 2p—|—1.

In contrast to the out-of-phase first-order response, Eq.(166) shows that the zeroth order response of the fluo-
rescence emission upon square wave light modulation of large amplitude significantly departs from 1%, which
is observed for a sinusoidal light modulation of small amplitude.

The first order terms can be expressed using Eqs.(129, 130, 133, 134, 137) and (129, 130, 133, 134, 138)

to write
g in aIO . 8 2 0 Zz(p—‘,—l) out
3 F 1.in hv,0 hv,0 0
e S et SRS R LS <k k ) = 167
al@-qnp ~ * [ " T ] ”apzo 2p+1 e
9 0 2z(erl),‘m
j1,out - (QQ _ Ql) JO | j1out + ,az - . (168)
5
s oo 2p+ 1
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In reference to the g (2“’“‘, 2""’“") function introduced in the Main Text, one has thus

) 9 X, ,2(pt1)in
Zn,m7 2n,aut> = Zqa - 169
g ( m 1;) 2p+1 (169)

To evaluate the possible interference originating from this second order term g (z“vi“, z""’"t), we used

Eq.(40) to numerically compute the dependence of 3}’“"‘{ on w and I°. Figure S12 compares the absolute
value of the normalized out-of-phase first order amplitude | j%‘:;ttm |=| 3%"““ /(Q2 — Q1)I°aP,y | obtained

in the case of the square wave light modulation (o = 0.8) with that obtained for a modulation of small ampli-

tude. The position of the optimum is similar in both cases: we found 1% = 1.04 x 10~ ein-s~'-m~2 and

w! =3.09 x 10~ 2rad-s~! in the case of a square wave modulation, and 1% = 0.96 x 10~* ein-s~"-m~?2 and

wf = 3.02 x 10~2rad-s~! in the case of a modulation of small amplitude. The amplitudes of the optimum

: t —9 . .
fairly compare as well: we computed | Jg’ffétm |= 7.43 x 1072 in the case of square wave modulation, and
)
t 9. . . . .
% | U%’ittm |= 7.40 x 1072 in the case of a sinusoidal modulation of small amplitude.
k)
a 5 b 5
2 2
S S
= =
3 0 3 0
& 1 & 1
= 2
2 2 [
3 ‘ 3
8 -7 6 -5 -4 -3 -2 -1 -8 -7 6 -5 -4 2 -1
logyo(I°) logyo(I°)

Figure S12: Theoretical dependence of the absolute value of the normalized amplitude of the out-of-phase
oscillations of fluorescence intensity, | Jg’;ﬁm |, from a solution of a photoswitchable fluorophore 1 = 2
submitted to square wave forcing (b; o = 0.8) on the light flux 7° (in ein-s~'-m~?2) and the adimensional radial
frequency wy,. The numerical computation has been performed upon truncating at the 3™ and 4™ truncation
orders the expansions of the light excitation and the f(z) function. The corresponding dependence in the
regime of small amplitude sinusoidal modulation is displayed in a. o192 =73 m2.mol~!, o9; = 84 m2.mol 1,
k:2A1 = 1.5 x 1072 s~ 1. The markers correspond to isodensity curves : 0.01 (dot small dashed), 0.03 (dot large

dashed), 0.05 (dot) and 0.07 (dashed).

116



3.3. SUPPORTING INFORMATION

3 Retrieval of concentrations from the observables

In the following section, we assume that, upon modulating light, the observable associated to the photoswitch-

able probe adopts the expression

Sit) = 6°+ Z [G“’m sin (nwt) + &™™ cos (nwt)| , (170)

n=1
which includes both contributions originating from the exchanging states 1 and 2. In the absence of convolution
with the exciting light intensity, the {&°,&™", &™) set identifies to the {O°,0™" O™} one in reference
to Eq.(131). In contrast, when one observes convolution of the concentrations with light intensity like for

fluorescence emission, the {&°,&™" &™) terms correspond to the {3%,3%’1“,’J§’Uut} ones in Eq.(135).

3.1 Extraction of G°, G™™", and G™™* from the overall signal S(¢)

G&°, G-i", and &4°* can be easily retrieved from the experimental trace of the observed signal S(t) (either
global or from each analyzed pixel).

As shown in Eq.(170), &° can be obtained upon averaging S(¢) over an integer number m of periods of the
modulated illumination

Mt = - " S(t)dt = &°. (171)
mT J

In particular, upon observing fluorescence emission in a regime of sinusoidal light modulation of small ampli-
tude, one has Int® = IY.

The n-th order amplitudes &™" and G™°* can be extracted from the fluorescence signal upon computing

the integrals Int™" and Int™°%

) 92 mT .
Int™" = o /0 S(t) sin (nwt) dt = &™™ (172)
9 mT
Tntvout  — — /0 S(t) cos (nwt) dt = G™, (173)
In particular
) 2 mT .
Intlin T ), S(t) sin (wt) dt = &4 (174)
2 mT
Inthowt — o S(t) cos (wt) dt = G-, (175)

Upon observing fluorescence emission in a regime of sinusoidal light modulation of small amplitude, one has

Int = [ and Intho"t = [, and Int™™ = ¥ = 0 and Int™*% = [2°"* = 0 for n > 1.
3.2 Quantifying a targeted component

In this subsection, we show how the observables &° and &% can be used to retrieve the concentration of

a targeted component in two cases. In the first case, we consider that the photoswitchable probe is used for
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analyte labelling and that one aims at measuring P;,;, which quantifies the labelled analyte. This situation
typically refers to the dynamic schemes, which have been introduced in the subsections 1.1 (the label is a
photoswitchable fluorophore) and 1.2 (the label is a fluorophore engaged in relaxation from both singlet and
triplet excited states). In a second case, we consider that the photoswitchable probe is used for titrating an
analyte A and that one aims at measuring the concentration of the titrated analyte A, . This situation has been
addressed with the dynamic scheme introduced in subsection 1.3. As in subsection 1.3, we restrict our analysis
to the specific case of (i) an analyte in excess (A > Pio) in a kinetic regime where (ii) photochemical

reactions are rate-limiting with respect to reactions involving the analyte.

3.2.1 Measuring the total concentration of the photoswitchable probe

The expressions of &° and & identify to the ones of O° and O™* or to J§ and Jg’aut (when one observes

convolution of the concentrations with light intensity like for fluorescence emission).
In the absence of light modulation or in a regime of sinusoidal light modulation of small amplitude, the
expression of &° can be deduced from Eqs.(49,50,55,84)

~O 0
Jz 1 Ky

o = 3 P, —=—P 176
Q11+K92 tt+Q21+K?2 Yot (176)

70
where

01210

_—. 177
0’21]0+k2Al ( )

0 _
K12 -

In the presence of light modulation, we showed in the Main Text that G*°“* can be reliably evaluated
from its expression in the case of a sinusoidal light modulation of small amplitude. We correspondingly used
Eqs.(75,78,86) to yield

~1,0ut

Dl,aut — io = (Q1 — Q2>p2A1

K?Q WT?Q
(1+ K?Q)Q L+ (WTPQ)Z

Py (178)

where KY, is given in Eq.(177) and where

A k5
. S 179
P21 021]O+I{32A1 ( )
1
Thy = (180)

(012 +091) 10+ k2A1
from Egs.(51,67).

The theoretical expressions (176,178) make possible to directly retrieve the concentrations of the photo-
switchable probe from the observed signal. However this approach requires the effort to acquire the values
of all parameters involved in these expressions. Alternatively, quantification can proceed by calibration with
the pure photoswitchable probe at a reference concentration. Eqs.(176,178) show that G° and G*°“* are pro-

portional to the overall concentration in photoswitchable probe. Thus quantification can be simply achieved
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by recording the observable from a calibrating solution of the photoswitchable probe at a known concentra-

tion PZ%. The concentrations of the photoswitchable probe, which are retrieved at zeroth- and first-order, are

respectively
60
Piow = goailiot (181)
Gl,aut
Pt = —— P (182)

S1.outcal = tot

3.2.2 Measuring the concentration of an analyte reacting with a photoswitchable probe

The expressions of &° and &-! again identify to the ones of O° and O™ or to J and Zg’aut (when one

observes convolution of the concentrations with light intensity like for fluorescence emission).
In the absence of light modulation or in a regime of sinusoidal light modulation of small amplitude, the

expression of G° is again given in Eq.(176) but with

Qir + QK2 Aot

_ 183
@ 1+ KlAAtot (183)
K2 A
0y = Q2r + QQi 5 Aot (184)
1+ K5 A
14+ K2A 10 10 KA A,
K?z _ + K5 Aot o12,rl- +012.B T Atot (185)

A 9
L+ K Ao (021,FIO + kZAlF) + (Uzl,BIO + k‘QALB) K$ Agor

which originate from Eqs.(34,35,40,41,49,50,52,55,84).
In the presence of light modulation, we again adopted the expression (178) obtained in the case of a sinu-

soidal light modulation of small amplitude. The dependence on Ay, is now explicited in Eqs.(183-190)

A
Py = ki (186)
21 021, r+021,8 K5 Aot 70 4 kA
1+K2AAtot 21
+ KAA
- 012, F 012f 1 Atot (187)
1+ KP A
(021,01 + K8y o) + (021,810 + k) ) KD Aror
021 = (188)
1+ K£ Ay
A kQAI,F + kQAI,B K$ Aot
21 = A (139)
1+ K5 Ao
1
0
_ 190
7—12 012,F10+012,BIO KlAAtot + (O‘21,F10+k2A1’F)+(0217310+k2A1.B) KQAAtot ( )
1+K1AAtOL 1+K2AAtot

obtained from Eqs.(36-38,51,67).

Eqgs.(187-189) first show that the values of I° and w at resonance depend on A;.;. As classically practiced
in any titration protocol, one should preliminarily have a guess of the concentration A;,. Using this guess
would permit to fix an initial set of resonance conditions (1°,w) and proceed as indicated below to extract a first
evaluation of A;,. This estimate would be subsequently used to fix a refined resonant (/' 0 w) set and extract a

second evaluation of Ay,. This iteration should be performed until reaching convergence.
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As shown in Eqgs.(183-190), direct extraction of the concentration A,; sought for requires a considerable
amount of information about the dynamic system (1F,1B,2F,2B). In contrast, one can proceed by calibration
as proposed above. The information to be extracted from G° or G*°* is now contained in the amplitude of
the P response to the light modulation, normalized by its concentration. Hence to retrieve the A concentration
from a calibrating experiment requires to normalize G° or G*°* by the total concentration of P. Then the most
classical protocol is to proceed by a ratiometric analysis, where one collects the signal S(¢) upon adopting a
same illumination but under two conditions of observation (for instance by recording the fluorescence emission
at two different wavelengths), yielding to two sets of brightness, {Q1.1, @21} and {Q1,2,Q2,2}. The analyzed
observables are now

Qir1+Q18,1KP Ator Q2r,1+Q25,1 K2 Atot KO
0 1+K1AA,50,5 1+K2AAtot 12

_ 191
P Q1F2+Q1B,2K Ator Qar2+Q2p 2 K5 Ator KO ( )
1+K1AAtot 1+K2AAtot 12
Qir1+Q1B,1KP Avot . Q2r,1+Q25,1 KL Atot
1out 1+ KD Avor 1+ K5 Avor (192)
P Q1r2+Q1B,2 KL Aot . Qar2+Qap 2 K5 Aot
1+K1AA,50L 1+K2AAtot

1,out

Calibration requires to preliminarily investigate the dependence of p" and p on Ay,e. Then quantifica-

tion can be simply achieved by recording the observable from a calibrating solution where the photoswitchable
cal

probe is used to sense a known concentration Af%. The concentrations of the analyte, which are retrieved at

zeroth- and first-order, are respectively

0 pO cal
Aot = TomlAtot (193)
1,0ut
At = P gl (194)

1,0ut,cal “ "tot
p I El
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3.3. SUPPORTING INFORMATION

4 Improvement of the spatial resolution

The light intensity-dependence of the first-order response of the concentration in photoswitchable fluorophore
to the illumination modulation allows us for improving the spatial resolution of the out-of-phase fluorescence
imaging protocol with respect to usual fluorescence imaging at zeroth-order. To evaluate the corresponding im-
provement, we computed the spatial profile of the fluorescence emission resulting from focusing a sinusoidally
modulated light beam of wavelength X (regime of small amplitude modulation) in a solution of photoswitchable
fluorophore upon using both types of imaging protocols.

We assumed the light beam to be Gaussian and correspondingly adopted

I°(r,z) = 1%(0,0) [Z’]E(Z);rexp L;f(’j)} (195)
with
w(z) = w(0) 1+(ZZR>2 (196)

for the spatial dependence of light intensity. In Eq.(195), r and z respectively correspond to the radial distance
from the center axis of the beam and the axial distance from the beam’s narrowest point (the “waist”), w(z) is
the radius at which light intensity drop to 1/e? of its axial value, and 1% (0, 0) is the intensity at the center
of the beam at its waist, which is supposed to satisfy the resonance condition (14). In Eq.(196), zp = w

designates the Rayleigh range.

4.1 Fluorescence imaging at zeroth order

The fluorescence emission at zeroth order of the light modulation, 12, is given in Eq.(84), where 19, 2°, and I°

depend on the coordinates (r, z). Using Egs.(49,50,52) and introducing the average light intensity at resonance,

IO’R _ k2A1

= m, one obtains

I°Psy. (197)

Q 1%
I% = @ 1+<2—1)( 912 %%

Q1 012+021)[£%+1

Upon introducing the fluorescence emission at zeroth order of the light modulation at resonance, [ %R one

eventually derives

70
Q2 1) _o12 _TOF
I% B 1+ (Ql 1) (01241r2021) %—H 70
Y (T S (198)
F + 2 (@ o ) (o12+021)
In a homogeneous solution, one has thus
Io(r,z)
1+ (@ _ 1) 012 IS’R(O,O)
+ (r.2)
Ip(r,z) G et SREs L 10, 2) (199)
O.R 1(Q2 o I0R(0,0)
IF (Oa 0) 1+ 5 (a — 1) (012_"1_?721) ( )
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4.2 Out-of-Phase Fluorescence imaging at first order

The out-of-phase fluorescence emission at first order of the light modulation, 1 };m‘t, is given in Eq.(86), where
210ut and I° depend on the coordinates (r, z). Assuming light modulation to occur at resonance (w* = 2l<:2A1),

we use Eqgs.(51,52,67,75) to extract

2 10
I},out = —eQy (gQ _ 1) 12707 5 IOPtot- (200)
1 (012+021) (14—%) [(14—15,03) —1-4]

Upon introducing the out-of-phase fluorescence emission at first order of the light modulation at resonance,

I }D’O“t’R, one eventually derives
et 167w 10 201
Il,out,R - 10 10 2 JO.E" ( )
F (1+m) [(1+M) +4]

In a homogeneous solution, one has thus

1,0ut 16 1°(r,z) 0
IF (T, Z) _ [0,R(070) I (7", Z) (202)
IR, 0 19(r.2) 0,2 \2 1%%(0,0)°
F(0,0) (1 n [O,R(Ofo)) (1 + IO,Rzofo)) 14

4.3 Comparison of the spatial resolutions from the fluorescence imaging protocols at zeroth-
and first-order

Figure S13 displays the results from Eqs.(199,202). One can notice that the width of the fluorescence profile

is larger with the zeroth-order protocol than with the out-of-phase first-order one. More specifically, the gain

in spatial resolution is more pronounced along the optical axis (Figure S13a) than in the focal plane (Figure

S13b).
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Figure S13: Normalized fluorescence intensity profiles resulting from applying a sinusoidally modulated Gaus-
sian light beam (regime of small amplitude modulation) in a solution of photoswitchable fluorophore 1 = 2.
The longitudinal (along the optical axis: » = 0; a) and lateral (in the focal plane: z = 0; b) profiles have been
calculated with Eqs.(199) and (202) using adimensional units involving the Rayleigh range zr and the beam
waist at z = 0, w (0). Dashed line: zeroth-order fluorescence imaging; Solid line: out-of-phase first-order
fluorescence imaging. The numerical computation has been performed with o2 = 73 mZ.mol~!, o9; = 84
m2.mol !, Q2/Q1 = 0.
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Chapter 4

Out-of-phase imaging after optical
modulation (OPIOM)

4.1 Introduction

4.1.1 Context

We showed in the chapter 3 that the first order out-of-phase response of a photoswitch-
able probe submitted to a monochromatic light modulation can be maximized simply by
fixing the average light intensity I° and the radial frequency w of the light excitation to the

resonance conditions 4.1 and 4.2 of the targeted probe :

kA
P = —2 (4.1)
O12t021
w = 2k (4.2)

Due to its photochromic behavior evidenced in chapter 2, Spinach first seemed us to
be a good candidate to experimentally validate the OPTIMAL approach. Indeed, this probe
fulfills the requirements developed in the General Introduction (photochromic, fluorescent
and genetically encoded) and was thoroughly characterized (see chapter 2).

I%R and the radial fre-

The first step was to calculate the values of the resonant intensity
quency w®. We showed in chapter 2 that a dynamic model consisting in a four-state mecha-
nism accounts for the photochromic behavior of the Spinach-DFHBI system. For simplicity,
this subsection uses the symbols 1F, 2F, 1B, and 2B to represent cis-DFHBI, trans-DFHBI,
Spinach-cis-DFHBI, and Spinach-trans-DFHBI respectively. The associated rate constants
are presented in Figure 4.1, where the superscripts hv and A respectively denote photochem-

ical and thermal contributions.
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hv

1B -——-, 2B

hv A
k +k
21,B 21B

Figure 4.1: Four-state mechanism accounting for the photochemical and complexation behavior of

the photochromic fluorogen DFHBI in the presence of the RNA aptamer Spinach

The concentration profiles within the four state model are governed by the equations:

dlB
T (kip—1r + k1B—28) 1B+ k2g—1B 2B + kip—18 R 1F (4.3)
d2B
- kip—2B 1B — (kop—2rF + k2p—1B) 2B + kop—2B R 2F (4.4)
dlF
- kig—1r1B — (kig—1B R + k1p—2r) 1F + kop—1r 2F (4.5)
d2F
T kop—.2F2B + k1p—2F 1F — (k2p—28 R + kzp—1r) 2F (4.6)

Even if the temporal dependence of concentrations cannot be obtained in the most gen-
eral case, it can be analyzed in asymptotic situations where either photochemical or com-
plexation reactions are the rate-limiting steps. The relevant case for applying OPTIMAL cor-
responds to the regime where photoisomerization is rate-limiting.

In the corresponding regime, complexation reactions are considered to be at chemical
equilibrium and we can introduce the average species 1 and 2 (concentrations 1 = 1F + 1B

and 2 = 2F + 2B). The “instantaneous” concentrations in 1F, 1B, 2F and 2B then follow,

1 —

IF = ———1 (4.7)
1+ KPR
KPR _

1B = ———1 (4.8)
1+KPR
1 —

2F = —— 2 (4.9)
1+K>R
KSR _

2B = —=— =2 (4.10)
1+K>R
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where
o
Kb = & (4.11)
A
k2,
kA
A 2
K, = o (4.12)
-2
Thus Egs.(6.4-6.7) transform into Eq.(6.14):
dl dz - _
—_— = —_——= —k 1 + k 2 413
ar a7 12 21 (4.13)
with
h h A
kiy g+ ki g KI'R
ki = A (4.14)
1+K'R
h A h A A
(kZIV,F + k21,F) + (kzlv,B + kZI,B) KR
koy = X . (4.15)
1+ KR

Thus, the four-state model shown in Figure 4.1 can be reduced to a two-state light-driven

exchange in the regime where photoisomerization is rate-limiting :

kg

iy
ko1

2 (4.16)

Using Eq. 4.14 and 4.15, the molecular action cross-sections 012 and o2; and the thermal

relaxation rate constant szl can be written :

A
O12,F+012,8K'R

o = 4.17)
2 1+ K2R
o +0 K2R
gy = 2 (4.18)
1+K5R
A A A
A kyy r+ ko pK5' R
K = . (4.19)
1+ K R

We performed an in vitro validation upon choosing relevant experimental conditions
that could mimic an in vivo sample : an excess of the fluorogen dye compared to the RNA
aptamer. We chose a total DFHBI concentration F;,; of 2.5 and 5 uM and a total RNA ap-
tamer concentration R;,; between 250 and 500 nM. Calculating the terms K l.AR with the val-
ues of the two dissociation constants 2% Kai(= I/KIA) = 1.3 uM and K (= 1/K2A) =4 uM
showed that they could be neglected compared to 1. In addition, since o1 F > 012, BKlAR,
O21.F > 02, BKZAR and szl' P> kZAl, BKZAR in this concentration regime, the photochemical
parameters of the Spinach-DFHBI system could actually be approximated to those of the free
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DFHBI. Thus, we obtained the following resonant light intensity 1> and radial frequency w®

I°F = 89x10%ein- m2-s7! (4.20)

w® = 6.4x103rad-s! (4.21)

To experimentally evaluate the 'light modulation and quadrature detection’ approach for
detection in a mixture, we chose to selectively titrate the fluorescent Spinach complex in the
presence of an interfering fluorophore emitting in a similar wavelength range. As a putative
interfering species, we adopted Fluorescein. The samples to be analyzed were injected in the
parallel channels (50 yum wide and 200 pm high) of a microfluidic device. Channels 1 and 2
contained increasing concentrations of the target (250 and 500 nM in Spinach RNA in the
presence of 2.5 and 5 uM DFHBI respectively) in the presence of various concentrations of
Fluorescein (75 and 50 nM in the channels 1 and 2 respectively). In channel 3, we introduced
the Spinach system (500 nM in Spinach RNA and 5 M in DFHBI) only, to subsequently be
used as a calibration standard allowing us to convert into concentrations of the channels 1-2
responses. Yet we filled channel 4 with 100 nM Fluorescein, in order to control the selectivity
of our protocol as well as to report on light excitation.

Using a LED illuminated home-built optical setup, we could selectively image green flu-
orescent species upon simultaneously monitoring light excitation using Fluorescein emis-
sion as a reporter. Indeed this non-reactive fluorophore responds instantaneously to any of
the light variation applied in the present work. The titration experiment was performed at
1°=2.4x107* Ein- m~2- s~ with 10% light intensity modulation at 31.4 mrad-s™! angular
frequency. We recorded the fluorescence intensity variations during 8 oscillations (200 s).
Complete time-averaging of the resulting movie yielded the image displayed in Figure 4.2a.
It corresponds to the result that would be obtained without any light modulation at con-
stant intensity I°. As shown in Figure 4.2a, we appropriately tuned the amounts of probes
in solution to get nearly similar emissions from the four channels. Using the channel 3 for
calibration and assuming F;,; to be known (equal to 2.5 and 5 uM in channels 1 and 2 re-
spectively), we extracted R‘t) ot titration irom the fluorescence level Ig. We found 0.54+0.05
and 0.72+0.06 uM in channels 1 and 2 whereas 0.25+0.03 and 0.5+0.05 M had been in-
troduced in solution. Thus the extracted concentrations in the targeted probe that would
be extracted upon neglecting the presence of the interfering Fluorescein would be clearly
larger in the channels 1 and 2 than the various target concentrations. Taking advantage of
the knowledge of the oscillating light phase measured and relying on a phase-sensitive de-
tection scheme, we subsequently extracted for each pixel the amplitude of the fluorescence
oscillations in quadrature with the light excitation. As shown in Figure 4.2b, the out-of-phase
responses arising from the four channels were now different. In particular, the signal from

sample 4, which did not include the photoactive probe, was completely extinguished. This
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observation agreed with the responses from channels 1 and 2: the signal increased from sam-
ples 1 to 2, in line with increasing F;,; and R;,;, independently on the concentration of the
interfering compounds. Again using the channel 3 as a standard and assuming F;,; to be
respectively equal to 2.5 and 5 uM in channels 1 and 2, we now extracted R?;l; titration FOM
19" (x, y) and found it equal to 0.31+0.04 and 0.58+0.05 uM, in line with the expected values.
Thus, this protocol completely eliminated the contribution of the non-photoactive species,
which validated the relevance of the present protocol for quantitative analysis and imaging
without any preliminary separation. This in vitro validation enabled us to patent our ’light

modulation and quadrature detection’ approach. 2!

a b
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Figure 4.2: Selective imaging of the fluorescent Spinach target in a mixture containing Fluorescein as

a model interfering fluorophore. a: Fluorescence emission map Ig

norm (X» ¥) at constant illumination

1°=2.4x10"*Ein-m~2-s ! and corresponding Ilgnorm

(x) trace; b: Map of the amplitude of the out-of-
phase response upon harmonic forcing around I 0 I}%‘;ltorm(x, ¥), and corresponding Ig‘;torm(x) trace.
The amplitude of the light oscillations at w = 31.4 mrad-s~! angular frequency was 10%. Traces were
computed by signal averaging along the image vertical axis. Samples were prepared in 40 mM Hepes

buffer, 125 mM KCI and 5 mM MgCl,, pH 7.4 at T = 293 K. From left to the right, channel 1 to 4.

Despite the preceding experimental validation, Spinach suffers from several constraints.
First, as mentioned before (see chapter 2), this fluorescent probe is not so bright.!!* Second,
the resonant light intensity (P = 2.3 mW.cm ™2 at 470 nm) is easily attainable with our light ex-
citation set-up but is small compared to the typical values used in fluorescence microscopy
(P ~ 1-100 W.cm™2 for an epifluorescence setup 106 'p ~ 10° W.cm™2 for a confocal micro-
scope'?2) resulting in a poor signal-to-noise ratio. Third, applying the OPTIMAL protocol

requires to record a time lapse or a movie of several periods of the light excitation. In the
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case of Spinach, the period at resonance is 980 s. Thus, it takes at least ~17 minutes to obtain
the OPTIMAL image which is a very long acquisition time for microscopy devoted to biolog-
ical applications. Finally, Spinach only enables to tag RNA. As a consequence, we looked in

the literature for another good candidate with a wider scope of applications.

Photochromism and fluorescence are rarely encountered in small molecules since these
two phenomena are competitive de-excitation pathways.>!23 Nevertheless, 'Nature’ has been
able to evolve proteins combining these two properties called photochromic fluorescent
proteins. These ones take part in photoactivatable proteins which can be divided in three

classes ™77 ;

1. irreversible photoactivatable fluorescent proteins (irreversible PA-FPs), whose fluores-

cence can be switched on by illumination at a specific wavelength;

2. photoshiftable fluorescent proteins (PS-FPs), whose fluorescence excitation and emis-

sion spectra are shifted after illumination;

3. reversibly photoswitchable fluorescent proteins (RSFPs) or photochromic fluorescent
proteins, whose fluorescence is reversibly switched on and off with light of appropriate

wavelengths.

In the following, we focus on reversibly photoswitchable fluorescent proteins whose be-
havior upon illumination can be modeled by a two-state exchange at large enough time scale.
In particular, we highlight the case of the Dronpa family, one of the most employed RSFP to
date for imaging purpose. The other kinds of RSFPs and their applications in particular in
the context of super-resolution imaging will also be evoked. The article that presents the ex-

perimental validation of OPTIMAL in fluorescence imaging will be subsequently introduced.

4.1.2 Presentation of Reversibly Photoswitchable Fluorescent Proteins

Photochromism in FPs has initially been reported for the YFPs (yellow-emitting) variants
of GFP at the single molecular level. 124 Nevertheless, when measured in bulk, they did not
exhibit any significant photochromism. As a consequence, many photochromic proteins
have been engineered over the last decade to activate or inactivate at will their fluorescence

emission.

4.1.2.1 Dronpa and its variants

The most famous reversibly photoswitchable fluorescent protein is probably Dronpa,
which was cloned from Pectiniidae, a species of coral that fluoresces faintly upon illumi-

nation with ultraviolet light. '2> Dronpa is homologous to GFP and consequently exhibits a
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similar fold. This GFP-like protein is constituted of an 11-stranded fB-barrel enclosing the
p-hydroxybenzylidene imidazolinone chromophore (see Figure 4.4), which is covalently at-
tached to the protein. 26128 At neutral pH, the chromophore exists in its anionic form (pKj
= 5.0, see Figure 4.3a).'?° Dronpa strongly fluoresces in the green (Agy, = 518 nm) with an
absorption band at 503 nm (see Figure 4.3b).12>127:128 The fluorescence quantum yield (®gr)
of the ON state is 0.85. 2% When illuminated with blue light, Dronpa is photoconverted to its

OFF state (see Figure 4.3c) with the appearance of a major absorption band at 390 nm. 2

relax
1/2

perature.'?® The recovering rate can be accelerated upon irradiation with ~390 nm light (see

The ON state recovers spontaneously in the dark with a half-life (t{55*) of 14 h at room tem-
Figure 4.3c). Ando et al investigated the kinetics of the photochromic behavior of Dronpa.
The quantum yields of photoconversion at 490 nm ®gN_orr and at 400 nm Pgrp_.on Were
respectively found 3.2 x 10~ and 3.7 x 107.'2% Dronpa can be switched on and off for many

cycles with no significant loss of fluorescence. 12°
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Figure 4.3: The photochromic properties of Dronpa. (a) The pH-dependence of Dronpa absorbance.
(b) Normalized excitation (dotted line) and emission (solid line) spectra of Dronpa. (c) Time course of
the green fluorescence emission of Dronpa in a fixed Hela cell upon illumination with blue or violet
light. (d) Fluorescence images of a Dronpa crystal in the fluorescent (ON) and non-fluorescent(OFF)

state and bright-field image of the same crystal. Adapted from Ando et al and Andresen et al.'?>126

Several mutants of Dronpa were developed to improve the photoswitching kinetics. The
first Dronpa variant carried only one mutation (M159T) and was named Dronpa-2. 129 A sec-
ond mutant of the protein was generated using site-directed random mutagenesis. Exhibit-

ing two mutations (V1571 and M159A), it was named Dronpa-3.'?° Upon illumination with
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490 nm light, they both exhibit faster photoinduced drops of fluorescence than Dronpa as
shown by the ®on_.opr values : 4.7 x 1072 for Dronpa-2 and 5.3 x 1073 for Dronpa-3 re-
spectively. 12° Like Dronpa, these two variants return to their ON state spontaneously in the
128,129 (¢felax = 0.5 min for Dronpa-2).'8 Their photoactivation

with violet light is as effective as the one of Dronpa.'?® Dronpa-2 and Dronpa-3 in their ON

dark but much more quickly

state exhibit lower fluorescence quantum yields (®gr) than Dronpa : 0.23-0.33 and 0.28 re-
spectively. 128129 Independently, another group generated similar Dronpa variants with ac-
celerated photoswitching. They identified Dronpa-2 and a second mutant bearing a single
mutation (V157G) called rsFastLime. 28 The photoconversion with blue light of rsFastLime
is ~50 times faster than the one of Dronpa. Whereas rsFastLime exhibits a slower switching
kinetics than Dronpa-2 (~ 20 times), it is brighter with ®g;, = 0.77. 128 Another variant (called

bsDronpa) with a broader and blue-shifted absorption spectrum was also identified. '3

Dronpa is a 'negative’ photoswitcher that is to say that upon irradiation with blue light
(that induces fluorescence), the fluorescent state of Dronpa is photoconverted to a non-
fluorescent state, resulting in a fluorescence decay. Andresen et al reported a new variant
of Dronpa exhibiting positive photoswitching characteristics : blue light illumination (Ayax
=503 nm) !3? induces green fluorescence (Agy, = 522 nm, ®g;, = 0,64) 3% and photoconver-
sion from the OFF to the ON state whereas ultraviolet light switched off fluorescence. Named
Padron (reminding the reverse switching behavior compared to Dronpa), this variant carried
eight mutations close to the chromophore. 13° Like Dronpa, its recovery in the dark is slow at

room temperature (trlellzaX =150 min). 130

AMax (M) Apm m) e M~ 1-cm™) Dpr ti‘jlzax (min) References
Dronpa 503 518 95000 0.85 840 125
Dronpa-2 489 515 61732 0.23-0.33 0.5 128,129
Dronpa-3 487 514 58000 0.28 ND 129
rsFastLime 496 518 39094 0.77 8 128
bsDronpa 460 504 45000 0.50 54 130
Padron 503 522 43000 0.64 150 130

Table 4.1: Absorption (Ayax) and emission (Agy) maxima, molar absorption coefficient (€) at Apfax,
fluorescence quantum yield (®rr) and relaxation half-time (trﬁlzax) at room temperature of Dronpa,

Dronpa-2, Dronpa-3, rsFastLime, bsDronpa and Padron.
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4.1.2.2 Mechanism of photoswitching in the Dronpa family

Many mechanistic investigations have been carried out to account for the photoswitch-
ing behavior of Dronpa and its variants. These studies are particularly interesting to give

insights for designing novel photochromic fluorescent proteins. 3!

Mechanism for Dronpa X-ray cristallography enabled to determine the three dimension-
nal structure of the ON 27128 and OFF'?% states of Dronpa. The chromophore in the ON

127,128 \yhereas in the OFF state, it exhibits a trans isomeric

state adopts a cis configuration
state. 125 The cis- trans isomerization results in an important movement of the hydroxyl group
of the p-hydroxyphenyl moiety whereas the imidazolinone ring stays almost in place. 2% As
a consequence, some amino acids in the vicinity of the chromophore undergo spatial re-
arrangements during the switching.'?® The cis chromophore (ON) is slightly non coplanar
(~15°) 128 whereas in the trans chromophore, the imidazole and the hydroxyphenyl rings are
not coplanar (~30°).!26 Comparing the environment of the two configurations of the chro-
mophore suggest that the trans state is more flexible than the cis due to less interactions with
the rest of the protein. In particular, the only hydrogen bond stabilizing the hydroxyl group
in the cis chromophore is not present in the trans chromophore. 12® Taken together, these ob-
servations suggest that the non fluorescent character of the OFF state is due to (i) the lower
planarity of the trans chromophore and (ii) a lower rigid attachment to the rest of the pro-
tein compared to the cis chromophore favoring the non-radiative decay of the excited trans-
chromophore. '?% It has been reported that the ON state is deprotonated whereas the OFF
state is protonated (see Figure 4.4). 12>126.132133 Tg sum up, the reversible photoswitching of
Dronpa consists in a cis-trans isomerization coupled with a proton exchange accompanied

by a spatial rearrangement of the residues close to the chromophore.
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Figure 4.4: Structure of the chromophore of Dronpa in the ON (left) and OFF (right) states.

Cristallographic studies gives only a static view of the switching mechanism. Many in-
vestigations have been performed to understand the dynamics of switching. To date, the
detailed mechanism involved in photoswitching and in particular in which order the two

events : isomerization and proton transfer occur is the subject of much debates.
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Some authors proposed the following mechanism : upon excitation of Dronpa with blue
light, the excited state of the cis-deprotonated form (B) decays into its ground state by flu-
orescence and into the ground states of the photoswitched trans-protonated form (A,) and
an unknown metastable dark state D. A, is not interconvertible with A, the protonated form
corresponding to B. Illumination with 405 nm light promotes A; and A in their excited states.
The switching of the excited state of A, to the ground state B is explained by ESPT (excited
state proton transfer) from A, to a non-fluorescent intermediate I that converts into B in the
ground state. 132134 Recently, UV-visible transient absorption spectroscopy enabled to evi-
dence that trans-to-cisisomerization of the chromophore precedes its deprotonation during

the photoactivation of Dronpa and Dronpa-2.13°
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Figure 4.5: Proposed mechanism involved in the photoswitching of Dronpa. Adapted from Habuchi

et al. 132

Mechanism for Padron Similarly to Dronpa, the chromophore of the ON state of Padron
adopts a cis configuration whereas the OFF state exhibits a trans configuration. 36137 The
chromophore in the ON and in the OFF states is mostly deprotonated (pK9*f = ~ 4.5 and
pK9Y = ~ 6.0).137 The photoswitching involves a trans-to-cis isomerization coupled with a
proton transfer. 3! However, unlike Dronpa, the spatial rearrangement of the amino acids in

the chromophore environment is very weak. 136

4.1.2.3 Other RSFPs

Several series of RSFPs exhibiting better brightnesses, improved photoswitching prop-
erties and resistance to photobleaching were generated after Dronpa. Some of them were

designed to obtain a more red-shifted fluorescence emmission.
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Procedure to generate new RSFPs A ’semirational’ approach has been considered to de-
sign most of the new RSFPs (including Dronpa variants). 28 Starting from the X-ray struc-
tures of parent RSEPs or usual FPs such as EGFP 38 or mCherry®® and based on the photo-
switching mechanism, the residues that may facilitate the switching if they were replaced
were identified. 128139-141 Theoretical studies are also a useful tool for this purpose : theoret-
ical calculations for instance confirmed the key role of the two residues Val157 and Met159
and pointed out a third residue Phel73 which may dramatically influence the photoswitch-
ing of Dronpa.!%? Several variants were generated by replacing the key amino acid(s) using
saturated site-directed mutagenesis and then expressed in Escherichia Coli for instance. A
screening of colonies expressing RSFPs was then performed and the clone exhibiting the best
switching properties was identified and sequenced. The reversible photoswitching charac-
teristics of the variant could be further optimized by performing a PCR-based multiple-site
mutagenesis at amino-acid positions in the vicinity of the chromophore combined with an

error-prone mutagenesis.

Cyan RSFPs To date, only one cyan RSFP has been reported.'*3 When illuminated with
458 nm light, mTFP0.7 emits at 488 nm and undergoes simultaneously a switching to a OFF
state. The back reaction in the dark requires few minutes at room temperature and can be

accelerated with illumination at ultraviolet light. !43

Other green RSFPs  Two photoswitchable GFPs were identified by mutating GFP. 14 Grotjo-
hann et al generated a variant of the EGFP that is reversibly photoswitchable and termed it
rsEGFP for reversible switchable EGFP.'*! The ON state of rsEGFP exhibits an absorption
band at 491nm and fluoresces in the green (®pp, = 0.36). 141 ' SEGFP exhibits several advan-
tages compared to Dronpa : the ON-to-OFF switching is more effective (~ 10 times faster)
and rsEGFP is less sensitive to bleaching.!*! Another series of monomeric green RSFPs called
mGeos has been developed with various properties such as pH-dependence, high photosta-

bility and a broad range of switching rate. '4°

Red RSFPs Isolated from the sea anemone Anemonia sulcata, the first family of red flu-
orescent RSFPs is asFP595 and its variants. This tetrameric protein was used for protein

146,147 and for super-resolution microscopy '*® even though its quantum

tracking in Hela cells
yield of fluorescence is relatively low. 46 The structure and the photoswitching mechanism of
asFP595 was particularly investigated. 149-1°! Two monomeric RSFPs emitting in the red were
generated by transforming the nonswitchable fluorescent protein mCherry. '3 The ON state
of rsCherry (reversibly switching Cherry) absorbs at 572 nm and fluoresces at 610 nm. This
protein exhibits a positive switching behavior : yellow light (550 nm) switches on red fluores-

cence and photoconverts the OFF state of the protein to its ON state whereas blue light (450
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nm) induces the ON-to-OFF photoconversion. '3 Another variant of mCherry consisting in
a red fluorescent RSFP with a negative switching mode was designed. Absorbing at 572 nm,
it emits red fluorescence (Agy = 608 nm). It was called rsCherryRev (for reverse switching
properties) and was employed for time-lapse live-cell subdiffraction microscopy.'*? Another
red RSFP was designed by transforming TagRFP, a recently reported monomeric red fluores-
cent protein. %152 Named rsTagRFP, it exhibits fluorescence at 585 nm and is ~ 20 times
brighter than rsCherryRev. 14

Particular RSFPs Among these photoactivatable fluorescent proteins, IrisFP, NijiFP and
their derivatives both exhibit photoshifting and photoswitching properties. Illumination
with 405 nm light enables photoconversion from the green to the red fluorescent form. Both
forms can be reversibly switched between a fluorescent state and a non-fluorescent state

with light of appropriate wavelengths, 131153154

4.1.2.4 Usingreversibly photoswitchable fluorescent proteins

RSFPs have been employed for protein tracking ’>12%146,147

thanks to repeated photoacti-
vation, for detecting protein-protein interaction in live cells using pcFRET 40144 (photochro-
mic FRET) and for enhanced-contrast imaging using OLID.%® The photochromic properties
of Dronpa-3 were also used for mapping spatial distributions of the microviscosity in live
cells. 1% rsEGFP was employed for re-writable data storage. !4!

RSFPs were in particular developed for super-resolution fluorescence imaging techniques 677131
such as RESOLFT 8 (reversible saturable optically linear fluorescence transitions), PALM 1°6
(photoactivated localization microscopy), FPALM 7 (fluorescence photoactivation localiza-
tion microscopy), PALMIRA %8 (photoactivated localization microscopy with independently
running acquisition), STORM %160 (stochastic optical reconstruction microscopy) and pc-
SOFI'®! (photochromic stochastic optical fluorescence imaging).

RESOLFT is based on a stimulated transition between two molecular states. This ap-
proach derived from STED 62 (Stimulated emission depletion). In this case, the sample is
illuminated with two superimposed laser beams : a laser pulse promotes the fluorophores
in their excited state and a red-shifted pulse called the STED beam transfers the excited flu-
orophores in their ground state thanks to stimulated emission. The STED beam exhibits
actually a doughnut shape with a zero-intensity point at the center of the spot and high
intensities at the periphery. Thus, only the fluorophores close to the center of the STED
beam are able to fluoresce. The point spread function (PSF) is consequently narrowed and
the spatial resolution is increased beyond the diffraction limit. The sub-diffraction image is
obtained by scanning the sample with the two superimposed laser beams. STED requires
very high light intensities. Instead of simple fluorophores (STED), RESOLFT employs RSFPs

(asFP595, 48 Dronpa-21%3) that reduces strongly the light power (six orders of magnitude) re-
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quired to break the diffraction limit. ’"148163 The RESOLFT approach was employed for opti-

141 163 ysing respectively rsEGFP and Dronpa-2.

cal nanoscopy of living cells
Unlike RESOLFT, the four super-resolution imaging techniques PALM, FPALM, PALMIRA

and STORM are single-molecule-based. The individual fluorescent molecules are localized

or living neurons

at a nanoscale level by sequentially switching them on and off using light of different wave-
lengths. During each cycle, only a few molecules are switched on, imaged and localized
whereas most of them remains dark. A super-resolution image is then reconstructed by re-
peating this process for many cycles.’

SOFI (superresolution optical fluorescence imaging) is another kind of super-resolution
technique. Its principle is based on the statistical analysis of temporal fluorescence fluctu-

ations, using fluorophores that can be switched between a fluorescent and a non-fluorescent

164 66

state (blinker). 54165 Initially demonstrated with quantum dots '%* and organic fluorophores, !

it has been recently implemented with Dronpa (pcSOFI). 161

4.1.3 Investigated systems for experimental validation

The OPTIMAL approach has been experimentally validated stepwise with various sys-
tems. We performed first an in vitro validation with a microfluidic device which requires low
amounts of proteins. We employed a PDMS stamp composed of four chambers 400 um x
400 pm x 20 pm separated by walls of 200 pym. This allowed us to image simultaneously dif-
ferent mixtures under the same illumination conditions and to detect the targeted probe in
four mixtures for instance.

We then evaluated the compatibility of the OPTIMAL protocol with biological samples. A
series of experiments has been first performed with HEK cells transfected with the targeted
photoswitchable protein and an interfering fluorescent protein.

Finally, we wanted to check the ability of the OPTIMAL protocol to eliminate the autoflu-
orescence widely encountered in biological samples especially in multicellular organisms.
We chose zebrafish (Danio rerio) embryos since it is a model system for the study of hu-
man diseases, 167168 drug screening and discovery %17 whose yolk exhibits high levels of

autofluorescence.

4.1.4 Presentation of the article

My third article is about the experimental validation of the OPTIMAL approach described
in the previous chapter. Applied in fluorescence microscopy, this protocol was dubbed OPIOM
for Out-of-Phase Imaging after Optical Modulation.

The first step of this work was to identify relevant reversibly photoswitchable fluorescent

proteins. We chose to investigate the well-known Dronpa family for several reasons. First,
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these GFP-like proteins can be excited and monitored easily with standard GFP filter cubes
that is interesting for an implementation with commercially available microscopes. Second,
a library of several variants exhibiting promising photoswitching properties in particular for
multiplexed experiments had been already developed. Third, Dronpa and its variants are
monomeric. This is a great advantage compared to polymeric (or tetrameric) proteins which
can be used to target only whole cells or organelles but may disrupt the localization, move-

ment and function of their fusion partner.

Due to its very long spontaneous recovery in the dark (trf}lzax ~ 14 h hence szl =14 x
107°571),125 the wild-type protein is not relevant for OPIOM (see resonance condition 4.2).
Thus, we investigated the photoswitching kinetics of faster Dronpa variants : Dronpa-2 and
Dronpa-3. Since some photochemical parameters were lacking in the literature or were de-
termined without mentionning temperature or the buffer, we had to perform further char-

acterizations before implementing OPIOM.

After producing and purifying these proteins, we performed simple light-jump experi-
ments with blue light to investigate their photoswitching behavior. We checked that a two-
state model enables to account for the fluorescence decay upon illumination and the fluores-
cence recovery in the dark (monoexponential curve with one relaxation time). By repeating
these experiments with various light intensities, we determined the sum of the molecular
action cross sections 02 + 021 and the thermal rate constant szl by plotting the reciprocal
of the relaxation time as a function of the intensity of light. At the very end, we performed
OPIOM with the two mutants Dronpa-2 and Dronpa-3 since they exhibit sufficiently differ-

ent resonance conditions.

After calculating the resonance conditions for selective detection of either Dronpa-2 or
Dronpa-3 with OPIOM, we first performed several in vitro validations using a microfluidic
device. We demonstrated as expected that the amplitude of the out-of-phase fluorescence
emission is proportional to the probe concentration. Even mixed with non photo-active flu-
orescent interfering compounds, we were able to accurately estimate the probe concentra-
tion using the OPIOM signal, which was not possible with the fluorescence emission upon
constant illumination. Finally, we tested the ability of OPIOM to distinguish two photo-
switchable fluorophores exhibiting two different resonance conditions. We selectively im-
aged either Dronpa-2 in the presence of Dronpa-3 or Dronpa-3 in the presence of Dronpa-
2 by tuning illumination conditions to the resonance of Dronpa-2 or Dronpa-3. We also
tested OPIOM for selective imaging in mammalian cells co-expressing nuclear Dronpa-3
and membrane-localized EGFP. OPIOM enabled to reveal the nucleus hidden by the inter-

fering EGFP signal. Multicellular organisms exhibit often high levels of autofluorescence.
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We used OPIOM to selectively image Lifeact-Dronpa-3 against autofluorescence in zebrafish
embryos. Finally, we showed that OPIOM, combined with light sheet fluorescence microscopy,

would enable selective three-dimensional-resolved fluorescence imaging.
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Abstract: Non-invasive separation-free protocols are attractive
for analyzing complex mixtures. To increase selectivity, an
analysis under kinetic control, through exploitation of the
photochemical reactivity of labeling contrast agents, is de-
scribed. The simple protocol is applied in optical fluorescence
microscopy, where autofluorescence, light scattering, as well as
spectral crowding presents limitations. Introduced herein is
OPIOM (out-of-phase imaging after optical modulation),
which exploits the rich kinetic signature of a photoswitching
fluorescent probe to increase selectively and quantitatively its
contrast. Filtering the specific contribution of the probe only
requires phase-sensitive detection upon matching the photo-
switching dynamics of the probe and the intensity and
frequency of a modulated monochromatic light excitation.
After invitro validation, we applied OPIOM for selective
imaging in mammalian cells and zebrafish, thus opening
attractive perspectives for multiplexed observations in biolog-
ical samples.

Measuring the concentration of a specific analyte in
systems as complex as biological or medical samples remains
a great challenge, in particular if the sample has to remain in
its native state (e.g. living cells). In this context, non-invasive
methods such as fluorescence microscopy have to be adopted.
When one images fluorescent probes in cells!! contrast
mainly results from the high brightness of the probe, which
enables one to obtain a high signal to background ratio as long

as the probe concentration is large enough and as long as the
autofluorescence and light scattering of the medium is not too
high. Other photophysical properties enable one to further
distinguish fluorescent species. The one traditionally used for
multiplexing is the emission wavelength. However only three
or four probes can be distinguished using appropriate band
pass filters since emission bands are rather broad and tend to
overlap (spectral crowding).

Detecting individual emitters with similar emission prop-
erties thus requires efficient discrimination strategies. Time-
gated detection is relevant if the fluorescence lifetimes of the
emitters are sufficiently different,” but this is often challeng-
ing to achieve with the fluorescent proteins/probes commonly
used in biology as they mostly display lifetimes within the
same short nanosecond range. Hence imaging techniques
exploiting the photochemical reactivity of photoswitchable
fluorescent probes have been proposed to enhance contrast
among fluorescence emitters. Optical lock-in detection®*
(OLID) images the correlation coefficient between the total
fluorescence emission and an external reference signal from
the photoswitchable fluorescent target over several cycles of
dual-wavelength-driven optical switching. Synchronously
amplified fluorescence image recovery®'? (SAFIRe)
images the amplitude of the fluorescence modulation result-
ing from modulating a secondary light source, which depop-
ulates long-lived dark states of the fluorescent probe.
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Figure 1. a) Out-of-phase imaging after optical modulation (OPIOM). A periodically modulated light generates modulation of the signal from
photoswitchable fluorescent probes exchanging between two states (1 and 2), each having a different brightness. The image of a targeted probe is
selectively and quantitatively retrieved from the amplitude of the out-of-phase component of the fluorescence emission at angular frequency (w)
upon matching I° and w to its dynamic parameters (0y,, 0y, k2,). b) Theoretical response of a photoswitchable fluorophore, 1=2, submitted to
light harmonic forcing of small amplitude. The absolute value of the normalized amplitude of the out-of-phase oscillations in concentration of 2,
|A22% |, is plotted versus the light flux I° (in eins™'m~?) and the adimensional relaxation time wt,. See Equation (18) and supplementary text 1

of

in the Supporting Information. 6,,=73 m’mol ", 6;; =84 m’mol ", k), =1.5x102s".

Herein, we exploit the unique discriminative Kkinetic
parameters™'¥ of photoswitchable fluorescent probes to
explore an alternative approach for selective and quantitative
imaging. Our strategy relies on a periodically modulated
monochromatic illumination with average light intensity and
modulation frequency tuned so that the amplitude of the out-
of-phase fluorescence response extracted from phase-sensi-
tive detection results only from a fluorescent probe of
interest, thus enabling extraction of its signal from a compli-
cated fluorescence signal composed of several emitters. Our
strategy notably differs from OLID and SAFIRe by its use of
a single modulated light source whose average intensity and
frequency depend on easily predictable resonant conditions,
and by the exploitation of the phase lag between the
modulated excitation and the fluorescence response. Our
experimental set-up is correspondingly low cost and the
acquisition protocol is simple and robust.

We first discuss the principle of our strategy and the
analysis which enables selective detection (see supplementary
text 1 in the Supporting Information). We consider a photo-
switchable fluorophore P which exhibits two states of differ-
ent brightnesses: state 1, which is thermodynamically stable
and state 2, which is generated upon illumination (Figure 1a).
Note that this model applies for any photoactive system in
which the kinetic behavior is dynamically reduced to light-
driven exchanges between two states (see supplementary
text 2).21>18 Discrimination relies on the triplet of dynamic
parameters (0y,, 0y, k5,) which characterize P, where o, and
0,, are the molecular action cross-sections of the forward and
backward photochemical processes, and kj is the rate

www.angewandte.de
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constant of the thermal resetting. This discrimination is
accomplished by using a periodically modulated monochro-
matic light excitation (average intensity I°, fundamental
angular frequency w, modulation amplitude «), which forces
the concentrations of the states 1 and 2 to oscillate with
orthogonal in- and out-of-phase components exhibiting (oy,,
0y, k5,)-dependent amplitudes. We apply phase-sensitive
detection and focus on the amplitude of the out-of-phase
first-order term A1°"'=—A2°" which reports on concentra-
tion oscillations at the angular frequency o (see Figure S1).
One can analytically show that this out-of-phase term in the
concentration profile (proportional to the total concentration
of P and easily retrieved from the fluorescence intensity) can
be univocally maximized when the control parameters of
illumination (I, w) match the following simple resonance
conditions in the space of the dynamic parameters [Equa-
tion (1); see also Figure 1b].

A
0 _ Ky

=2 . =2k> 1
op+0y’ = 2ky @

Conversely, the out-of-phase amplitude rapidly vanishes
when (I°, ) diverge from these values (Figure 1b). These
resonance conditions are not significantly affected by photo-
bleaching (see supplementary text 3). Importantly, the above
resonance conditions maximize the out-of-phase response of
P, but not that of another photoswitchable fluorophore, X,
characterized by a different triplet of parameters (0,x, 02 x,
£

Angew. Chem. 2015, 127, 26712675

142



4.2. ARTICLE 3 : PHOTOSWITCHING KINETICS AND PHASE SENSITIVE DETECTION ADD
DISCRIMINATIVE DIMENSIONS FOR SELECTIVE FLUORESCENCE IMAGING

Angewandte ,
Chemie
a Pre-OPIOM D2) OPIOM (
g 80 o Pre-OPIOM
D2/F ER 1o oriom
35/6.7| 10 = |3
N& 40+
D2/F | D2 g o 6
4/9.1 20 OQ

0 —

0 10 20 30 40
[Dronpa-2],, (uM)
Pre-OPIOM (D3 OPIOM (D3)

c OPIOM (D2) Pre-OPIOM ( D2)
D2/D3
20/2
D3
2

=

1
D2
20

Figure 2. OPIOM validation in a microfluidic device composed of four chambers as described in the scheme (the numbers indicate the

concentrations in um).

a) Selective imaging of Dronpa-2 (D2) against fluorescein (F).
pre-OPIOM (circle) and OPIOM (square) images in (a). The line shows the expected Dronpa-2 concentrations ([Dronpa-2],).

b) Titration of Dronpa-2 ([Dronpa-2],) calculated from the
c) Selective imaging

of Dronpa-2 and Dronpa-3 (D3). The microfluidic device was imaged using a sinusoidal light modulation of small amplitude tuned either to the
resonance of Dronpa-2 (a,c) or Dronpa-3 (c). Images labeled Pre-OPIOM and OPIOM correspond to respectively the unfiltered and OPIOM-
filtered images. T=37°C; pH 6.8 MES buffer. See the Supporting Information for details.

These theoretical predictions suggest that out-of-phase
imaging after optical modulation (OPIOM;™*! see Figure 1a)
can enable highly selective imaging of a photoswitchable
fluorescent target P in a mixture of spectrally interfering
fluorophores, photoswitchable or not (see Figure S2). First
the out-of-phase amplitude of the fluorescence signal does
not contain any contribution from non-photoactive fluores-
cent interfering species, which respond as constant and in-
phase terms with the light modulation. In contrast to spectral
discrimination, phase discrimination here provides absolute
orthogonality. Moreover, among photoswitchable interfering
fluorophores, only P will display a significant out-of-phase
amplitude.

To validate OPIOM experimentally, we used Dronpa-2
(or M159T)!""! and Dronpa-3 (or V157I/M159A).18 These two
variants of the reversibly photoswitchable green fluorescent
protein Dronpa,'”) whose chromophore undergoes cis-to-
trans and trans-to-cis photoisomerization, have been reported
to display faster thermal resetting while exhibiting good
quantum yields of fluorescence (0.23-0.33 for Dronpa-2[7-18l
and 0.28"" for Dronpa-3; 0.85 for Dronpal'”). Note that a fast
thermal resetting (large k%) improves both the signal to noise
ratio (by increasing I°) and the temporal resolution (by
increasing w) of the imaging protocol (see the resonance
conditions above), while a large quantum yield of fluores-
cence increases the OPIOM signal. In addition, the photo-
chemical properties of these Dronpa mutants are poorly

[*] OPIOM acts much like opium according to Thomas De Quincey in
Confessions of an English Opium-Eater help long-buried memories
resurface “veiled or unveiled, the inscription remains forever, just as
the stars seem to withdraw before the common light of day, whereas
in fact we all know that it is the light which is drawn over them as
a veil, and that they are waiting to be revealed when the obscuring
daylight shall have withdrawn”.
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sensitive to environmental changes:® at most fourfold
changes are expected for both the resonant @ and I° upon
increasing viscosity, which remains lower than the bandwidth
of the resonance (typically one order of magnitude; see
Figure 1b). This insensitivity enables one to benefit from
widely applicable resonance conditions for OPIOM-selective
detection of Dronpa-2 and Dronpa-3 in various environments.

The resonance conditions are calculated from the sum
0, + 0y for the cis-to-trans and trans-to-cis photoisomeriza-
tion action cross-sections and the thermal resetting rate
constant k5. Hence, we first submitted Dronpa-2 and
Dronpa-3 to a straightforward series of light jump experi-
ments (see supplementary text4 and Table S1). Photocon-
version of Dronpa-2 and Dronpa-3 revealed monoexponen-
tial relaxation of the fluorescence signal (see Figure S6),
meaning that they both follow the two-state dynamic model
underlying the OPIOM theory within the range of light
intensity investigated. The o1, + 0,, value was extracted from
the light intensity dependence of the relaxation time asso-
ciated with the photoconversion of P upon irradiation (Fig-
ure S6): at 37°C, we found (157 & 5) and (21 4+ 3) m?*mol ' for
Dronpa-2 and Dronpa-3, respectively. k2 was directly
obtained by monitoring the fluorescence recovery rate in
the dark (see Figure S7), thus yielding (1.5040.05) x 107%s™!
and (0.17+0.01)s™" for Dronpa-2 and Dronpa-3, respec-
tively, at 37 °C. The measured kinetic parameters were in good
agreement with literature results,'”"'® and were further
confirmed by a series of light-modulation experiments (see
supplementary text 5 and Figure S8).

To demonstrate OPIOM experimentally, we used a micro-
fluidic device composed of four chambers containing solu-
tions of Dronpa-2 at three different concentrations. The
fourth chamber was filled with fluorescein, which is a non-
photoactive fluorophore that emits in the Dronpa-2 wave-
length range (see Figure S9) but characteristically responds

www.angewandte.de
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in-phase to the light modulation. The device was imaged using
a classical epifluorescence microscope equipped with a light-
emitting diode (LED; see Figure S10), whose intensity, radial
frequency, and phase are easily controlled by driving elec-
trical current. The illumination conditions were tuned to the
Dronpa-2 resonance conditions. Two separate sets of images
were collected: one corresponding to the average fluores-
cence intensity (hereafter called pre-OPIOM image) and
a second corresponding to the processed OPIOM image (see
supplementary text 6 and Figure S1la). Dronpa-2 fluores-
cence emission could be detected in both pre-OPIOM and
OPIOM images. In contrast, as expected from the absence of
an out-of-phase contribution in its fluorescence emission,
fluorescein only gave a signal on the pre-OPIOM image, thus
demonstrating the expected selective OPIOM imaging. More
precisely, for fluorescein and Dronpa-2 at concentrations of
1 and 20 um, respectively, the corresponding pre-OPIOM and
OPIOM images with 1:1 and 1:200 intensity ratios were
obtained. With a precision on phase retrieval of 3 x 10~ rad,
OPIOM imaging could typically enhance contrast of Dronpa-
2 contribution against fluorescein by a factor ypr=10>-10°
[see Eq. (78) in the Supporting Information] with respect to
the pre-OPIOM image. Furthermore the three chambers with
Dronpa-2 showed relative intensities directly reflecting their
concentration (see Figure S11b,c), which confirms the theo-
retical prediction that OPIOM signal is proportional to the
probe concentration.

To further confirm this feature, we mixed Dronpa-2 and
fluorescein in various ratios so that the resulting mixtures
gave similar fluorescence intensities on the pre-OPIOM
image (Figure 2a). The excess fluorescein prevented estima-
tion of the Dronpa-2 concentrations from the pre-OPIOM
image, but the associated OPIOM image suppressed the
contributions from fluorescein (Figure 2a) and enabled us to
accurately quantify the concentrations of Dronpa-2 in the
fluorescein/Dronpa-2 mixtures by using the well containing

only Dronpa-2 for concentration calibration [Figure 2b and
Eq. (38) in the Supporting Information]. This result demon-
strates the capacity of OPIOM to image Dronpa-2 quantita-
tively within a mixture containing non-photoactive interfering
fluorophores.

We next showed that one could distinguish two photo-
switchable fluorophores exhibiting similar fluorescence emis-
sion (see Figure S9) as long as their dynamic parameters, o, +
0y and kb, were different enough to give two different
resonance conditions. Tuning the illumination to the reso-
nance conditions of either Dronpa-2 or Dronpa-3 led to the
contrast enhancements ypyp; =20 and ypsp, =10, respec-
tively, thus enabling selective imaging of Dronpa-2 in
presence of Dronpa-3 and vice versa (Figure 2c¢ and Fig-
ure S12). Therefore, OPIOM can selectively detect a photo-
switchable target in a mixture of interfering photoswitchable
fluorophores as long as they display different resonance
conditions.

To test OPIOM for selective imaging in mammalian cells,
we imaged fixed HEK?293 cells co-expressing nuclear
Dronpa-3 and membrane-localized EGFP using modulated
excitation tuned to Dronpa-3 resonance. OPIOM enabled
removal the interfering EGFP signal and revealed only
a Dronpa-3 signal (Figure 3a and Figure S13). Note that the
acquisition time for each frame can be reduced to one period
of light modulation (ca. 20s for Dronpa-3) without any
change in the contrast enhancement (see Figure S14). This
feature enables imaging of live cells at a time resolution
relevant for the study of biological processes and without any
significant photobleaching or detrimental cell alteration
(Figure 3b and Figure S14).

Finally, we validated OPIOM for selective imaging in
multicellular organisms, where the autofluorescence of tissues
and compartments can strongly interfere. As such a model, we
chose the zebrafish embryo, in which the yolk strongly
fluoresces in the green, thus rendering it difficult to observe
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Figure 3. 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 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 (SPIM; 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 represent 50 um. Experiments were performed either at 37°C (a—c) or 20°C (d). See the Supporting Information for details.
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the popular green fluorescent probes such as GFP. We
injected zebrafish embryos with Lifeact-Dronpa-3 mRNAs
for actin targeting and imaged them 24 hours post-fertiliza-
tion. OPIOM filtered out the yolk autofluorescence and
selectively visualized Lifeact-Dronpa-3 in the embryo’s tail
(Figure 3c¢).

OPIOM is compatible with light sheet fluorescence
microscopy (see Figure S15), which gives access to selective
three-dimensional-resolved fluorescence imaging. Thus we
selectively imaged Lifeact-Dronpa-3 against a background of
autofluorescence (Figure 3d) or GFP-NLS (see Figure S16)
in zebrafish embryos.

In conclusion, OPIOM is relevant for selective and
quantitative imaging of photoswitchable fluorescent probes.
Notably, OPIOM temporal resolution and multiplexing
opportunities should benefit from developing bright photo-
switchable fluorescent proteins with thermal resetting on the
time scale of seconds. This would make OPIOM compatible
with a 1 Hz image acquisition rate, which is relevant for most
dynamic studies in biology. Finally, since a difference in either
0y, + 0y OT szl of only tenfold is sufficient to achieve efficient
discrimination (Figure 1b and Figure S12), it should permit
multiplex observation of up to ten different fluorophores in
a single emission channel.?"-?]
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4.3 Supporting Information
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The Supporting Information reports on:
Legends of Figures 2 and 3
Material and Methods
Supplementary texts 1-6
Table S1

Figures S1-S16
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Legends of Figures 2 and 3

Fig. 2. Validation of out-of-phase imaging after optical modulation (OPIOM). a, b: Selective
and quantitative imaging of Dronpa-2. a: A microfluidic device composed of four chambers
(400 x 400 x 20 um3) was filled with solutions of Dronpa-2 (D2) and Fluorescein (F) as
described in the scheme (the numbers indicate the concentrations in uM). The two images
correspond respectively to the pre-OPIOM and OPIOM images taken at 525 nm after
illuminating the microfluidic device under conditions tuned to the resonance of Dronpa-2
(Mexcs P o, o) = (480 nm; 1 x 10 Einm s '; 31.4 mrad.s ; 10%). b: Titration of Dronpa-2
([Dronpa-2]s) in Dronpa-2/Fluorescein mixtures calculated from the pre-OPIOM (circle) and
OPIOM (square) image. The line shows the expected Dronpa-2 concentrations ([Dronpa-
2]tot). €: Selective imaging of Dronpa-2 and Dronpa-3 in a mixture containing the two
photoswitchable fluorescent proteins. A microfluidic device with four square chambers (400 x
400 x 20 um3) was filled with mixtures of Dronpa-2 (D2) and Dronpa-3 (D3), or Fluorescein
(F) as described in the scheme (the numbers indicate the concentrations in uM). The figures
correspond to the pre-OPIOM and OPIOM images taken after illuminating the microfluidic
device at 525 nm with sinusoidal light modulation of small amplitude tuned either to the
resonance of Dronpa-2 (D2) (Aexc; P; o; o) = (480 nm; 1 x 10* Ein.m %.s’%; 31.4 mrad.s ';
10%) or to the resonance of Dronpa-3 (D3) (Aexc; I ©; ) = (480 nm; 8.1 x 10~ Ein.m %.s™';
314 mrad.s '; 10%). a-¢ Experiments were performed at 37 °C in pH 6.8 MES buffer.

Fig. 3. Application of out-of-phase imaging after optical modulation (OPIOM). a, b:
Selective imaging of Dronpa-3 in mammalian cells. The figures correspond to the pre-
OPIOM and OPIOM images of HEK293 cells co-expressing nuclear Dronpa-3 and
membrane-localized EGFP. Fixed (a) and live cells with application of one period (b) of light
modulation. Imaging was performed in epifluorescence with a 63x objective. Light
modulation: sinusoidal modulation of large amplitude tuned on the resonance of Dronpa-3

(D3) at 37 °C (hexc; I; ®; o) = (480 nm; 8.1 x 10 Ein.m *.s'; 314 mrad.s '; 90%). Note that
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the nuclear localization of Dronpa-3 on the OPIOM images is not perfect because of some
leakage of the nuclear localization signal used. See Fig. S13 in Supporting Information for
localization controls. Scale bars represent 50 um. ¢, d: Selective imaging of Dronpa-3 in
zebrafish embryos. The figures correspond to the pre-OPIOM and OPIOM images of the tail
of a 24 hpf zebrafish embryo expressing Lifeact-Dronpa-3. Microscope specifications: (c)
epifluorescence, 20x objective, (d) single plane illumination microscope (SPIM), 40x
objective (the dashed rectangles indicate the zone illuminated by the thinnest part of the light
sheet). Light modulation: (¢) sinusoidal modulation of large amplitude tuned on the resonance
of Dronpa-3 (D3) at 37 °C (Aexe; I @; o) = (480 nm; 8.1 x 10~ Ein.m >.s '; 314 mrad.s ';
90%), (d) square wave modulation of large amplitude tuned on the resonance of Dronpa-3
(D3) at 20 °C (Aexe; I°; ©; @) = (480 nm; 3.1 x 107 Ein.m 2.s™'; 44.9 mrad.s '; 96%). Imaging
was performed at 525 nm. Scale bars represent 50 um. Experiments were performed either at

37 °C (a-c) or 20 °C (d).

Materials and methods

Cloning. Dronpa-2 [ and Dronpa-3 2] are two variants of Dronpa with the mutation M159T
and the mutations V1571 / M159A respectively. The gene encoding Dronpa-3 was kindly
provided by Atsushi Miyawaki. The gene encoding Dronpa-2 was kindly provided by Stefan
Jakobs. The plasmids for bacterial expression of Dronpa-2/3 carrying an N-terminal
hexahistidine tag were obtained by cloning their genes in the pProEX vector: the sequence
coding for Dronpa-3 was inserted between BamH 1 and EcoR 1 restriction sites, while the
sequence coding for Dronpa-2 was inserted between Ehe 1 and Hind III. The plasmids for
mammalian expression of Lynll1-EGFP (with a N-terminal MGCIKSKGKDSAGGGS
sequence for membrane targeting) and Dronpa-2/3-NLS (with a C-terminal

GAGAPKKKRKVPKKKRKYV as nuclear localisation signal) were obtained by inserting the
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genes encoding for Lyn11-EGFP and Dronpa-2/3-NLS in the pIRES vector (Invitrogen) using

Bgl 11 and Not 1 restriction sites. For the zebrafish experiments, pCSGFPnls (eGFPnls coding

sequence in pCS2) was derived from pCSGFPnERT 13] by substituting a stop codon for ERT2
coding sequence via synthetic oligonucleotides. pT2iU6LifactDronpa3, where Lifeact *! and
Dronpa-3 (21 coding sequences are driven by the SP6 promoter, was obtained by inserting
synthetic molecules (obtained from Eurofins-MWG/Operon, Ebersberg, Germany) into a

modified version of pCS2.

Protein production and purification. Dronpa-2/3 carrying an N-terminal hexahistidine tag
were expressed in E. coli DH10B strain. Cells were grown in 1 L of Terrific Broth (TB)
medium containing ampicillin (100 pg/mL) at 37°C, 140 rpm. Protein expression was induced
at OD 0.6 by adding isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final concentration of
1 mM. After an overnight induction at 30°C, 140 rpm, cells were harvested by centrifugation
(25 min, 4200 rpm, 4°C). Cell pellet was resuspended in 20 mL of Lysis buffer (50 mM
TRIS/HCI pH 7.5, 30/40 mM imidazole, 400 uM 4-(2-Aminoethyl) benzenesulfonyl fluoride
hydrochloride, 0.125 mg/mL Lysozyme, and 1 mM dithiothreitol), and sonicated at 4°C. The
extract was clarified by centrifugation (30 min, 15000 rpm, 4°C). The supernatant was then
incubated with 0.5 mL Ni-NTA beads (Qiagen) under agitation for 2 hours at 4°C. Beads
were collected by centrifugation (2 min, 2000 rpm), washed twice with 15 mL of N1 buffer
(0.7 M Na(Cl, 30 mM imidazole, 30 mM sodium phosphate, pH 7.4) and twice with 15 mL of
N2 buffer (0.1 M NaCl, 10 mM imidazole, 30 mM sodium phosphate, pH 7.4). Protein was
eluted with N3 buffer (0.1 M NaCl, 300 mM imidazole, 30 mM sodium phosphate, pH 7.4),
and then dialysed against TRIS/H,SO4 buffer (pH 8.0, 50 mM TRIS). All experiments with
purified proteins aiming at characterizing their photochemical properties were performed in
TRIS/H,SO4 buffer (pH 8.0, 50 mM TRIS). The solutions used for the titration experiments

were prepared in MES buffer (pH 6.8, 50 mM MES, 100 uM BSA).

Mammalian cell culture and transfection. Human embryonic kidney 293 cells were grown
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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.

Zebrafish experiments. Lifeact-Dronpa3 or GFPnls mRNA synthesis was performed using
the mMESSAGE mMACHINE high yield capped RNA Transcription Kit from Ambion Inc.
130 ng/uL Lifeact-Dronpa3 mRNA and/or 40 ng/uL. GFPnls mRNA were injected into one-
cell stage embryos (AB strain) and embryos maintained at 28°C in water until fixation.
Embryos were fixed into PFA 4% at 4°C and then transferred into PBS (pH 7.4). The
zebrafish embryos were imaged either in PBS or immobilized in 1% low melting agarose gel

(Sigma-Aldrich) and mounted onto a home built sample holder under Millipore water.

Spectroscopic instruments. UV/Vis absorption spectra were recorded on a UV/Vis
spectrophotometer (Cary 300 UV-Vis, Agilent Technologies, Santa Clara, CA) at 25 °C
equipped with a Peltier 1 x 1 thermostated cell holder (Agilent Technologies). Samples (20
puL) were placed in 0.15 cm x 0.15 cm (light path) quartz cuvettes (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 intensity was
controlled by varying the current on a LED light source (LXML-PBO1 from Philips Lumileds,
San Jose, CA) filtered at 480 + 20 nm (HQ 480-40 from Chroma Technology Corp,
Rockingham, VT). The LED was supplied by a power supply (HM7042-5 from Hameg
Instruments GmbH, Mainhausen, Germany). Excitation intensity was monitored over time
with a photodiode (S1336-44BQ from Hamamatsu Photonics, Hamamatsu City, Japan)

operating in the reversed polarization mode (+5V), while fluorescence emission was acquired
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simultaneously at 515 nm. Photon fluxes (excitation intensity /°) were measured with a Nova
II powermeter (Laser Measurement Instruments). During light modulation experiments, a
waveform generator (33220A-20 MHz from Agilent Technologies) was added to the circuit to
induce a small (10%) modulation of LED current. Excitation and emission measurements

were acquired for ten periods (with 64 points per period) at each angular frequency .

Microfluidic device. The microdevice was composed of a circular glass coverslip (0.17 mm
thick, 40 mm diameter; Menzel-Gléser, Braunschweig, Germany) and a PDMS stamp
(RTV615; General Electrics, Fairfield, CT) including four 400 um x 400 pum x 20 um square
chambers separated by 150 pm x 20 um walls. Each chamber was connected to a sample
reservoir punched in the PDMS stamp through a 40 pm x 20 um channel. Before assembly,
the coverslip and the PDMS stamp were rinced 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 (see
Microscopy section). 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 set-up
(see Fig. S10). The samples (microfluidic device, cells and zebrafish embryos) were
illuminated using a LED (LXML-PBO01) as light source filtered at 480 = 20 nm (F480-40;
Semrock, Rodchester, NY) supplied by a LED driver (LEDD1B, Thorlabs Inc, Newton, NJ)
and modulated by a waveform generator (33220A, Agilent Technologies). A first lens
(FCN10804-LR1-RS; f = 3 mm, Ledil, Salo, Finland) was placed just after the LED and a
second one (AC254-050-A; =50 mm, Thorlabs Inc, Newton, NJ) was used to focus the light

in the back focal plane of the objective after going through the dichroic filter. Fluorescence
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images at 525 = 15 nm (F525-30; Semrock) were acquired with a 10x fluar (NA 0.5, Carl
Zeiss AG, Feldbach, Switzerland; for the microdevice and zebrafish experiments), a 20x Plan
Apo (NA 0.75, Nikon Instruments, Amsterdam, Netherlands; for zebrafish experiments) or a
63x PL fluotar L (NA 0.7, Leica Microsystems, Germany; for cell experiments) objective
mounted on a home-built microscope equipped with a Luca-R CCD camera (Andor
Technology, Belfast, UK). The bottom glass 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 FElectronics). The average excitation intensity was
measured using the Nova Il powermeter described previously. Under illumination conditions
matching the resonance conditions of Dronpa-2 (resp. Dronpa-3), 512 images were recorded
at 0.32 Hz (resp. 3.2 Hz) with 3 s exposure time (resp. 0.3116 s) corresponding to 8 periods of
200 s (resp. 20 s) (64 images per period in both cases). For imaging cells and zebrafish
embryos, 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 ¢.q between the dates of camera recording and light excitation was
observed (due to the exposure time and the triggering of the camera). This phase delay was
calibrated using the microfluidic device described previously filled with Fluorescein: the
temporal evolution of fluorescence emission of Fluorescein was fitted with A[1 + o sin(w? +
®acq)] to extract the value of ¢qcq. This value was then used for further image analysis of cells

and zebrafish embryos.

Single plane illumination microscopy (SPIM) setup. An upright Olympus microscope

(BX51WI) was converted to enable SPIM experiments (Fig. S15). The light sheet was created
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by a cylindrical lens (LJ1558RM-A, f = 300 mm, Thorlabs) shaping the illumination laser
beam from a PhoxX 488-100 laser diode (Omicron-Laserage Laserprodukte, Rodgau-
Dudenhofen, Germany) into a rectangle. This rectangle was then passed through a 20x
objective (Olympus LMPLANFL, NA 0.40) which focuses it only in one plane generating a
thin light sheet in the focal plane of the detection objective. The geometry of the illuminating
beam can be approximated by Gaussian beam optics, with a central thickness of 3.4 um (full
width at half maximum). Average excitation intensity of the incident laser beam was
calibrated by recording the photoswitching relaxation rate constant of Dronpa-3 in Lifeact-
Dronpa3 mRNA injected embryos after light jump experiments (at 20°C). To match the
resonant conditions for Dronpa-3, the laser power was eventually varied between 0.1 mW to 5
mW using analog modulation input of the laserhead and a square waveform generator
(33220A; Agilent Technologies) and the laser beam was further attenuated by a NEI0A
neutral density filter (Thorlabs) to deliver a light sheet intensity of 1.5 pW and 80 uW
respectively. Fluorescence light was collected with a 40x water dipping objective (Olympus
LUMPLFLN, NA 0.80), and filtered with a beam-splitter (Di01-R405/488/532/635
BrightLine quad-edge laser-flat dichroic beamsplitter, Semrock) and an emission filter
(BAS510-550, Olympus). Under illumination conditions matching the resonance conditions of
Dronpa-3 at 20°C, 512 images were recorded at 0.46 Hz with 2.187 s exposure time
corresponding to 8 periods of 140 s. In this series of experiments, triggering of the camera
acquisition was synchronized with the onset of the square wave excitation light (using the

991

option “External start™ in the Solis software, Andor Technology).

Softwares. Data treatment, image analysis and theoretical computations were performed

using Igor Pro (WaveMetrics), MATLAB (The MathWorks) and Gnuplot softwares.

Protocols for Image analysis are described in Supplementary text 6.
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Supplementary text 1: Photoswitchable fluorophore responses to
light modulations

The model

The dynamic behavior of a photoswitchable probe P illuminated with a light of intensity I(¢) can be described

by the two-state exchange (1)
klg(t)
1 = 2 e))
ko1 ([)

where the thermodynamically most stable state 1 is photochemically converted to the thermodynamically less
stable state 2 at rate constant k12(¢f) = o12I(t) from which it can relax back to the initial state 1 either by
a photochemically- or a thermally-driven process at rate constant ko1 (t) = o211(t) + k5} where o911 (t) and
k2A1 are respectively the photochemical and the thermal contributions of the rate constant. In that case, the
molecular action cross-sections for photoisomerization o1 and o2; and the thermal rate constant k:QAl fully
define the behavior of the photoswitchable probe.

We assume that the system is either homogeneously illuminated or that it can be considered homogeneous
at any time of its evolution. Then we rely on the two-state exchange (1) to write Eqs.(2-3) describing the

concentration evolutions:

dl

il —ki2(t) 1+ ka1 (t) 2 ()
d2
i kia(t) 1 — ko1 (t) 2. (3)

Response to light jumps

When the system is submitted to a constant illumination defined by the intensity I(t) = I°, the forward and

backward rate constants become

/{,‘12 (t) = k(l)Q = 0'12[0 (4)
k‘21(t) = kgl = 0'21]0 + k2A1 (®)]
The temporal evolution of the concentrations in 1 and 2 evolves as
0 0 0 t
2-2" = 1"-1=-2 exp(0> (6)
T12

where 7, = 1/(kY, + 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
1Y = Pu—2"=——_P 7
ot 1+ K, Yot @)

where K, = kY,/kY, and the total concentration in photoswitchable probe P, P,y = 1 + 2.
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The fluorescence emission Iz () results then from the individual contributions of the species 1 and 2, and

can be written

Ip(t) = (Qil+Q22)I(t) (8)

where ()1 and ()2 are the molecular brightnesses of 1 and 2. From Eq.(6), one subsequently derives

Ip(t I°
QlFPt(ot)IO - H(gi_l) (o—lz+§z)10+k§1{1—6XP{—[(012+021)10+k‘§1“}}' ©)

At infinite times, fluorescence emission asymptotically tends toward I% = (Q1 19 + Q220) 19
Upon switching off illumination, the fluorescence emission relaxes to its initial value Q1 P;oe 0 according

to

IF(t) (QQ ) 0'12]0 A
o ~ tlg 1! exp (—knt) . 10
Q1 Pt I° Q1 (012 + 021) 10 + k2 p (—kait) (10)

Response to sinusoidal light modulation of small amplitude

To illustrate the behavior of the system upon illumination with a periodically modulated light, we first consider
a sinusoidally modulated illumination oscillating around the averaged value I° at angular frequency w and with

a small amplitude £1° (¢ < 1) (see Figure Sla') such that

I(t) = I°[1 4 esin (wt)] . (1)

After introducing
kio(t) = o120° [1 4 esin (wt)] (12)
kor(t) = 02110 [1 + esin (wt)] + k53, (13)

the system of differential equations governing the temporal evolution of the concentrations in 1 and 2 is solved
at the first-order expansion in the light perturbation. Beyond the relaxation time 715, one enters into the forced

and permanent regime where the concentration
i =% + eil sin (Wt — ¢12) (14)

in each species i (i = 1 or 2) oscillates around a mean value i° (corresponding to the concentration of i at
steady-state associated to the photon flux I°; see Eq.(7)) at the angular frequency w but with a phase delay of

¢12 = arctan (wT{)Q) (see Figure S1b?). The amplitudes of the concentration modulation are given in Eq.(15)

0.0 A
21 = _]_1 — % (15)
1+ (wry)

'To facilitate notations in Figure Sla, we have adopted ?(t) = ﬁ + ﬁ (t) where the projection of H along the y-axis A, =
eI° sin (wt) contains the temporal dependence of light intensity.

*To facilitate notations in Figure S1b, we have adopted _1)(1}) = 17 — B(t) and 7(1&) = 2? + B(t) where the projection of A3
along the y-axis A2, = £2' sin (wt — ¢12) contains the temporal dependence of the concentrations in 1 and 2.
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where pdy = k910 = £9,20 and p5} = k5}/(0211° + k5}) respectively designate the steady-state rate of
reaction (1) and the relative thermal contribution to 2 relaxation upon illuminating at I°.

The phase-delayed oscillating concentrations ¢ can also be written

i(t) =i 4 & [i"" sin (wt) + i1 cos (wt)] (16)

where i1 sin (wt) and i%°% cos (wt) are in-phase and out-of-phase (or quadrature-delayed) oscillating

terms at angular frequency w. The amplitudes i1 and i:°“! of the in-phase and out-of-phase oscillating
terms are (see Figure S1c)
, , 1 K 1

21,’LTL — _11,’LTL — p?2792p§l — pﬁ 12 Ptot (17)

o)’ T (K)o (o)

0 0 0

wT K wT
ghovt = —1bowt = —0?27'?21’2%7120 5 = —phi 120 5 120 5 Prot (18)

+ (wrpy) (1+KD)" 1+ (wrfy)

where we used that p{, 705 = Pyt [K %/ (1+ KY,) 2} .
Since the fluorescence emission results from the contributions of the species 1 and 2, the phase delay within
the oscillating concentrations leads to a phase delay of the oscillating fluorescence emission. The phase-delayed

oscillating fluorescence emission is therefore
Ip(t) = I%+ 15" sin (wt) + 1" cos (wt) (19)
where the amplitude 1 I{Jin and I },’OM of the in-phase and out-of-phase terms are

I = e [(Q11° +@22°) + (Q1 — Qo) 1M I° (20)

I = £(Q1— Q) 1M1, @1

Optimal out-of-phase response

ou

Figure 1b displays the dependence of the normalized out-of-phase |A19% | = |[11:°% /¢ P;,;| amplitude on the

control parameters I° and w for a given photoswitchable probe P characterized by the triplet of parameters

(012, o921, k:QAl) We typically adopted reasonable estimates for Dronpa-2 (vide infra). |A12% | exhibits a
single optimum when the control parameters (I°,w) verify
kA
= 2 (22)
012 + 021
w = 2k5. (23)

The optimization of 1:°%* results from the independent optimisation of the terms p& K% Pror/ (1 + K%)?
and wrly/[1 + (wr%)?] in Eq.(18) (see Figure S1c). eph K% P/ (1+ K%)? measures the composition

shift A20 from the steady-state 2° after a light intensity jump of amplitude AI® = ¢1°* It depends on I°

— — )
3To facilitate notations in Figure S1c, we have adopted B(t) = A2 (t) + A2°%(t) with £21"™ and £2'+°“* respective amplitudes
for the in- and out-components.
“From the expression (7), one can show that % = %20 = pﬁ K9, Piot/ (1 + K?Q)Q using KY% = k?Q/kgl with the expressions
of k%5 and k9 given in Eqs.(4,5).
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Figure S1: Vectorial representation of the dynamic behavior of a photoswitchable fluorophore submitted to a
sinusoidal light modulation. a: Light intensity is the projection along the y axis of the sum of two vectors:
the first (Iength 1) is constant whereas the second (length AT; equal to £I° for a light modulation of small
amplitude) rotates at w radial frequency in the (z,y) plane; b: The concentration of the state 2, 2(¢), is similarly
the projection along the y axis of the sum of two vectors: 26, which is fixed (length 2°) and A2 (Iength A2)
(respectively identified to 2! and £2! for a light modulation of small amplitude), which rotates at w radial
frequency but with a phase delay of ¢2; ¢: In the rotating frame associated to light excitation, A2 is fixed with
A2 and A2°% coordinates along the in- and out-of-phase axes. For a given photoswitchable fluorophore,
increasing w increases ¢12 and decreases A2, as illustrated by the shift from the red to the green arrow. More
precisely, denoting A2° the shift from the 20 steady-state 2 concentration upon increasing light intensity by
AT, the extremity of the vector A2 describes the circle of center coordinates (A2O /2,0) and radius A20 /2
when w varies from zero to the infinite. A2 is maximized and equal to A2° when w = 0; it vanishes when
w becomes infinite. In contrast, A2°% is vanishing for both zero and infinite w values, but is maximized
for ¢12 = 7/4 (yellow arrow); d: In a mixture of photoswitchable fluorophores, the out-of-phase first-order
concentration response can discriminate a given target P (yellow arrow) among interfering species X (red and
green arrows) when [ 0 and w are tuned so as to maximize AQOP and setting ¢12 p = 7/4. Most non-resonant
interfering species are then characterized by AQg( smaller than A293 and ¢12,x # /4 so as to yield vanishing
A2°% contributions.

and is maximized in a regime of intermediate illumination, in which thermally- and photochemically-driven
reactions occur at the same rate such that k2A1 = (012 + o91)1 0 (see Eq. (22)). When the light intensity is too
low, the thermal relaxation dominates the photoisomerization and the light intensity jump AI? = £7° cannot
significantly shifts the photoswitchable probe from the state 1. Conversely, when the light intensity is too large,

the thermal relaxation does not contribute anymore to the dynamics of the exchange (1): the relative proportions
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in states 1 and 2 become independent of the light intensity, so there is no composition shift induced by the light
jump. The second optimised term, wT{]Q J[1+ (cm’&)ﬂ, is maximized upon matching the radial frequency of
the light modulation w with the exchange relaxation time 70, so that wr{y = 1 (see Egs. (22,23)). When
w>1/ 7'{)2, the exchange is slow compared to the light variations and the couple {1, 2} has not enough time to
Lin

1,out 1,0ut

respond: both 7 and ¢ vanish. Conversely, when w < 1/ 7'?2, ) cancels, so the concentrations of 1

and 2 oscillate in phase with the light modulation.

Response to periodic light modulation of large amplitude

The use of a sinusoidal modulation of small amplitude is favorable to derive simple analytical expressions.
However, it generates only weak variations of the probe signal because of the small modulation, which is a
drawback to reliably extract the out-of-phase amplitude of the first order response. To circumvent this draw-
back, we also analyzed the response of a photoswitchable probe to two different periodic modulations of large

amplitude o

e As anatural extension of the previous case, we first considered a sinusoidal modulation of large amplitude

and correspondingly adopted
It) = I°[1+ asin(wt)]; (24)

e We then considered a square wave modulation because its experimental implementation (on-off illumi-

nation switching) is simple. Its Fourier series expansion obeys

dax~ 1
Ity = I° 1+$Z2p+1sin[(2p+1)wt] (25)

by choosing the starting time (¢ = 0) in this expansion halfway through the first pulse.

The theoretical developments are reported in another paper. [7)

In this section, we only introduce the expressions,
which are relevant to analyze the data reported in the Main Text.

At steady-state, a large periodic modulation of illumination causes modulation of the concentrations in 1
and 2 not only at one but at an infinite number of radial frequencies. The concentration of i now contains the

amplitudes i™™ and i™°** of the in-phase and out-of phase terms oscillating at the radial frequency nw
+o00 '
i = °+ta Z [i“"" sin (nwt) + i cos (nwt)] . (26)
n=1

Interestingly, i°, i™™" and i™°** are proportional to P;,;. Moreover we showed that i°** exhibits an optimum in

the space (I",w), which coordinates and amplitude are very close to those observed with a sinusoidal modulation
of small amplitude (upon taking into account a % amplitude correction in the specific case of the square-wave

light modulation, which originates from the Fourier series expression given in Eq.(25)).>

5In fact the error done when taking the analytical expression of the resonance conditions, valid only for a modulation of small
amplitude, is always less than 20 %, no matter which amplitude « is used. Such an error would be of the order of magnitude of the
experimental errors done when fixing the average light intensity and radial frequency to their values at resonance, %% and w™.
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Considering that both concentrations of the states 1 and 2, and light intensity are modulated, the fluores-

cence emission [ (t) can be written

Ir(t) = [Qi1(t) + Q22(t)] I 75+ Z [3;”‘ sin (nwt) + 3% " cos (nwt)} 27
n=1
where
jéout - (Q2 _ Ql) IO [Zl,aut +g (Zn,in, Zn,out>] (28)

with n > 1. Whereas g (2“5‘“, 2"""“) = 0 for a sinusoidal modulation of small amplitude, g (z"’i“, 2‘“““) is
non-vanishing in the case of a periodic modulation of large amplitude.

In a regime of sinusoidal modulation of small amplitude, the out-of-phase amplitude of the fluorescence

~1,out

emission, Jz", is proportional to 21.0ut and exhibits a resonant behavior. In contrast, such a conclusion

cannot be directly drawn in the case of periodic modulation of large amplitude since analytical expressions

are cumbersome. We therefore evaluated its relevance by means of numerical calculations using typical values

~1,0ut.

found for photoswitchable fluorescent proteins. We showed that Jy 1,out

is proportional to 2 and exhibits

an optimum in the space (/°,w), which coordinates and amplitude are very close to those observed with a

sinusoidal modulation of small amplitude (with the % amplitude correction in the case of the square-wave

~1,0ut

light modulation). Hence, the analysis of the out-of-phase first-order fluorescence emission Jz enables the

selective and quantitative detection of a photoswitchable fluorophore.

Retrieval of concentrations from the fluorescence intensity

~Lin ~L,0ut

Extraction of 33, 32, and 3" from the overall signal /5 (t)

Upon modulating light, the fluorescence intensity associated to the photoswitchable probe adopts the general

~L, in

expression (27). J Jg and fi%’out can be easily retrieved from the experimental trace of the observed signal
Ir(t) (either global or from each analyzed pixel).

As shown in Eq.(27), ’J% can be obtained upon averaging I (¢) over an integer number m of periods of the
modulated illumination

m = L MTI (t)dt = 3% (29)
mT Jo F 5

In particular, upon observing fluorescence emission in a regime of sinusoidal light modulation of small ampli-

tude, one has I'nt? = I%.

~1,out

The first-order amplitudes 3? and J37 can be extracted from the fluorescence signal upon computing

the integrals Int!™ and Int!ou

) 2 mT )
17177, _ i — 1,
Int = 7 /0 Ip(t)sin (wi) dt = T3 (30)
1,out 2 mT 1,0ut
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Upon observing fluorescence emission in a regime of sinusoidal light modulation of small amplitude, one has
Int™ = [ and Int'o% = [1:°, and Int™™ = ["™ = 0 and Int"™** = [""" = 0.

Eqgs.(30,31) illustrate orthogonality between the various components of the fluorescence intensity in Eq.
(27). In particular, the computed integral Int!'°"* used to extract the OPIOM image does not contain any
contribution from the constant amplitude J3 as well as from the in-phase amplitude jé’m. This mathemati-
cal 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 absence of light modulation or in a regime of sinusoidal light modulation of small amplitude, the expres-
sion of Jg is
73 1 KY,
5
2 = P, P, 32
70 Q1+K0 tot+Q21+K tot (32)

where

0’12[0
KY, = —= _ 33
12 o0+ K (33)

~1,0ut

In the presence of light modulation, I3 can be reliably evaluated from its expression in the case of a

sinusoidal light modulation of small amplitude

~1,out

J7 K?. W}
o = @@ 5P (34)
(14 KDp)" 1+ (wry)
where KY, is given in Eq.(33) and where

kA

A 21
= —=— 35
P21 09110 + k’QAl (33)

1

Ty = : (36)

(o12 + 091) IO + kQAl
The theoretical expressions (32,34) make possible to directly retrieve the concentrations of the photoswitch-
able probe from the fluorescence intensity. However this approach requires the effort to acquire the values of all
parameters involved in these expressions. Alternatively, quantification can proceed by calibration with the pure
photoswitchable probe at a reference concentration. Eqs.(32,34) show that J and 35’  are proportional to the
overall concentration in photoswitchable probe. Thus quantification can be 51mply achieved by recording the
fluorescence intensity from a calibrating solution of the photoswitchable probe at a known concentration Pt‘;‘ffl.

The concentrations of the photoswitchable probe, which are retrieved at zeroth- and first-order, are respectively

30
0 _ S l
Py = jovca[Ptco% (37)
5
~1,out

JZ
i cal
L sout,cal ‘PtOt ' (38)

lout
Ptot -
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Selective and quantitative detection

Optimizing the out-of-phase first-order response by choosing a couple (1°,w) that verifies the resonance condi-
tions (22) and (23) opens an interesting way to selectively image and quantify a photoswitchable fluorophore
P in the presence of interfering compounds X (of total concentrations Xz.:), each defined by a different set
of parameters (0127 X,021,X, kQAly X). Note that X can be non-photoswitchable: in that case 012 x = 021, x
=0 and kQAl, x = 0. To illustrate this, let us take a simplified case of a mixture containing photoswitchable
fluorophores, whose only the state 1 yields an observable fluorescence emission, and possessing all the same
brightness Q1. In that case, a protocol relying on illumination at constant light intensity I° leads to a signal I%

which is proportional to the sum of the contributions of the different fluorophores such that:

I?:' X 19’ + Z 10 = (l(I)D/PtOt)Ptgtration (39)
X
where
(1%/X
Ptztmtwn -Ptot + Z X/ tOt Xtot > Ptot (40)
%/ Prot)
X P

When the signal I% is used to titrate the concentration of P, the titration result P}

itration AIWaYs overestimates

the total concentration P;,; because of the contributions of the interfering compounds (see Figure S2b).

In contrast, the corresponding out-of-phase first-order response to light modulation 3% out

jé'aut o 1}:;01/,25 + Zliéout _ 1OUt/Ptot> 1out (41)

titration

where

1 ,out / Xtot

o Xtot (42)
(157 Pyot)

1,out _
Ptitmtion Prot + § :

enables to determine P;,; when the light parameters (I°,w) are tuned to the resonance conditions of P. Indeed,

1,out . 1,out

the term 157 is then maximal while the terms 1" are negligible. Thus, the signal from P now dominates

those of the other probes, and the titration result pLo is approximatively equal to P, (see Figure S2b).

tztratzon

Figure S2a illustrates for various mixtures the superiority of this second strategy over measurements performed

at constant light intensity: whereas all the Pt are several times larger than the actual P, concentra-

itration

. . ’out . . A .
tion, the discrepancy between P, ;. .. and P, becomes negligible as soon as (012, 091, kzzl) deviates from

A
(UIQ,X; 021,X, k217x)~
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Figure S2: Theoretical computation of the ratio between the titration outcome Pj;rqtion (Which assumes that
only the reactant of interest is present) and the effective target concentration P, (a). Results for both the
constant light intensity (pre-OPIOM; disks) and the OPIOM (squares) methods are compared for seven different
equimolar mixtures which include the targeted triplet (c12, 021, k3}) plus eight other interfering ones. In each
sample labelled n, the latter species correspond to the eight (12 x, 021, x, kQAly ) sets placed on the nodes
of a cube centered on (012,091, szl) and which mesh size is n in decimal logarithmic units (b). In b, the
individual responses (1% /Xtt) and (1;’” /Xiot) have been used to define the sphere radius associated to
each (012,x,021,x, kQALX) set in (1°/Py) and (1148 / P,yy) units. 012 = 73 m2.mol~!, 91 = 84 m?.mol !,
kS =1.5x 1072575 10 = k5 /(012 + 021) = 9.6 x 107° Eins™'.m ™2, w = 2k5} = 3 x 1072 rad-s~ .
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Supplementary Text 2: Reduction of photo(physical)chemical mechanisms to a
two-state exchange

In the following subsections, we show that various mechanisms involving light absorption can be reduced to

the two-state model (1) at an appropriate time scale.

A photoswitchable probe

In a first step, we examine the behaviour of a photoswitchable probe. Light absorption is supposed to drive the
exchange between two ground singlet states of a probe denoted Sp ; (i=1 or 2). In the considered scheme, the
state Sg 1 is supposed to be thermodynamically more stable than the state Sg 2. Mechanistically, this exchange
involves light absorption leading each ground state Sq ; to its corresponding first singlet excited state Sy ;. The
latter is then assumed to relax either by leading back to the Sp; state (for instance by emission of a photon
when the probe is a photoswitchable fluorophore) or by photoisomerization (yielding the other ground state).
The ground state Sg 2 can also notably relax thermally toward the more stable Sg ;1 state. The overall scheme is

displayed in Figure S3.

k
So, 1 - So,2

21

Figure S3: Mechanism accounting for the behaviour of a photoswitchable probe upon illuminating. The arrows
and the associated rate constants refer to the exchange processes. See Text.

Relying on the mechanism displayed in Figure S3, we first write Eqs.(43—46) to describe the concentration

evolutions:
dfl(t); = —ko1,150,1 + k10,1511 + k51 So.2 + k'107251,2 43)
dz(;g = k1511 — (korz + k) So2 + k102512 (44
d‘z? = ForaSon = <k1071 + k/10,1> S11 (45)
di;g = ko1,2502 — (kmg + k/10,2> S o 46)

In Figure S3, the rate constants kig; and k:/m’i are notably much larger than the rate constants kg ; and

kQAl. k10,; and k/lo,i are typically larger than 10951061 In contrast, ko1, is in the 10 s~! range under typical

illumination conditions.® Moreover k:QAl is at most in the 10 s~! range. Thus it is possible to apply the steady-

Using ko1,; = 001,:1° by considering that the typical photon flux at the sample of an illumination setup is I® = 10%' photons/m®s
and that the molecular cross section for light absorption oo1,; = 2.3 ]f,;\ (N4 is the Avogadro number) is in the 10~2° m?/molecule
range for the considered probes.
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state approximation to S1 1 and S1 2 beyond the nanosecond time scale. Under such conditions it is meaningful
to consider that the states Sg; and Sp ; are in a fast exchange so as to introduce an average species i for which

So,; and S ; contribute in ps, , and ps, , respective proportions where

1

= 47
PSos 1+ Ko, @7

Ko,
L = — 48
P 1+ Ko “8

with

Ko1,i

Koy = —————. (49)
' k10,i 4 kg ;

Under the experimental conditions used in this study, the relative proportions in the excited and ground states
are typically ps, , ~ 107% and pg,, ~ 1.
Considering that the concentration in i, ¢, is equal to Sg ; + S1;, Eqs.(43—46) reduce to Eq.(50) beyond the

time scale at which the steady-state approximation is valid.

d2 dl K()1 1 ’ K()l 2 ’ 1 A

= = ="k 1— ———k —k5 ] 2. 50

dt dt (1 + K0171 10’1> <1 + KOLQ 10,2 * 1+ K01,2 2 0
Considering that, far from saturation, Ky ; is proportional to the photon flux /(¢) and much lower than 1,

one can write:

!

K01 1 ’ / klO 1
T3 Korp 1101 o1,1F10,1 Fro1 + Fiox 01,11(t) = o121 (¢) (51
KOl 2 ’ / k;O 2
1+ K01,2 10,2 01,2/v10,2 /{:10,2 T k1072 01,2 ( ) 21 ( )
1
ey >
Hence Eq.(50) can be alternatively written
d2 dl
= g =onlnl- (o211(t) + k5y) 2. (54)

Eq.(54) is dynamically identical to Egs.(2-3).
A three-state electronic model

As a second relevant situation, we analyze the behavior of a chromophore, which light excitation yields its first
excited singlet state S; from its ground singlet state Sg. S; can subsequently relax to the ground state Sg (for
instance by fluorescence emission) or be converted to its first triplet state T;. T; then deexcites to give back

the ground state Sg. The overall scheme is displayed in Figure S4.
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k
Sq -

kK |k
01 10 k
So

Figure S4: Mechanism accounting for the behaviour of a chromophore yielding its first singlet and triplet
excited states upon illuminating. The arrows and the associated rate constants refer to the exchange processes.
See Text.

Relying on the mechanism displayed in Figure S4, we write Eqs.(55-57) to describe the concentration

evolutions:
% = —ko1So + k1051 + krTh (55)
% = ko150 — (k1o + krsc) Sh (56)
% = kiscSt — krTh. 7

In Figure S4, the rate constant kqg (typically larger than 10951061 is notably much larger than the other
rate constants. Again kg ; would be in the 10 s~ under typical illumination conditions. In addition k;gc and
kr are usually in the 10% and 103-106 s—! range.l®/ Thus we can apply the steady-state approximation to S
beyond the nanosecond time scale. Under such conditions it is meaningful to consider that the states Sg and
S: are in a fast exchange so as to introduce an average species 1 for which Sg and S; contribute in pg, and ps,

respective proportions where

1
DS, 1+ Koy (58)
Ko
pu— 5
Ps 1+ K01 ( 9)
with
k
Ky = 17(1)(1) (60)

Under typical experimental conditions, the relative proportions in the excited and ground states are typically
ps, ~ 1078 and pg, ~ 1.
Considering that the concentration in 1, 1, is equal to Sy + S; and denoting T; by 2 in the following,

Eqs.(55-57) reduce to Eq.(61) beyond the time scale at which the steady-state approximation is valid.

d2 dl ( Ko

g (il 1— kp2. 1
dt dt 1+K01k‘750> br D)

Considering that, far from saturation, K is proportional to the photon flux 7(¢) and much lower than 1,
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one can write:

K. 1
1+ (}i'ol kisc =~ Koikisc = k‘ToUOlI(t)kISC = 0121(t) (62)

kr = k& (63)

Hence Eq.(61) can be alternatively written

d2 dl

Eq.(64) is dynamically identical to Egs.(2-3) upon noting that o1 = 0.
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Supplementary text 3: Significance of irreversible bleaching for OPIOM appli-
cation

Any photoswitchable fluorescent probe experiences fatigue such that it irreversibly bleaches after some number
of switching cycles. Bleaching is not included in the previously addressed two state model. In this section, we
theoretically analyze how bleaching affects OPIOM application.

To account for the bleaching process, we start from the two-state exchange (1) and add an irreversible

bleaching reaction converting the state 1 into a state 3. The overall scheme is displayed in Figure S5.

K K

3‘—14'T2

21
Figure S5: Model mechanism accounting for the behaviour of a photoswitchable fluorescent probe irreversibly

yielding a bleached state upon illuminating. The arrows and the associated rate constants refer to the exchange
processes. See Text.

Relying on the mechanism displayed in Figure S5, we write Eqs.(65-67) to describe the concentration

evolutions:
dl
pril (k12 + k13) 1 + k212 (65)
d2
— = k9l — ko912 66
7 12 21 (66)
d3
— = ky3l. 67
7 13 (67)

Eqgs.(65-67) differ from Eqs.(2-3). Thus bleaching is expected to affect the expressions (17,18) as well as
the resonance conditions (22,23) obtained with the two state model. More precisely, bleaching will affect the

overall concentration in states 1 and 2, previously denoted P;,;. From Eqs.(65-67), one can derive

3 dPu

dt dt

= kisl. (68)

Now specifically addressing the case of light modulation of weak amplitude, Eq.(68) is solved at first order of
the perturbation.

To evaluate the corresponding perturbation, we assume the rate constant k13 to be notably much smaller than
the other rate constants.” Then the relaxation time 715 = 1 / (k12 + k21) associated to light-driven exchange
between the states 1 and 2 is much smaller than the relaxation time 713 = 1/k;3 associated to bleaching. We
eventually solve Eqs.(65-67) in the regime of intermediate times given by 712 < ¢ < 713. We adopt a sinu-
soidal light modulation of weak amplitude (Eq.(11)). The resonance conditions are expected to be only weakly
affected by the contribution of bleaching in the considered kinetic regime (vide infra). As a consequence, one

expects w ~ 2/75,.

"In fact, any other situation would suggest that the photoswitchable fluorescent probe cannot sustain more than one photoswitching
cycle, which would make the choice of the corresponding probe irrelevant in the present context.
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The rate constant associated to photobleaching can be written
ki3(t) = kY5 [1+ esin (wt)] (69)

Moreover, since P, varies only slowly at the time scale of the light modulation, we adopt the expressions
(16,7,17,18) to control the instantaneous concentration of 1.
From Eq.(68), one can extract

Pt 1 k‘o AKO 1 AKO 0
ot () 1_ B P P31 12 5 | ecos (wt) + P21 b 712 € sin (wt) | (70)
Ptot(o) 1 + K12 w 1 + K12 1 —+ (wT{)Q) 1 + K12 1 + (WT?Q)

where we linearized the exponential temporal dependence of P,;;.
The resulting expression of Py, (t) was subsequently used to calculate at first order the iterated amplitude
of the out-of-phase term of the concentration in 1 using Eqs.(16,7,17,18). Considering that k(l)3 /w is a vanishing

term, we extracted

0 0
plout — _glout _ A K7y W12

T4 KY) 1+ (wrh)

k,()
Poot(0) |1 — —23 _¢] . 71
2“()[ 1+K?2] 7y

Thus the existence of bleaching is not expected to significantly complicate nor the acquisition nor the anal-
ysis of experimental data to extract OPIOM images. Eq.(71) first demonstrates that the resonance conditions
given in Eqgs.(22,23) are still relevant at first order of the perturbation. Eq.(71) also shows that, before analyzing
the temporal evolution of the fluorescence signal to extract the OPIOM image with the two-state model, one
has just to correct from the linear bleaching contribution, which can be easily evaluated from computing the

drop of the fluorescence signal averaged over successive periods of light modulation (vide infra).
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Supplementary text 4: Determination of the Kkinetic parameters through light
jump experiments

Dronpa-2/3 solutions (1 ;M) were illuminated at 480 nm at various light intensities I°, while fluorescence
emission was recorded at 515 nm. The photoswitching relaxation rate constant (o12 + 021)f 04 I{:QA1 was
obtained by fitting the temporal evolution of the normalised fluorescence emission intensity with the equation
(9) (see Figure Sé6a,c). By repeating this experiments at various light intensities, we could determine the sum

(012 + 021) by plotting (012 + 021)I° + K5} in function of I° (see Figure S6b,d).
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Figure S6: Photoisomerization kinetics of Dronpa-2 (a,b) and Dronpa-3 (c,d). (a,c) Temporal evolution of the
normalized fluorescence emission at 515 nm of Dronpa-2/3 solutions (1 M) upon illumination at 480 nm (light
intensity 1.3x 1074 ein.s!.m~2). Exponential fit with Eq.(9) gave the relaxation rate constant (o2 + o21)I° +
kQAl; (b,d) Dependence of the relaxation rate constant (o12 + 01)1 04 kQAl associated to the fluorescence decay
in function of the light intensity [ 0 . Linear fit enabled to extract oo + 097 from the slope. Experiments were
performed at 37 ° C in pH 8.0 Tris buffer.

For determining the thermal resetting rate constant k‘QAl, solutions of Dronpa-2/3 (1 pM) were first illumi-
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nated at 480 nm in order to reach the photostationary state, then the light was switched off and the solutions
were left in the dark for various times. To extract a point associated with a given time in Figure S7, we recorded
the whole temporal evolution of the fluorescence signal at 515 nm at high frequency (10 Hz) and extrapolated
its value at initial time. The value of the extrapolated fluorescence emission intensity at 515 nm was recorded at
various times. k4] was obtained by fitting the temporal evolution of the fluorescence recovery with the equation

(10) (Figure S7a,b). The results are given in Table S1.
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Figure S7: Thermal resetting of photoisomerized Dronpa-2 (a) and Dronpa-3 (b). Dronpa-2/3 solutions (1 ¢M)
were first illuminated at 480 nm to reach the photostationary state and then left in the dark for various times.
The graphs show the normalized fluorescence emission at 515 nm upon illumination at 480 nm after various
times of recovery under dark conditions. Exponential fit with Eq.(10) gave the thermal resetting rate constant
kQAl. Experiments were performed at 37 ° C in pH 8.0 Tris buffer.

Table S1: Kinetic parameters of Dronpa-2 and Dronpa-3 at 37 * C and Dronpa-3 at 20 ° C in pH 8.0 Tris buffer
and resonance conditions for optimal out-of-phase response.

Kinetic parameters Resonance conditions
"C 019 + 021 (m2.mol™ 1) k?l (s™hH I9 (Ein- m2-s7!) w(rads™h)
Dronpa-2 37 15745 (1.50 £ 0.05) x 102 9.6 x 107 2.9 x 1072
Dronpa-3 37 2143 0.17£0.01 8.1x 1073 0.34
Dronpa-3 20 211 (2.3240.03) x 1072 1.1x 1073 4.5 x 1072

Our results are in line with estimates from the literature. From the data reported in Ando et al 2007,[2]
we extracted 280 and 29 m?mol ! for the values of 012 + 021 (Nege = 484 nm, pH 7.4) for Dronpa-2 and
Dronpa-3 respectively. From the data reported in Stiel et al 2007, we extracted 360 m?mol~! and 0.03 s~*

for the values of 019 4+ 021 (Aeze = 488 nm) and kQAl for Dronpa-2.
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Supplementary text 5: Determination of the Kinetic parameters through light
modulation experiments

Since OPIOM relies on matching light modulation with the rate constants of the targeted photoswitchable
fluorophore, we additionally performed a series of relaxation experiments using light modulation to extract
the kinetic parameters of Dronpa-2 and check their consistency with the data obtained with the light jump
protocol. Hence we submitted a solution of Dronpa-2 (1 ;M) to a sinusoidally periodic 480 nm light modula-

tion of weak amplitude (approximately 10%) around the average light intensity /° = 1 x 10~ ein- m~2-

s~! at 310 K. Upon monitoring excitation intensity, we simultaneously acquired fluorescence emission at
515 nm (see Figure S8a,b). The excitation data were analyzed by a sinusoidal fit to acquire reference val-

ues for the amplitude and the phase of light oscillation. Fluorescence emission Ir(t) was subsequently ana-

_ IntbH Je—Int? and aLOUt _ Intlout /e

lyzed by means of Egs.(29-31) to extract o™ o s

. The same experi-
ment and data analyses were reproduced at various angular frequencies w (see Figure S8c,d). The relaxation
time associated with Dronpa-2 photoisomerization, 77, was then extracted from analyzing the frequency de-
pendence of o™ and a'*°"* with the theoretical expressions a'''® = (Q — Qo) 11/ (Q1 10 + QQQO) and
about = (Q — Qg) 110Ut/ (Q1 19 4 Q220), which frequency dependence could be derived from Eqgs.(17, 18).

The analysis gave respectively {5 = 26 s and 7, = 31 s, which was in good agreement with the value 7%, = 33

s obtained from the kinetic parameters of Table S1.
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Figure S8: Extraction of the photoisomerization relaxation time of Dronpa-2 from analyzing the fluorescence
response at 515 nm of a solution of Dronpa-2 (1 uM) to a sinusoidally periodic 480 nm light modulation of
weak amplitude (approximately 10%) around the average light intensity I = 1 x 10~* Ein- m~2- s~!. a-b:
Normalized intensity of light excitation (disks and solid line) and fluorescence emission (circles and dotted line)
at two angular frequencies w = 6.28 mrad.s~' (a) and 6.28 rad.s~! (b). Markers : experimental points; lines :
sinusoidal fits; c—d: The graphs show the dependence of the amplitudes of the normalized in- and out-of-phase
modulation terms of the fluorescence emission, (a) '™ and (b) o"°", on the angular frequency w. Markers
: experimental points; lines : fits yielding 7, = 26 s and 31 s respectively. Solvent: pH 8.0 Tris buffer; T =
37°C.
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Supplementary text 6: Imaging protocols

Video acquisition In the subsequent imaging experiments, we recorded movies over an integer number of
periods of light modulation (in general 4m 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. 19, the fluorescence emission at pixel (x,y) of the k" frame is equal to

Tr(ook) = 13 ) + 1) sin (U 4 6y ) 4 11 cos (STt o) D

In Eq.(72), the phase lag ¢4 reflects the fact that the present setup does not allow us to precisely phase CCD
recording and light modulation. However ¢, can be easily calibrated by using the fluorescence emission from
an instantaneously responding fluorophore (e.g. Fluorescein). Acquisition in quadrature was subsequently

(8]-[12]

achieved through phase sensitive detection. The pre-OPIOM image corresponding to the average signal

over the whole movie, equal to I%(x, y), was first computed using Eq.(73)

8nm—1
nm— 1 2 :
<IF(x7y7k)>Z:T(r) ! = Snm IF(xvyvk)' (73)
k=0

Using Eq.(31), the k' frames I (z,vy, k) were next multiplied by cos (%’T + @acq) and averaged over the
whole duration of the movie to give rise to the OPIOM image :
8nm—1

I#out(x’ y) 1 Z |:(IF(I7 Y, k)) X €Os <kj[:r + ¢acq):| (74)

~ dnm
k=0

In the presence of photobleaching of the probe, image analysis has to be modified to correct from bleaching
(see supplementary text 3). Assuming a linear decay of the fluorescence signal due to photobleaching, the

recorded emission signal at pixel (x,y) of the k" frame I (z,y, k) was written using Eq.(72)
I}“?aw(x’y’k> :IF(xvyv k)_'—B(I)y) X k. (75)

B(xz,y) was calculated from the average signals (17 (z, y, k))i’:gil and (177 (z,y, k)}izzgnll computed

over the first and last 2m periods

(I (2, y, b))y L — (150 (2, y, K)ot

B _ k=4nm 76
(z,y) p— (76)
Then, all frames were corrected for photobleaching using :

I (2, y, k) = 15" (2, y, k) — B(z,y) x k. (a7

I (2, y, k) was subsequently processed as I (x,y, k) above to extract the OPIOM image.
In Appendix A at the end of the Supporting Information, we provide the Matlab code, which we used to

compute 15" (x,y) (OPIOM image) for our imaging experiments.
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Microdevice imaging This series of experiments has been performed upon applying a sinusoidal light mod-
ulation of small amplitude.

To correct from inhomogeneities in the spatially dependent photon collection yield as well as to access
quantitative information, the images Ir(x, y,t) acquired during this series of experiments were first corrected
from the background and then divided by a reference image I%r . f(:r, y) recorded with a solution of a fluo-
rescent non photochromic compound (Fluorescein) under the same but constant illumination to yield a movie

IFcor(x,y,t). Then we relied on Eqs.(73-77) to extract the images sought for.

0

cor the corrected

Upon averaging I o (x,y,t) over the 512 recorded images, we thus derived from Int

value of the average fluorescence intensity I% The whole image I% cor (T, y) was eventually normalized by

cor*

its largest value to obtain the corrected normalized fluorescence emission I% norm (> y) corresponding to the
pre-OPIOM image.

Adopting a reference pixel in the chamber containing only Fluorescein to extract both the amplitude ¢ and

,0U

the phase ¢ (which was arbitrarily fixed to zero) of the light modulation, we computed [ nted™ calculated from

1,out
I F,cor

1,out

cor (T, y) was finally normalized by its

Ircor(x,y,t) over 8 periods to yield (z,y). The whole image T

Il,out

Foorm (&5 1) corresponding to the

largest value to obtain the normalized out-of-phase fluorescence emission
OPIOM image.
Quantitative analysis of the information contained in the I%norm(x, y) and the I;ﬂ:f;gim(m, y) maps to ex-

tract the concentrations P, .;;0n @nd I%tt?«iim was eventually performed as follows. The signal arising from
the calibration chamber (containing a known concentration of species to be titrated) was first averaged over
a square of 60 pixel x 60 pixel (corresponding to the size of the chamber) to extract (I%norm(a:, y)) and

<I;{f$m(a§, y)). Using these two values, we then determined the proportionality factor A, s (tesp. Ai’e‘}m)

1
hi ,out

. . 0 .
Fymrm(z)), to the corresponding P;),,..1ion (%)

linking the observed signal in any chamber i, I%,n orm (@) (resp.

(resp. P2 (i)). Eventually, by dividing the observed signal in each chamber i I P norm (1) (tesp. T ;,fzgjm (i)

by the proportionality factor AJ, . (resp. Ai’e(}m), we retrieved P, .rion (Tesp. PO .

Cell imaging and zebrafish embryo imaging with epifluorescence microscopy This series of experiments
has been performed upon applying a sinusoidal light modulation of large amplitude (90%). Since we did not
attempt to be quantitative for analysis, a simpler imaging protocol was adopted than with the microdevice.
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). 512 frames (8 periods of 20 s) were recorded
using a Luca-R CCD camera (Andor Technology) at 3.2 Hz (0.3125 s for image cycle time) with 0.3116
s exposure time. A fixed phase delay ¢,.; between the dates of camera recording and light excitation was
observed (due to the exposure time and the triggering of the camera). This phase delay was calibrated using
the microfluidic device described previously filled with Fluorescein: the temporal evolution of fluorescence
emission of Fluorescein was fitted with A[1+a sin(wt+¢acq)] to extract the value of ¢,.q. Otherwise indicated,

the temporal dependence of the fluorescence intensity I (x,y,t) of each image pixel was analyzed over 8
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periods with Egs.(73-77) to provide the J§(z,y) (pre-OPIOM) and the 3%’“”{(:1;7 y) (OPIOM) images.

Embryo imaging with Single Plane Illumination Microscopy (SPIM) In this series of experiments, trig-
gering of the camera acquisition was again synchronized with the onset of the square wave excitation light
(using the option “External start” in the Solis software, Andor Technology) and 512 images corresponding to 8
periods of 140 s were recorded using an iXonEM+ 897 EMCCD camera (Andor Technology) operated at 0.46
Hz (2.1875 s for image cycle time) with 2.187 s exposure time. The temporal dependence of the fluorescence
intensity /p(z,y,t) of each image pixel was subsequently analyzed with Eqs.(73-77) to provide the J%(z,y)
(pre-OPIOM) and the 7%"““(377 y) (OPIOM) images.

Image filtering To reduce noise, the processed images have been subsequently filtered upon applying a 3

pixels x 3 pixels median filter.

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

Il,out

Xtarget /interf @ssociated to OPIOM image processing was calculated from the signals I%target, Ftarget’

I%,inter £ I}L{?:ﬁer f originating from areas containing the targeted photoswitchable fluorophore (Dronpa-2 or

Dronpa-3) and the interfering fluorophore (Fluorescein, Dronpa-2, or Dronpa-3 depending on the experiments

in the microfluidic device)

[l,out
F,target
Il,out

o Fiinterf
Xtarget/interf = 70 . (78)
F.target

0
IF,intcrf

1
T ;out

. . . . 0 1,out 0
In the case of microdevice imaging, I 1 1 Fointer

\target® * Fitarget® * Fyinterf and

7 were extracted from signal inte-

gration over the chambers containing the targeted or the interfering species.
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Supplementary Figures
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Figure S9: Absorption (a) and normalized emission (b; A¢;. = 480 nm) spectra of Fluorescein (2.5 M, solid
line), Dronpa 2 (2.5 M, dashed line), and Dronpa 3 (3.8 M, dotted line). Solvent: pH 6.8 MES buffer; T =
25°C.

177



4.3. SUPPORTING INFORMATION

_——— Sample on thermostated stage

Zeiss 10 X or Leica 63X
332207 ® . F480-40 - ‘
Ledil-LR1-RS \ IR/ Di-524-628
A A E
v 3
LEDD1B PBO01 f=50 mm Y7 f=200 mm
A
i Luca-R
BB1-E02 v

Figure S10: Epifluorescence setup and PDMS Imaging device.
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Figure S11: Quantitative imaging of Dronpa-2. (a) A microfluidic device with four square chambers
(400x400x20 pm3) was filled with solutions of Dronpa-2 or fluorescein as described on the scheme (the
numbers indicate the concentrations in ¢M). The images correspond to the pre-OPIOM and OPIOM images
resulting from imaging the microfluidic device at 525 nm under sinusoidal light modulation of small amplitude
tuned to the resonance of Dronpa-2 (Aezc; 105 w; a) = (480 nm; 1 x 10~4 Ein- m~2- s~1; 31.4 mrad.s~!; 10%).
(b,c) Normalized average value, (I3, ,,,,,), and normalized amplitude of the out-of-phase response, <I};?$nm>
in function of the total concentration P;,; = [Dronpa-2];.; of Dronpa-2. Experiments were performed at 37 ° C
in pH 6.8 MES buffer.
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Figure S12: Theoretical computation of the out-of-phase first order response of Dronpa-2 (bold) and Dronpa-3
(unbolded) submitted to light harmonic forcing of small amplitude. The normalized amplitude of the out-of-
phase oscillations in 1 concentration, |A1%% |, is plotted versus the light flux I° (in ein-s~!-m~2) and the
radial frequency w (in rad.s~!). See Eqs.(17,18). We used Dronpa-2: 013 = 73 m%.mol ™!, o9; = 84 m?>.mol !,
k5 = 1.5 x 1072 s71; Dronpa-3: 12 = 9.7 m%2.mol™!, o1 = 11.3 m2mol ™!, k5 = 1.7 x 107! s~L. The
markers correspond to isodensity curves : 0.01 (dot dashed), 0.03 (dot) and 0.05 (dashed).
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Figure S13: Imaging of fixed HEK293 cells expressing either (a) membrane-localised EGFP or (b) nuclear
Dronpa-3. Pre-OPIOM and OPIOM images result from analyzing a movie recorded at 525 nm under sinusoidal

light modulation of large amplitude tuned on the resonance of Dronpa-3 (D3) (Aeze;

10 w: «) = (480 nm;

8.1 x 1073 Ein- m~2- s~!; 314 mrad.s~!; 90%). Experiments were performed at 37 ° C. Scale bars represent

50 pm.
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Figure S14: Selective imaging of Dronpa-3 in live HEK293 cells co-expressing nuclear Dronpa-3 and
membrane-localized EGFP. Pre-OPIOM (a) and OPIOM (b-e) images result from analyzing a movie recorded
at 525 nm over 1 (b), 2 (¢), 4 (d), or 8 (e) periods T' = 27 /w under sinusoidal light modulation of large am-
plitude tuned on the resonance of Dronpa-3 (D3) (Aeze; 19 w; ) = (480 nm; 8.1 x 1072 Ein- m—2. s71; 314
mrad.s~'; 90%). Experiments were performed at 37 ° C. Scale bars represent 50 pm.
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Figure S15: Light sheet setup .
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Figure S16: Selective single plane illumination microscope (SPIM) imaging of Dronpa-3 in zebrafish embryo
co-expressing Lifeact-Dronpa-3 and GFP-NLS. The figures b correspond to the pre-OPIOM and OPIOM im-
ages of the tail of a 24 hpf zebrafish embryo under square wave modulation of large amplitude tuned on the
resonance of Dronpa-3 (D3) at 20 ° C (Aexe; 195 w; ) = (480 nm; 3.1 x 1073Ein- m~2- s71; 44.9 mrad.s~!;
96%). As a control experiment, the figures a recorded under the same conditions correspond to the pre-OPIOM
and OPIOM images of a zebrafish embryo expressing GFP-NLS only. The dashed rectangles indicates the zone
illuminated by the thinnest part of the light sheet. Experiments were performed at 20 ° C. Scale bars represent
50 pm.
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A Matlab code for OPIOM imaging

function [IFO0,IFlout,IFloutmed]=opiom(filename,period,phi_acqg,timePoints,
nframesperperiod)

% Computes pre-OPIOM (IF0), OPIOM (IFlout) and OPIOM

% median-filtered (IFloutmed) images from ascii-formated file

% Eight periods are acquired with 64 frames per period (512 frames)

% "period’ is the period of the light excitation

% "phi_acqg’ is the phase delay between the dates of camera recording

o\°

and light excitation previously calibrated with fluorescein
% ’'timePoints’ is the total number of frames
% Calculate the angular frequency w
w=2+*pi/period;
% Produces temporal base over 8 periods
time=zeros (timePoints, 1) ;
for i=l:timePoints
time (1)=(i-1) *xperiod/nframesperperiod;
end
%$%%%%% Produces a 3D-array containing the whole movie%$%$%%%%
for i=l:timePoints

M=dlmread([filename sprintf (’'%04d.asc’,1i)]);

o\°

Obtain image dimensions that will be used for the rest of the program

\O

> from the first image
if i==
[rows, columns]=size (M) ;
Holder=zeros (rows, columns, timePoints) ;
end
Holder(:,:,i)=M(l:rows, l:columns) ;
clearvars M;

end

%$%%%%% Photobleaching correction assuming a linear decay$%$%%%%%
% Calculate the average signal over the first four periods
linePointl=mean (Holder (:, :,1: ((timePoints)/2)), 3);

%$Calculate the average signal over the last four periods
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linePoint2=mean (Holder (:, :, ((timePoints) /2+1) :end), 3);

% Calculate the slope B(x,y) (See Eqg. 75)

slope=(linePoint2-1linePointl) / (time (timePoints/2));

%$Correction for photobleaching

for i=l:timePoints
Holder(:,:,i)=(Holder(:,:,1)-slope.xtime (1)) ;

end

%$%%%%% Data processing %%%%%%
% Compute pre-OPIOM image
meanMatrix=mean (Holder, 3) ;

[o)

IF0=meanMatrix; % pre—-OPIOM image

% Compute OPIOM image

for i=l:timePoints

Holder (:,:,1)=(Holder(:,:,1)) .*cos (wrxtime (1) +phi_acq);
end

IFlout=2+mean (Holder,3); % OPIOM image

% Compute the OPIOM median-filtered image
IFloutmed=medfilt2 (IFlout, [3,3]);

% Plot images

figure; imagesc (IF0) ;colormap (' gray’);colorbar;

figure; imagesc (IFlout) ;colormap (' gray’) ;colorbar;

figure;imagesc (IFloutmed) ;colormap (' gray’) ;colorbar;
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Chapter 5

Out-of-phase imaging after optical

modulation with two colors

5.1 Introduction

The OPIOM protocol enables to detect selectively and quantitatively a targeted photo-
switchable probe in a complex mixture containing other interfering compounds, photo-
switchable or not. In addition, it is straightforward to implement and compatible with many
microscope facilities. In spite of all these advantages, the temporal resolution of OPIOM is
limited by the thermal return rate constant of the employed RSFP (see the resonance condi-
tion 4.2). Currently, we need at least ~20 s to record an OPIOM image with the fastest variant
of Dronpa (largest szl). Such a temporal resolution is not sufficient to analyse dynamic bio-

logical phenomena!’!

such as phosphorylation (second timescale), tracking of biomolecules
(subsecond-second timescale) and translocation (a few minutes). To reduce the acquisition
time of OPIOM, two strategies can be considered.

First, we could follow the same approach used to generate the variants of Dronpa. By
mutating the Dronpa sequence, we could hope to select new variants exhibiting a larger ther-
mal ressetting rate constant (~1 s~! or more). Furthermore, increasing szl would enable not
only to reduce the acquisition time but also to improve the signal-to-noise ratio since the
resonant light intensity is proportional to the thermal rate constant (see the resonance con-
dition 4.1). However, this approach remains time-consuming and uncertain : in addition to
a large szl, the mutants need to be bright enough and to have an effective photoswitching.
Furthermore, the OPIOM theory relies on photoswitchable probes whose behavior upon il-
lumination can be described accurately with a two-state dynamic model. Thus, among all
the selected mutants, only the ones that satisfy this last criterion could be used.

As already mentioned, the photoactivation of the OFF state of Dronpa-2 and Dronpa-3
(see chapter 4) with violet light accelerates the back reaction from the OFF to the ON state.
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5.2. Two-CcOLOR OPIOM

Combining these two colors can strongly reduce the relaxation time associated to the pho-
toswitching and conversely increase the resonant radial frequency of light modulation. Re-
lying on the same principle developed for OPIOM, we implemented a selective fluorescence
imaging protocol using two light sources. This approach was dubbed Two-color OPIOM and

is described below.

5.2 Two-color OPIOM

5.2.1 Principle

The principle of our strategy and the analysis that enables selective detection is the same
as the one discussed in the chapter 4 (see subsection 5.3.1). We consider a photoswitchable
fluorophore P illuminated with two light sources at wavelength A; and A, which exhibits
two states of different brightnesses : state 1, which is thermodynamically stable and state 2,

which is generated upon illumination.

klz_(\ t)

= (5.1)
ko1 (2)

P is characterized by the quintuplet of parameters (12,1, 021,1, 12,2, 0212, szl) where 012 ;
and o0;,; are the molecular action cross-sections of the forward and backward photochemi-
cal processes at 1;, and sz1 is the rate constant of the thermal resetting. The discrimination
results from employing a modulated light excitation at the wavelength 1, (average intensity
: If , angular frequency w, modulation amplitude «) and a constant light intensity Ig at the
wavelength A,. Since we want to reach the largest angular frequency at resonance, we focus
on aregime of intensities (I7, I;) where we can neglect the thermal return rate constant com-
pared to the ones of the backward photochemical reaction. Like in one-color OPIOM, the
modulated light source forces the concentrations of the states 1 and 2 to oscillate at the an-
gular frequency w with an in- and an out-of-phase contributions whereas the constant light
source accelerates the backward photoswitching kinetics. The amplitudes of the two oscil-
lating terms depend on the four parameters 0121, 021,1, 0122 and 02 2. As demonstrated
in the subsection 5.3.1, the out-of-phase first order term of the concentration response can
be maximized when the illumination conditions (19, Ig, w) match the following simple reso-

nance conditions (see Figure 5.8) :

I_? 012210212 (5.2)
n 012,1+021,1 .
w = 2(0’12,1 +0'21,1) I? (5.3)
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5.2.2 Determination of the photochemical parameters

To validate two-color OPIOM experimentally, we used again Dronpa-2 and Dronpa-3/3.
The resonance conditions are calculated from the sum o121 + 21,1 and 0122 + 0212 for the
cis-to-trans and trans-to-cis photoisomerization action cross-sections. The 012,480 + 021,480
values at 37°C had been already measured (see chapter 4). We found (157 + 5) and (21 +
3) m?- mol™! for Dronpa-2 and Dronpa-3, respectively.1”? To determine the 012 405 + 021 405
values at 37°C, Dronpa-2 and Dronpa-3 were submitted to a series of light jump experiments
combining two light sources. Dronpa-2/3 solutions (1 uM) were first illuminated at 480 nm
(constant light intensity). Once the photosteady state was reached, the 405 nm light source
was additionally switched on, while recording fluorescence emission at 515 nm. Back pho-
toconversion of Dronpa-2 and Dronpa-3 revealed mono-exponential relaxation of the fluo-
rescence signal (see Figure 5.1a,c), meaning that they both satisfied the two-state dynamic
model upon double illumination. By repeating this experiment at various light intensities Ig
(but constant If), the 012,405 + 021 405 value was extracted from the dependence of the relax-
ation time associated with the photoconversion of P upon irradiation on light intensity Ig
(see Figure 5.1b,d): at 37°C, we found (1139 + 31) and (509 + 44) m?- mol~! for Dronpa-2 and

Dronpa-3, respectively. The results are summarized in Table 5.1.

012,4801021,480 012,4051021,405 szl
(m?-mol™1) (m?-mol™!) s™h
Dronpa-2 157 +5 1139 +31  (1.50+0.05) x 1072
Dronpa-3 21+3 509 + 44 0.17 £ 0.01

Table 5.1: Kinetic parameters of Dronpa-2 and Dronpa-3 at 37 °C. pH 6.8 MES buffer.

[lOther characterizations are currently performed with the two RSFPs Padron !3? and rsFastLime.!?® They

will be soon employed for applications in imaging of the two-color OPIOM approach.
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Figure 5.1: Photoisomerization kinetics of Dronpa-2 (a,b) and Dronpa-3 (c,d). (a,c) Temporal evo-
lution of the normalized fluorescence emission at 515 nm of Dronpa-2/3 solutions (1 M) upon il-
lumination at 480 nm (1? =4.7x107% ein.s71.m2 (a) or 6.1x107° ein.s"1.m2 (c)) and 405 nm (I% =
1.1x107* ein.s~!.m™2 (a) or 6.3x107* ein.s"'.m?(c)). The 405 nm light is turned on at the onset of
the rise of the fluorescence emission. Exponential fit of the corresponding rise yields the relaxation
rate constant (012,480 + 021,480) I + (012,405 + 021,405) I3 + k5y; (b,d) Dependence of the relaxation rate
constant (012,480 +021,480) I ? + (012,405 +021,405) Ig + szl associated to the fluorescence recovery in func-
tion of the light intensity Ig . Linear fit enables to extract 012,405 + 021,405 from the slope. T =37°C in
pH 6.8 Mes buffer.

5.2.3 Application in imaging

To validate the two-color OPIOM approach, we performed similar experiments as the

ones introduced in the chapter 4. The results are presented in the following subsections.

5.2.3.1 Selective and quantitative imaging

To demonstrate two-color OPIOM experimentally, we used a microfluidic device com-
posed of four chambers containing solutions of Dronpa-2 at three different concentrations.
The fourth chamber was filled with fluorescein, which is a non-photoactive fluorophore
that emits in the Dronpa-2 wavelength range but characteristically responds in-phase to the

light modulation. The device was imaged using a home-built epifluorescence microscope
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5.2. Two-CcOLOR OPIOM

equipped with two light emitting diodes (LEDs; see Figure 5.10), whose intensities, radial
frequency, and phase are easily controlled by driving electrical current. The illumination
conditions were tuned to the Dronpa-2 resonance conditions. For this purpose, we chose to
modulate the 480 nm LED and keep constant the 405 nm LED. Two separate sets of images
were collected : one corresponding to the average fluorescence intensity (hereafter called
pre-OPIOM image) and a second corresponding to the processed two-color OPIOM image
(see subsection 5.3.2 and Figure 5.2). Dronpa-2 fluorescence emission could be detected in
both pre-OPIOM and two-color OPIOM images. In contrast, as expected from the absence
of an out-of-phase contribution in its fluorescence emission, fluorescein only gave a sig-
nal on the pre-OPIOM image, thus demonstrating the expected selective two-color OPIOM
imaging. Furthermore the three chambers with Dronpa-2 showed relative intensities directly
reflecting their concentration (see Figure 5.2d,e), which confirms the theoretical prediction

that two-color OPIOM signal is proportional to the probe concentration.
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Figure 5.2: Quantitative imaging of Dronpa-2. (a—c) A microfluidic device with four square chambers
(400x400x20 um?) was filled with solutions of Dronpa-2 or fluorescein as described on the scheme
(the numbers indicate the concentrations in uM). Pre-OPIOM (b) and two-color OPIOM (c) images
result from imaging the microfluidic device with a 10 x objective at 525 nm under sinusoidal light
modulation tuned to the resonance of Dronpa-2 (1;; I?; w; @) = (480 nm; 9.3 x 10~% Ein- m~2-s71; 0.29
rad.s™'; 90%), (A2; I9) = (405 nm; 1.3x10~* Ein- m~2-s71); (d,e) Average value, (I3), and average ampli-
tude of the out-of-phase response, (I}?’O“t), in function of the total concentration P;,; = [Dronpa-2];,;
of Dronpa-2. T =37°C; pH 6.8 MES buffer.
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5.2. Two-CcOLOR OPIOM

We confirmed this feature by mixing Dronpa-2 and fluorescein in various ratios so that
the resulting mixtures gave similar fluorescence intensities on the pre-OPIOM image (Fig-
ure 5.3b). The excess fluorescein prevented estimation of the Dronpa-2 concentrations from
the pre-OPIOM image, but the associated two-color OPIOM image suppressed the contribu-
tions from fluorescein (Figure 5.3c) and enabled us to accurately quantify the concentrations
of Dronpa-2 in the fluorescein/Dronpa-2 mixtures by using the well containing only Dronpa-
2 for concentration calibration (Figure 5.3d). This result demonstrates the capacity of two-
color OPIOM to image Dronpa-2 quantitatively within a mixture containing non-photoactive
interfering fluorophores.
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Figure 5.3: Selective and quantitative imaging of Dronpa-2. (a—c¢) A microfluidic device with four
square chambers (400x400x20 umS) was filled with solutions of Dronpa-2 or fluorescein as de-
scribed on the scheme (the numbers indicate the concentrations in yM). Pre-OPIOM (b) and two-
color OPIOM (c) images result from imaging the microfluidic device with a 10 x objective at 525
nm under sinusoidal light modulation tuned to the resonance of Dronpa-2 (1;; I?; w; @) = (480 nm;
9.3x107* Ein- m™2-s71; 0.29 rad.s71; 90%), (A2; IS) = (405 nm; 1.3 x 10~ Ein- m~2- s71); (d) Titration of
Dronpa-2 ([Dronpa-2];;;) in Dronpa-2/Fluorescein mixtures calculated from the pre-OPIOM (circle)
and OPIOM (square) image. The line shows the expected Dronpa-2 concentrations ([Dronpa-2];.;).
T =37°C; pH 6.8 MES buffer.

We next tried to distinguish two photoswitchable fluorophores exhibiting similar fluores-
cence emission but different dynamic parameters, 012450 + 021,480 and 012,405 + 021 405. The
illumination was tuned to the resonance conditions of either Dronpa-2 or Dronpa-3 to se-

lectively image Dronpa-2 in presence of Dronpa-3 and vice versa (Figure 5.4). Applying two-
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5.2. Two-CcOLOR OPIOM

color OPIOM enabled us to observe the predominant response of the targeted probe even
though the contribution of the non-resonant species is not completely extinguished as ex-
pected from the rather small difference between the photochemical parameters of Dronpa-2
and Dronpa-3 (see Table 5.1).
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Figure 5.4: Selective and quantitative imaging of Dronpa-2 or Dronpa-3. A microfluidic device with

four square chambers (400x400x20 um3) was filled with solutions of Dronpa-2, Dronpa-3 or fluores-
cein as described on the scheme (a; the numbers indicate the concentrations in uM). The pre-OPIOM
(b,d) and two-color OPIOM (c,e) images result from imaging the microfluidic device with a 10 x ob-
jective at 525 nm under sinusoidal light modulation tuned to the resonance of either (b, ¢) Dronpa-2
(A1; IY; w; @) = (480 nm; 9.3 x 10™* Ein- m™2- s71; 0.29 rad.s™1; 90%), (A2; 1Y) = (405 nm; 1.3 x 10~* Ein-
m2-sYHor(d e Dronpa-3 (Ay; I?; w; a) = (480 nm; 8.1 x 1072 Ein- m2- s71; 3.4 rad.s™!; 90%), (A»;
I9) = (405 nm; 3.3 x 1073 Ein- m~2- s™!). T =37°C. pH 6.8 MES bulffer.

5.2.3.2 Selective imaging in cells

To test two-color OPIOM for selective imaging in mammalian cells, we imaged fixed

HEK293 cells co-expressing nuclear Dronpa-3 and membrane-localized EGFP using mod-
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ulated excitation tuned to Dronpa-3 resonance. Two-color OPIOM enabled removal of the
interfering EGFP signal and revealed only a Dronpa-3 signal (see Figure 5.5 and Figure 5.11

for control experiment).
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Figure 5.5: Selective imaging of Dronpa-3 in live HEK293 cells co-expressing nuclear Dronpa-3 and
membrane-localized EGFP. Pre-OPIOM (a) and two-color OPIOM (b) images result from analyzing
a movie recorded with a 63 x objective at 525 nm under sinusoidal light modulation tuned to the
resonance of Dronpa-3 (A;; IY; w; @) = (480 nm; 8.1 x 1072 Ein- m ™2 s7!; 3.41 rad.s™1; 90%), (A2; I9) =

(405 nm; 3.3 x 1073 Ein- m~2-s71). T=37°C.

In the previous experiment, the period at resonance was fixed to 1.84 s. We then tried
to reach an even better temporal resolution. The frequency at resonance is proportional to
the sum 0121 +021,1 Or 0122 + 02 2 for the cis-to-trans and trans-to-cis photoisomerization
action cross-sections respectively at A; or A, (see Eq. 5.3). As a consequence, for the same
light intensity, the more effective the photoswitching, the larger the frequency at resonance.
Thus we chose to employ Dronpa-2 which exhibits larger values of action cross-sections than
Dronpa-3. We imaged fixed HEK293 cells co-expressing nuclear Dronpa-2 and membrane-
localized EGFP using modulated excitation tuned to Dronpa-2 resonance. Two-color OPIOM
efficiently eliminated the EGFP interfering signal and revealed only the signal of Dronpa-
2 (see Figure 5.6 and Figure 5.12 for control experiment). With the employed illumination
conditions, we were able to reach a period at resonance of 200 ms. This temporal resolution

is adapted for dynamic studies of biological processes.
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Figure 5.6: Selective imaging of Dronpa-2 in live HEK293 cells co-expressing nuclear Dronpa-2 and

membrane-localized EGFP. Pre-OPIOM (a,c) and two-color OPIOM (b,d) images result from analyzing
a movie recorded with a 63 x objective at 525 nm under sinusoidal light modulation tuned to the
resonance of Dronpa-2 (A;; IY; w; a) = (480 nm; 1 x 107! Ein- m™%- s71; 31.4 rad.s™1; 90%), (A2; IJ) =

(405 nm; 1.4 x 1072 Ein- m2- s71). T=37°C.

5.2.3.3 Selective imaging in multicellular organisms

Finally, two-color OPIOM was tested for selective imaging in multicellular organisms.
We used again zebrafish embryo as a model organism. We injected zebrafish with Lifeact-
Dronpa-3 mRNAs for actin targeting and imaged them 24 hours post-fertilization. Two-color
OPIOM canceled out the yolk autofluorescence and selectively visualized Lifeact-Dronpa-3

in the embryo’s head (Figure 5.7).
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O

Figure 5.7: Selective imaging of Dronpa-3 in zebrafish embryos expressing Dronpa-3 Lifeact. Pre-
OPIOM (a) and two-color OPIOM (b) images result from analyzing a movie recorded with a 10 x ob-
jective at 525 nm under sinusoidal light modulation tuned to the resonance of Dronpa-3 (1;; I ?; w; a)
= (480 nm; 8.1 x 1072 Ein- m™%- s71; 3.41 rad.s™1; 90%), (A2; I3) = (405 nm; 3.3 x 1073 Ein- m™2-s71). T
=37°C.

5.2.4 Conclusion

Like one-color OPIOM, two-color OPIOM allows us for selective and quantitative imag-
ing of photoswitchable fluorescent probes. In particular, we strongly improved the temporal
resolution of the OPIOM protocol by employing two light sources to drive the photoswitch-
ing. We reached a frequency at resonance of 5 Hz which is relevant for studying in real-time

most of dynamic biological processes.
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5.3 Supporting information

5.3.1 Supplementary text 1: Photoswitchable fluorophore responses to il-

luminations
5.3.1.1 The model

The dynamic behavior of a photoswitchable probe P illuminated with a light of intensity
I(t) involving two components I; () and I»(¢) at wavelengths A, and A, can be described by
the two-state exchange (5.4)

k12(9)
1 = 2 (5.4)
k21(8)
where the thermodynamically most stable state 1 is photochemically converted to the ther-
modynamically less stable state 2 at rate constant ky2(f) = 012,111 () + 012,21>(f) from which
it can relax back to the initial state 1 either by a photochemically- or a thermally-driven pro-
cess atrate constant k1 (£) = 021,111 (£) + 021212 (8) + szl where 012,111(1), 012212(8), 02111 (1),
021,21>(2), and szl are respectively the photochemical and the thermal contributions of the
rate constant. In that case, the molecular action cross-sections for photoisomerization o3 ;
and o071 (at A1), 0122 and o232 (at A;), and the thermal rate constant ICZA1 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 (5.4) to

write Egs.(5.5-5.6) describing the concentration evolutions:

dl
i —k12(8) 1+ ko1 (1) 2 (5.5)
a2
e k12(2) 1= ko1 (1) 2. (5.6)

5.3.1.2 Response to light jumps

When the system is submitted to a constant illumination defined by the intensity 1(¢) =

1)+ 19 = I° the forward and backward rate constants become

k12(1) k)= 012110 + 012210 (5.7)

ko1 (2)

k.(2)1 :0'21_11?4-0'21,2[34—]6?1. (5.8)
The temporal evolution of the concentrations in 1 and 2 evolves as

t
2-20 = 10—1:—20exp(—T) (5.9)
T2
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where

R (5.10)
12 — 0 0 .
ki, + k3,

designates the relaxation time of the photoswitchable fluorophore and 1° and 2° the concen-

trations of 1 and 2 at the photostationnary state reached after T(I)Z

1

1° = p,,,-2"= Pirot (5.11)
0
1+I(12
where
kO
K, = & (5.12)
k21

and the total concentration in photoswitchable probe P, P;y; =1 +2.
The fluorescence emission Ir(t) results then from the individual contributions of the

species 1 and 2, and can be written
Ip(t) = (Q11+Q22) I(¥) (5.13)

where Q; and Q, are the molecular brightnesses of 1 and 2. From Eq.(5.9), one subsequently

derives

KO
Ip(t)  _ 1+(@_1) 12 (5.14)

Q1 Pyor 10 Q  J1+K°,

1 exp( t)
70

At infinite times, fluorescence emission asymptotically tends toward Ig = (Q11°+ Q22°) I°.

5.3.1.3 Response to sinusoidal light modulation of small amplitude

To illustrate the behavior of the system upon illumination with a periodically modulated
light, we consider a sinusoidally modulated illumination oscillating around the averaged
value I? at angular frequency w; and with a small amplitude EI? (¢ < 1) on which we su-

perpose a constant illumination Ig. Hence

I(t) = D [1 +esin(wd)] + L. (5.15)
After introducing
Ky, = owpal} (5.16)
k(Z)l,l = 0'21’11? (5.17)
Ky = O122I3 (5.18)
K, = 021,03 (5.19)
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we write

k12(1)
ko (1) = K3y [1+esin(@n]+ky; ,+ky), (5.21)

kiyq [1+esin(@n)] + kY, , (5.20)

and the system of differential equations governing the temporal evolution of the concentra-
tions in 1 and 2 is solved at the first-order expansion in the light perturbation. Beyond the
relaxation time 1(1’2, one enters into the forced and permanent regime where the concentra-

tion
i=i"+ei'sin(wt— 1) (5.22)

in each species i (i = 1 or 2) oscillates around a mean value i° (corresponding to the con-
centration of i at steady-state associated to the photon flux I°; see Eq.(5.11)) at the angular
frequency w but with a phase delay of ¢, = arctan (wt?,). The amplitudes of the concentra-

tion modulation are given in Eq.(5.23)

0 0 A0
ol = _ql= P12T1201 (5.23)
2
1+ (w79,)
where
pl, = K,1°=k)2° (5.24)
and
K0 K0
Ay, = 2 2L (5.25)
0 0 0 0 A
ki1 +kiny Koyt ky,+kyy

designate the steady-state rate of reaction (5.4) and the contributions of the photochemical
process by the modulated light to the transition from 1 to 2 or from 2 to 1 respectively upon
illuminating at I°.

The phase-delayed oscillating concentrations i can also be written

i()=i%+¢e|iY"sin (wb) + i"°“ cos (wi) (5.26)

where " sin (wt) and £i°*! cos (wt) are in-phase and out-of-phase (or quadrature-delayed)

oscillating terms at angular frequency w. The amplitudes i"#" jLout

and i of the in-phase and

out-of-phase oscillating terms are

: : 1 K}, 1
2V = I = Py T Ay = Ay — 3Pt (5:27)
+(wtd,) (1+KD,)" 1+ (079,
0 0 0
wT K wT
RhOME = MM = Ty ——— i = Ay S Pior (5:28)
+ (w79, (1+KD)" 1+ (wr),)
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0.0 _ 2
where we used that p%,7%, = Py, [K?z/ (1+KY) ]
Since the fluorescence emission results from the contributions of the species 1 and 2,
the phase delay within the oscillating concentrations leads to a phase delay of the oscillating

fluorescence emission. The phase-delayed oscillating fluorescence emission is therefore
Ir(®) = I9+I13"sin(b) + 17" cos (i) (5.29)

where the amplitude 1 11;" "and I }D’o”t of the in-phase and out-of-phase terms are

"= e|(Qu1®+ Q2 1)+ Q- Q1M (5.30)
I}jout - ¢ (Ql _ QZ) llyUUtIO. (5.31)

5.3.1.4 Optimal out-of-phase response

Two-color OPIOM differs from One-color OPIOM in the limit where the exchange be-
tween the states 1 and 2 is essentially driven by the photochemical contributions. We cor-
respondingly chose to focus the subsequent analysis in a range of light intensities (IO,IS)
such that 021,11? +021,2 Ig > szl. Moreover, we adopted Dronpa-2 for illustration (vide in-
fra). 1t is characterized by a quintuplet of parameters (012,1, 021,1,012,2,021,2, szl) such that
0121 > 0122 and 071 2 > 01,1 Its normalized out-of-phase [A194L | = 119! /¢P,,,| ampli-
tude as a function of the control parameters Ig/ I ? and w/ If is plotted in Figure 5.8.

|A1%4% | exhibits a single optimum when the two resonance conditions (5.32,5.33) are

fulfilled

(o121 +021,1) I = (0122 +021,2) L (5.32)

w:2(012,1+021,1)1f. (5.33)

The optimization of 1'°“’ results from the independent optimisation of the terms p9,7%,A%,
and wT(l)Z/ [1+ (wr(l)z)z] in Eq.(5.28). 9?27(1)2&1)2 measures the composition shift A2 from the
steady-state 2° after a light intensity jump of amplitude AI? = 9.1} It is maximized when
the photochemical reactions driven by the two light sources occur at the same rate. The sec-

ond optimised term, wr‘l’zl 1+ (wr(l)z)z], is maximized upon matching the radial frequency

of the light modulation w with the exchange relaxation time 1(1)2 so that wr(l’z =1 (see Egs.

(5.32,5.33)). When w > 1/ 1(1’2, the exchange is slow compared to the light variations and the

-1,in

couple {1,2} has not enough time to respond: both i Lout

and i vanish. Conversely, when

-1,out

w1/ 7(1)2» i cancels, so the concentrations of 1 and 2 oscillate in phase with the light

modulation.

0 0
(blErom the expression (5.11), one can show that diil? = ATZ = A(I)ZK?2 Piot/ (1+ K{)Z)z using K{’Z = Ic(l)z/kg1 with

the expressions of k), and kJ, given in Eqs.(5.7,5.8).
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Figure 5.8: Theoretical computation of the response of a photoswitchable fluorophore 1 = 2 submit-

ted to light harmonic forcing of small amplitude. The normalized amplitude of the out-of-phase oscil-

k5
012110211
0121 =73 m?*mol ™!, 01,1 =84 m*.mol ™}, 0122 =0m?.mol ™!, 021, =1149 m®>.mol ™, k3, =1.5x 1072
-1

lations in 1 concentration, |1,o51, is plotted versus the ratios I9/1? and w/I? when I? = 100

S

5.3.1.5 Response to periodic light modulation of large amplitude

The use of a sinusoidal modulation of small amplitude for I;(¢) is favorable to derive
simple analytical expressions. However, it generates only weak variations of the probe signal
because of the small modulation, which is a drawback to reliably extract the out-of-phase
amplitude of the first order response. To circumvent this drawback, we also analyzed the re-
sponse of a photoswitchable probe to two different periodic modulations of large amplitude

a:

* Asanatural extension of the previous case, we first considered a sinusoidal modulation

of large amplitude for I; () and correspondingly adopted

I(t) = L[1+asin(@d)]+1; (5.34)

e We then considered a square wave modulation for I (#) because its experimental im-
plementation (on-off illumination switching) is simple. We retained its Fourier series
expansionby choosing the starting time (¢ = 0) in this expansion halfway through the

first pulse. We correspondingly used

4a & 1
() = B{1+— in[(2p+1 L. :
(1) 1{ t— ;02p+131n[( p+ )wt]}+ 5 (5.35)
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To cover both types of modulation of large amplitude, we wrote the following expression

for the light intensity
() = Kl+ah(d]l+1 (5.36)

where h(wt) designate a periodic function with fundamental radial frequency w. Eq.(5.36)
was used to express the rate constants with Egs.(5.5,5.6). Then, upon expanding the concen-

tration expressions as

2 = 2%+af(wy (5.37)
1 = 1°—af(wo, (5.38)

the system of differential equations governing the temporal evolution of the concentrations

in 1 and 2 becomes

dro
];(xX) = —f@x)+[a—bfOx)] h(6x) (5.39)
where

t
X = - (5.40)

T12
a = pYHAYLTY, (5.41)
= a(012,1+021,1)1?1'(1)2 (5.42)
0 = o), (5.43)

The equation (5.39) is exactly the same as the one, which was derived to address the re-
sponse to periodic light modulation of large amplitude in the absence of secondary light
source to accelerate the back conversion of 2 into 1 (One color-OPIOM; see Eq.19). 172 1 fact,
only the interpretation of the a and b parameters differs between both OPIOM modalities.
In particular, all the results derived with one-color OPIOM in the case of light modulation
of large amplitude are here relevant after taking into account the new interpretation of a
and b. In the following, we just summarize the main results; the reader should refer to the
theoretical account!”? for more details.

Beyond the relaxation time 1‘1)2, one enters into a permanent regime in which f(0x) is a
continuous periodic function. In contrast to the preceding situation (sinusoidal modulation
of small amplitude), one cannot anymore restrict the f(6x) analysis to the first-order. The

f(0x) function has to be expressed as a Fourier series

+00
fOx)=ap+ Z [a,,cos(nBx)+ b, sin(nfx)] (5.44)

n=1

where a;, and b,, designate the amplitudes of the n-th components of the Fourier series.

The a, and b,, terms can be extracted from Eq.(5.39) upon identifying the amplitudes of the
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components of same order. Then one can obtain the expressions of the concentrations in 1
and 2:

+00

2=204 a{ao + Z [a,, cos(nfx)+ b,sin (n@x)]} (5.45)
n=1
+00

1=1°- a{ao + Z [a;, cos(nfx)+ b, sin(ndx)] } ) (5.46)
n=1

Consequently, at steady-state, a large periodic modulation of illumination now causes mod-
ulation of the concentrations in 1 and 2 at an infinite number of radial frequencies. Egs.(5.45,5.46)
can be transformed to explicit the amplitudes i and i™°*! of the in-phase and out-of phase

terms oscillating at the radial frequency nw. The concentration of i can be now written

snout

+00
i = i%ta) [i"sin(nw?)+i

n=1

cos (nwt)|. (5.47)

Interestingly, i°, ™ and Mo are proportional to P;,;. Moreover we showed that i*°%
exhibits an optimum in the space (I°,w), which coordinates and amplitude are very close to

those observed with a sinusoidal modulation of small amplitude (upon taking into account
4
T
originates from the Fourier series expression given in Eq.(5.35)).[

a - amplitude correction in the specific case of the square-wave light modulation, which

Considering that both concentrations of the states 1 and 2, and light intensity are modu-

lated, the fluorescence emission Ir(t) can be written

o0 .
Ie(®) = [QiL(0+Q201 (1) =73+ ) [JS sin (nwt) + 3™ cos (nwt) | (5.48)
n=1
where
j%,out - a (QZ _ Ql) IO [Zl,out+ g (ln,in’ln,out)] (5.49)

with n > 1. Whereas g (2™, 2™°") = 0 for a sinusoidal modulation of small amplitude, g (2™"", 2™°*)
is non-vanishing in the case of a periodic modulation of large amplitude.

In a regime of sinusoidal modulation of small amplitude, the out-of-phase amplitude of
1,0ut

s
In contrast, such a conclusion cannot be directly drawn in the case of periodic modulation

21,0ut

the fluorescence emission, J , is proportional to and exhibits a resonant behavior.

of large amplitude since analytical expressions are cumbersome. We therefore evaluated its

relevance by means of numerical calculations using typical values found for photoswitch-
1,0ut

s
optimum in the space (I O,Ig,w), which coordinates and amplitude are very close to those

able fluorescent proteins.!”> We showed that J%""'is proportional to 2*°** and exhibits an

¢IIn fact the error done when taking the analytical expression of the resonance conditions, valid only for a
modulation of small amplitude, is always less than 20 %, no matter which amplitude « is used. Such an error
would be of the order of magnitude of the experimental errors done when fixing the average light intensity and

IO'R

radial frequency to their values at resonance, and w?®.
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observed with a sinusoidal modulation of small amplitude (with the % amplitude correction

in the case of the square-wave light modulation). Hence, the analysis of the out-of-phase

first-order fluorescence emission ’Jg’“ut enables the selective and quantitative detection of a

photoswitchable fluorophore.

5.3.1.6 Retrieval of concentrations from the fluorescence intensity

Extraction of J3, J ”%m, and 3% " from the overall signal Ir(f) Upon modulating light, the

fluorescence intensity associated to the photoswitchable probe adopts the general expres-

~O ~1 in ~1,0ut
sion (5.48). J 3 ,and J g

observed 51gnal Ir (1) (either global or from each analyzed pixel).

can be easily retrieved from the experimental trace of the

As shown in Eq.(5.48), TJ% can be obtained upon averaging Ir(f) over an integer number

m of periods of the modulated illumination

1 mT
nt® = — f Ip(ndt =735, (5.50)
mT Jo

In particular, upon observing fluorescence emission in a regime of sinusoidal light modula-

tion of small amplitude, one has In 0= I. 0

~1 in ~1,0ut
and J
S %

upon computing the integrals Int""" and Int!°%

The first-order amplitudes J can be extracted from the fluorescence signal

I l,il’l _ 2 mt . _ ﬁl,il‘l
nt = T Ir(t)sin(wt)dt = ‘JS (5.51)
0
I l,out _ 2 mT _ ~1,0ut
nt = T Ip(t)cos(wt)dt—.lg . (5.52)
0

Upon observing fluorescence emission in a regime of sinusoidal light modulation of small

I“”and]ntl"”t Ilout and Int™in = I””’—Oandlnt”o”t

amplitude, one has Int"" =
IIIZ ,out =0.

Egs.(5.51,5.52) illustrate orthogonality between the various components of the fluores-
cence intensity in Eq. (5.48). In particular, the computed integral Int"°“’ used to extract
the OPIOM image does not contain any contribution from the constant amplitude ’J% as well
as from the in-phase amplitude ng. This mathematical property is crucial to eliminate
the contributions of non-photoactive fluorescent interfering species, which fluorescence re-

sponse contains constant and in-phase terms only.

Quantifying a targeted photoswitchable probe In the absence of light modulation or in a

regime of sinusoidal light modulation of small amplitude, the expression of J% is

0

Pior + Qo ik
1+K?

12

Pios. (5.53)
10 "1+ K9, ot
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1,0ut

In the presence of light modulation, J can be reliably evaluated from its expression

§
in the case of a sinusoidal light modulation of small amplitude
~1,0ut 0 0
I3 Wiy

K
= £(Qi-Q)AY, 12

P;y. (5.54)
(1+K%) 1+ (w10,

IO

The theoretical expressions (5.53,5.54) make possible to directly retrieve the concentra-
tions of the photoswitchable probe from the fluorescence intensity. However this approach
requires the effort to acquire the values of all parameters involved in these expressions. Al-
ternatively, quantification can proceed by calibration with the pure photoswitchable probe
at a reference concentration. Egs.(5.53,5.54) show that J% and Sg’out are proportional to the
overall concentration in photoswitchable probe. Thus quantification can be simply achieved
by recording the fluorescence intensity from a calibrating solution of the photoswitchable
probe at a known concentration P°“. The concentrations of the photoswitchable probe,

which are retrieved at zeroth- and first-order, are respectively

~O

PO, = jofulpfgt’ (5.55)
3
fjgout

l,out _ cal

P, = —jl,out,calpff’t' (5.56)
S

5.3.1.7 Selective and quantitative detection

Optimizing the out-of-phase first-order response by choosing a triplet (I O,Ig,w) that ver-
ifies the resonance conditions (5.32) and (5.33) opens an interesting way to selectively image
and quantify a photoswitchable fluorophore P in the presence of interfering compounds X
(of total concentrations X;,;), each defined by a different set of parameters (012,1,x, 021,1,x,
012,2,X, 021,2,X szl,X). Note that X can be non-photoswitchable: in that case 012,; x = 021,i,x
=0(i=1or2)and kZAI, x = 0. To illustrate this, let us take a simplified case of a mixture contain-
ing photoswitchable fluorophores, whose only the state 1 yields an observable fluorescence
emission, and possessing all the same brightness Q;. In that case, a protocol relying on illu-
mination at constant light intensities I ? leads to a signal Ig which is proportional to the sum

of the contributions of the different fluorophores such that:

oo 19+ 3 1% =A% Pio) PYyrarion (5.57)
X
where
1%/ Xs01)
P?itmtion = PtOl“"Z u Xiot > Pror (5.58)

< (19/Psor)

When the signal Ig is used to titrate the concentration of P, the titration result P°

titration
always overestimates the total concentration P;,; because of the contributions of the inter-

fering compounds (see Figure 5.9a).
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In contrast, the corresponding out-of-phase first-order response to light modulation J %’“”"
~1,0ut l,out l,out _ y1,0ut l,out
3% e« 1p +§1 =R PP (5.59)
where
1 out
I Xtot)
l,out ot
Ptltratwn Pror+ Z Xrot (5.60)

1 Out/PtOt)

enables to determine P;,; when the light parameters (I 0,10 w) are tuned to the resonance

l,out . l,out

conditions of P. Indeed, the term 1,7 is then maximal while the terms 1, are negligible.

Thus, the signal from P now dominates those of the other probes, and the titration result

l,out
titration

ous mixtures the superiority of this second strategy over measurements performed at con-

is approximatively equal to P;,; (see Figure 5.9a). Figure 5.9b illustrates for vari-

stant light intensity: whereas all the P? are several times larger than the actual Py

titration
l,out

concentration, the discrepancy between P, tiiration

and P;,; becomes negligible as soon as

(012,1,021,1,012,2,021,2) deviates from (012,1,x,021,1,x,012,2,x,021,2,X ) -
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Figure 5.9: Theoretical computation of P¢;¢;41i0n in four different equimolar mixtures, which include
the targeted quintuplet (012,1,021,1, 012,2,021,2, szl) plus sixteen other interfering ones. In each sam-
ple labelled n, the latter species correspond to the sixteen (012,1,;(,(721_1, X,012,2,X,021,2,X,k2A1) sets,
which four photochemical parameters differ by n order of magnitude from (012,1,021,1, 012,2,021,2).
a; individual normalized responses 1%/1° (disks) and 1}°"//11% (squares); b: n-dependence of the
ratio of Pyjtrarion to the effective target concentration Py, for both the constant light intensity (disks)

and the two-color OPIOM (squares) methods. o121 = 73 m2.mol™}, 0511 = 84 m2.mol™}, 0122 = 0

_ _ o K, g e o]
m?.mol™!, 012 = 1149 m*.mol ™!, k5, =1.5x 1072 s7%; IV = 1005—2L— = 9.6 x 10 3 Ein.s™'.m™2,
0 _ 012110211 70 _ -3 Rin o1 -2 _ _ o1
I = [ =13x 107 Eins™'.m ™%, w = 2(012,1+021,1) =3rad-s™h.
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5.3.2 Supplementary text 2: Imaging protocols

Video acquisition We used the same protocol as the one described in the Supporting In-
formation of chapter 4 page 174. We employed the Matlab code provided in Appendix A at
the end of the Supporting Information of chapter 4 page 185 to compute I};o”t(x, y) (OPIOM

image) for our imaging experiments.

Microdevice imaging This series of experiments has been performed upon applying a si-
nusoidal light modulation at 480 nm and constant light intensity at 405 nm. During in vitro
experiments, 512 images (corresponding to 8 periods of 22 s) were recorded using a Luca-
R CCD camera operating at 2.9 Hz (34.375 ms image cycle time) with an exposure time of
34.285 ms. We used the same protocol as the one described in the Supporting Information

of chapter 4 page 175 for data treatment.

Cell imaging and zebrafish embryo imaging with epifluorescence microscopy This series
of experiments has been performed upon applying a sinusoidal light modulation of large
amplitude (90%) at 480 nm and constant light intensity at 405 nm. The acquisition parame-

ters used to image cells are provided in the table 5.2.

Target Period (s) Number ofimages Image cycle time (ms) Exposure time (ms)
Dronpa-2 0.2 80 20 19.1
Dronpa-3 1.84 512 28.75 27.85

Table 5.2: Acquisition parameters used to image Dronpa-2 or Dronpa-3 at 37 °C during cell experi-

ments with a Luca-R CCD camera (Andor Technology).

To selectively image D3-Lifeact in zebrafish embryos, 256 images corresponding to 8 pe-
riods of 1.84 s were recorded using a Luca-R CCD camera (Andor Technology) operating at

17.4 Hz (57.5 ms image cycle time) with an exposure time equal to 56.6 ms.

Image filtering To reduce noise, the processed images have been subsequently filtered

upon applying a 3 pixels x 3 pixels median filter.
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Supplementary Figures
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Figure 5.10: Epifluorescence setup for two-color OPIOM and PDMS Imaging device.
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Figure 5.11: Imaging of fixed HEK293 cells expressing either (a,b) nuclear Dronpa-3 or (c,d)

membrane-localised EGFP. Pre-OPIOM (a,c) and OPIOM (b,d) images result from analyzing a movie
recorded with a 63 x objective at 525 nm under sinusoidal light modulation tuned to the resonance
of Dronpa-3 (1;; I?; w; @) = (480 nm; 8.1 x 1072 Ein- m~2- s71; 3.41 rad.s™!; 90%), (As; Ig) = (405 nm;
3.3x 1073 Ein-m™2-s71). T=37°C.
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Figure 5.12: Imaging of fixed HEK293 cells expressing either (a,b) nuclear Dronpa-2 or (c,d)
membrane-localised EGFP. Pre-OPIOM (a,c) and OPIOM (b,d) images result from analyzing a movie
recorded with a 63 x objective at 525 nm under sinusoidal light modulation tuned to the resonance
of Dronpa-2 (11; I?; w; @) = (480 nm; 1 x 107! Ein- m™2- s71; 31.4 rad.s™'; 90%), (A; Ig) = (405 nm;
1.4x 1072 Ein- m™2-s7!). T=37°C.
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5.3.3 Materials and methods

Cloning We used the same protocol as the one described in the Material and Methods of

chapter 4 page 149.

Protein production and purification We used the same protocol as the one described in
the Material and Methods of chapter 4 page 150.

Mammalian cell culture and transfection We used the same protocol as the one described
in the Material and Methods of chapter 4 page 150.

Zebrafish experiments We used the same protocol as the one described in the Material and
Methods of chapter 4 page 151.

Spectroscopic instruments Fluorescence measurements used for kinetic analysis were ac-
quired on a LPS 220 spectrofluorometer (PTI, Monmouth Junction, NJ), equipped with a
TLC50 cuvette holder (Quantum Northwest, Liberty Lake, WA) thermoregulated at 37°C.
Samples (20 uL) were placed in 0.15 cm x 0.15 cm (light path) quartz cuvettes (Hellma Optics,
Jena, Germany). Light intensities were controlled by varying the current on two LED light
sources. The first one (LXML-PBO01 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 (Federal-3535 or Luxeon LHUV-0405 from Philips Lumileds) was filtered at 405 + 20 nm
(F405-40; Semrock, Rodchester, NY). The LEDs were supplied by a power supply (HM7042-5
from Hameg Instruments GmbH, Mainhausen, Germany). The two light beams were com-
bined thanks to a dichroic filter (Di-FF506, Semrock, Rodchester, NY). Photon fluxes (exci-
tation intensities I f and Ig) were measured with a Nova Il powermeter (Laser Measurement

Instruments).

Microfluidic device We followed the same protocol as the one described in the Material
and Methods of chapter 4 page 152.

Microscopy epifluorescence setup The home-built epifluorescence microscopy set-up we
used for OPIOM imaging was modified to allow illumination at 480 nm and 405 nm (see
Figure 5.10). The samples (microfluidic device and cells) were illuminated using a first LED
(LXML-PBO01) as light source filtered at 480 + 20 nm (F480-40; Semrock, Rodchester, NY) sup-
plied by a LED driver (LEDD1B, Thorlabs Inc, Newton, NJ) and modulated by a waveform
generator (33220A, Agilent Technologies) and a second LED (Federal-3535 or Luxeon LHUV-
0405) filtered at 405 + 20 nm (F405-40; Semrock, Rodchester, NY) supplied by a power supply
(HM7042-5 from Hameg Instruments GmbH, Mainhausen, Germany). A lens (ACL50832U;
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Thorlabs, f = 32 mm) was placed just after each LED. The two light beams were combined
thanks to a dichroic mirror (LPXR 425, Chroma, Bellows Falls, VT) and a second lens was
used to focus the light in the back focal plane of the objective after being reflected by the
dichroic filter (Di-FF506, Semrock, Rodchester, NY). Fluorescence images at 525 + 15 nm
(F525-30; Semrock) were acquired with a 10x fluar (NA 0.5, Carl Zeiss AG, Feldbach, Switzer-
land; for the microdevice and zebrafish embryo experiments) or a 63x PL fluotar L. (NA 0.7,
Leica Microsystems, Germany; for cell experiments) objective mounted on a home-built mi-

croscope equipped with a Luca-R CCD camera (Andor Technology, Belfast, UK).

Softwares Data treatment, image analysis and theoretical computations were performed
using Igor Pro (WaveMetrics), MATLAB (The MathWorks) and Gnuplot softwares.
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Chapter 6
Discussion

In this chapter, we first discuss and compare our own approach and the optical imaging
techniques relying on kinetics and using light as action parameter reported in the literature.
The second section deals with the development of photoswitchable probes fully optimized
for OPTIMAL or OPIOM.

6.1 Comparison of FLIM, OLID, SAFIRe and OPIOM

6.1.1 Contrast enhancement

OLID is efficient to discriminate the fluorescence signal emitted from a targeted species
and the autofluorescent background or the signal of non-photoactive fluorophores emitting
in the same wavelength range as the targeted photoswitchable fluorescent probe. Depending

al yOLID yeached

on the optical switch and the imaged sample, the contrast enhancement!
with OLID varies between ~5- to ~20-fold. %

The autofluorescence and the signal of non-modulatable probes are eliminated by ap-
plying SAFIRe. Like OLID, a ~5- to ~20-fold%99102 contrast enhancement can be achieved
depending on the modulatable probe.

OPIOM permitted to eliminate the signal of non-photoactive fluorescent probes (such as

[@IThe contrast enhancement )(M ethod 4450 ciated to a given method (OLID, SAFIRe or OPIOM) was calculated

thanks to the values of the four signals 7, . gt Ig,m ror f» Starger and Siner ¢ originating from ROIs containing
the targeted probe and the interfering compound in the intensity U?«"t arget and Igm tor f) and the processed
(Starget and Sinterf) images.
Smrget
S
Method _ Ointerf
X = —IO (6.1)
Etarget
IO
Einterf

For OLID, the signal S is the cross-correlation coefficient p. For SAFIRe, the signal S is the modulation depth
m. For OPIOM, the signal S is the out-of-phase first order fluorescence response I };0’”.
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fluorescein and EGFP) and the autofluorescence. In the case of microfluidic device imaging,
we showed that OPIOM could typically enhance contrast of Dronpa-2 against fluorescein by

a factor yOP1OM = 102-10 (see chapter 4) depending on the precision on the phase retrieval.

6.1.2 Choice of the illumination conditions

The choice of the experimental conditions (relative intensities of the two lasers and mod-
ulation frequency of secondary excitation) to obtain the optimal response using SAFIRe is
not really discussed nor carefully explained by Dickson et al. In particular, there is no an-
alytical expressions enabling to fix the optimal experimental conditions depending on the
photophysical properties of the targeted modulatable fluorophore (dark-state lifetime, ac-
tion cross sections for dark-state depopulation...). It seems that a trial-and-error process has
been followed to determine these conditions by numerical simulations. This choice remains
non rationalized and has to be investigated experimentally. In addition, the choice of the
modulation frequency of the secondary excitation does not seem always consistent and the
modulation strategy changes according to the systems. Hence, in the case of the modulat-
able AcGFP, modulation was performed at 300 Hz whereas the cutoff frequency is around
800 Hz and the plateau appears for a frequency lower than 80 Hz (see Figure 1.11).% On the
contrary, a frequency of 2 Hz corresponding to the plateau of the frequency response was
chosen to image modBFP-H148K. %

Similarly, in the case of OLID, no information is provided to choose the right illumination
conditions to obtain the best contrast enhancement.

The extensive theoretical framework we developed (see chapter 3) enabled us to deter-
mine the optimal illumination conditions that maximize the out-of-phase response of a pho-
toswitchable probe submitted to periodic light excitation. These robust resonance condi-
tions only depend on the dynamic set of parameters of the targeted photoswitchable probe :
szl and 012+02; for one-color OPIOM and 02,1 +0721,1 and 02,2+ 072 2 for two-color OPIOM.
This set of parameters is easily accessible from a series of light jump experiments with a stan-
dard fluorometer apparatus. Thus, it is very simple to set the values of the average light in-

tensity(ies) and the frequency of modulation to optimize the OPTIMAL or OPIOM response.

6.1.3 The retrieval of the kinetic information

Several strategies have been explored to retrieve the kinetic information of the targeted
reactive exogenous probe. OLID relies on the correlation of the overall response of the im-
aged medium to light perturbation with the response of the pure optical switch to be im-
aged. Thus, a reference is required. In doing so, OLID is not an implementation of lock-in
or phase-sensitive detection since the trajectory of the fluorescence signal (at the pixel level)

is not projected over a specific frequency, as already pointed out by Braun et al.?? Indeed,
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the noise reduction observed in the images is likely due to the inherent averaging process of
the computation algorithm. In the case of OPIOM, quadrature detection by means of a lock-
in approach enables to extract the out-of-phase response of the photoswitchable probe. It
requires only a preliminary experiment to calibrate the phase lag between the dates of the
onset of light excitation and the triggering of the camera. Extracting the modulation ampli-
tude of the fluorescence signal by Fourier transform performed during SAFIRe is analogous
to our strategy. It is even a little more simple than in our approach since only the amplitude
term is evaluated and in that case one does not need to determine the phase lag between the
fluorescence and excitation signals. In addition, the lock-in detection scheme allows a de-
crease of the noise since all the frequencies apart the targeted one are eliminated, resulting

in an improved signal-to-noise ratio with these two last protocols.

6.1.4 Selectivity

FLIM discriminates two emitters only if their fluorescence lifetimes are sufficiently differ-
ent,® but this is often challenging to achieve with the fluorescent probes commonly encoun-
tered in biology as they mostly display similar lifetimes (in the same nanosecond range).®

To evaluate the ability of the OLID protocol to distinguish two optical switches emitting
in the same wavelength range but differing only by their relaxation times 7, we simulated
the following experiment : a sample is prepared with beads coated with two equally bright
optical switches differing only by their photoconversion times (7 4 and 7). The field of view
contains the two kinds of beads and the OLID protocol is performed as described previously.
We wondered whether we could image selectively the beads A (respectively B) using a bead A
(respectively B) as reference waveform. For this purpose, we computed the cross-correlation
coefficient between the fluorescence decay of a bead B using the one of a bead A as reference
to estimate the correlation between the two kinetic signatures. Assuming that the photo-
switching behavior of the optical switches upon illumination can be described by a two-state

exchange (6.2) :

ko
2
=
ko1

where ki, and k) are respectively the forward and the backward rate constants, the temporal

1 2 (6.2)

dependence of the fluorescence signals'® can be written thanks to Eq. 6.3 :

Ip(t) = Qll°+022°+(01—02)2°exp( t) r° (6.3)

T

where Q; and Q. are the molecular brightnesses of 1 and 2, 1° and 2° are the concentrations
of 1 and 2 at photo-steady-state, 7 = m the relaxation time associated to the photocon-
version and I° the light intensity. The values of the cross-correlation coefficient were calcu-
lated using Egs. 1.6 and 6.3 and are displayed in Table 6.1. Even if the two relaxation times

(bIThe detailed calculations leading this equation are provided in the Supporting Information of the chapter 3.
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differ by two orders of magnitude, the cross-correlation coefficient is still around 0.21. Thus,
it seems difficult to discriminate two optical switches based on their relaxation times using
the OLID protocol. In addition, Marriott ef al noticed that photobleaching may generate a
correlation with the reference waveform.®! Taking a characteristic time of 10000 s for a slow
photobleaching, the cross-correlation coefficient is around 0.08 for a reference with a 1 s

relaxation time.

5O 19 | 100 | 10000
T4 (S)
1 1059021 0.08
10 1 | 058 025
100 1 | 070

Table 6.1: Computed values of the cross-correlation coefficient between two optical switches exhibit-
ing two different relaxation times 74 and 7 assuming an optical switching cycle of 1000 s. Qf‘ = Qf =
1,04 =08=0,19=2%=1%=2% and I°=1a. u. See Eqs. 1.6 and 6.3.

Dickson et al assumed that SAFIRe could discriminate modulatable fluorophores shar-
ing the same spectral properties based on the characteristic lifetimes of their dark-states. 102
However, this feature has not yet been evidenced. In addition, with the to-date SAFIRe ap-
proach, it will be limited and demanding to achieve. The selectivity of SAFIRe was evaluated
by computing the frequency response of a mixture containing two modulatable fluorophores
sharing the same brightnesses with different (by 1 or 2 order(s) of magnitude) relaxation
times 7.4 and 7.5. The global response was assumed to be the sum of the individual re-
sponses for an equimolar mixture. The results are displayed in Figure 6.1. A difference of one
order of magnitude between 7.4 and 7.p is not sufficient to observe a significant change in
the frequency-dependence of the response of the mixture compared to the individual ones
(see Figure 6.1a). If 7.p = 10074, two regimes are observed (see Figure 6.1b). In particu-
lar, for a cutoff frequency (frequency for which the response decreases by 50% of its highest
value) corresponding to the fastest fluorophore, the response of the slowest one is almost
negligible at this large frequency (compared to 1/7.p). Imaging the slowest fluorophore re-
quires to employ a lower frequency. Nevertheless, the response of the fastest fluorophore is
not eliminated and is even larger than the response of slowest one (see Figure 6.1b). In con-
clusion, SAFIRe would only enable to visualize the fastest modulatable fluorophore alone in
a mixture.

The out-of-phase response of a photoswitchable probe submitted to light modulation is a
peaked function. The coordinates of this maximum only depend on the dynamic parameters
of the considered photoswitchable probe. Thus, the main advantage of OPIOM compared to
SAFIRe and OLID is its ability to easily discriminate two photoswitchable probes exhibiting
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Figure 6.1: Computed frequency response of a mixture of two modulatable fluorophores at the same
concentration with distinct charateristic times (7.4 and 7.5) using Eq. 1.11 and assuming that A (see
Eq. 1.11) is equal to one in both cases. (a) T4 =1msand 7. =10ms (b) 7,4 = 100 us and 7.p = 10 ms.
The solid line represents the response of the mixture (same concentration of the two fluorophores)

whereas the dotted and the dashed lines represent the individual responses.

sufficiently different resonance conditions thanks to the peaked response. This opens op-

portunities for multiplexed experiments with several photoswitchable probes.

6.1.5 Quantitative character

Although OLID enables to discriminate fluorescence signals of interest against background
or interfering species, the resulting image will not reflect the local concentrations of the
species. In fact, the computation of the correlation values will eventually redistribute the
pixel values in the -1:1 range, whatever the values explored for fluorescence intensity (see
Egs. 1.6, 1.7 and 1.8). In this case, any information related to the initial concentration of the
targeted species is lost and the protocol is not quantitative.

One experiment demonstrated the ability of SAFIRe to accurately estimate the concen-
tration of a modulatable probe in the presence of a high autofluorescent background. %2
However, no calculation or theoretical development supported this observation. In addition,
several signal processing have been proposed by Dickson et al to obtain the final SAFIRe sig-
nal. In particular, the demodulated signal (respectively image) is sometimes divided by the
average signal (respectively raw fluorescence image) that renders in this case SAFIRe not
quantitative. %

The quantitative character of the OPTIMAL/OPIOM approaches has been demonstrated
theoretically (see chapter 3) and evidenced experimentally (see chapters 4 and 5). In particu-

lar, it allows to accurately determine the concentration of a targeted photoswitchable probe
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in a mixture even in the presence of interfering compounds, photoswitchable or not.

6.1.6 Acquisition time and temporal resolution

The time needed to acquire FLIM data depends on several parameters such as the num-
ber of pixels of the image, the photon count rate, the expected accuracy on the fluorescence
lifetime and the kind of FLIM implementation. For instance, the acquisition time of an im-
age of 256 x 256 pixels with a count rate of 10° photons per second and an accuracy of 10%
on the fluorescence lifetime is typically 6 s. Nevertheless, the accuracy on the measurement
of the fluorescence lifetime needs to be very good to enable to discriminate two fluorophores
even if their lifetimes are very close. Thus, for an image of 512 x 512 pixels and an accuracy
of 1%, it would take around one hour to obtain the FLIM image. 85

The OLID protocol requires to record typically ~5 switching cycles leading to an acquisi-
tion time of a few minutes with the reported systems. ¢ Several probes have been developed
especially in the context of the OLID-FRET approach. Nevertheless, the temporal resolution
has not been dramatically improved with a decrease of the acquisition time to a few tens of
seconds. 90
Due to the very high light intensities required, SAFIRe was mostly implemented in bioima-

ging in a confocal arrangement®®

A scanning of the whole sample is required leading to a
poor temporal resolution. For instance, selective imaging of AcGFP against EGFP (see Fig-
ure 1.9 in the General introduction) was performed with the following experimental condi-
tions : a dwell time per pixel and a step-size equal to 50 ms and 300 nm respectively. Assum-
ing a field of view of 60 um by 60 um (see Figure 1.9), the acquisition time is around 2000 s,
that is very long for bioimaging purpose.

To perform the OPIOM analysis, it is necessary to record several periods of light modu-
lation. With the Dronpa-3'%° mutant which exhibits the fastest thermal return, the period
at resonance is 20 s requiring around two minutes to obtain the processed image (see chap-
ter 4). Even though the OPIOM processing can be reduced to one period of light modulation
without significant decrease of the contrast enhancement (see chapter 4), we tried to fur-
ther improve the temporal resolution of this protocol. This was achieved by employing two
light sources to accelerate the photoswitching dynamics (see chapter 5). With Dronpa-21%°
(exhibiting more effective photoswitching properties than Dronpa-3), we reached 200 ms
for the period!® of light modulation. The resulting temporal resolution (improved by a one

hundred factor) is more adapted to the investigation of dynamic biological processes.

[{IUp to now, we only reached a frequency of modulation of 5 Hz because we are limited by the acquisition
frequency of our camera, but larger frequencies could be reached close to video-rate by increasing the light

excitation intensities and implementing real-time demodulation.
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6.1.7 Experimental setup, wide-field imaging and 3D-resolved imaging

Even though the instrumentation of FLIM becomes simpler and less expensive, perform-
ing this kind of experiment requires dedicated setups due to the required temporal resolu-
tion, 58485

As far as OLID is concerned, it seems compatible with commercial microscopes with-
out any modification. OLID can be employed either with a confocal microscope®® or with a
wide-field epifluorescence microscope (see chapter 2). Obviously, this protocol is compati-
ble with 3D-resolved fluorescence imaging.

SAFIRe has been implemented in bioimaging with home-built setups mostly in a con-
focal arrangement®® and so is compatible with 3D imaging. Epifluorescence imaging was
performed with SAFIRe but only with a reduced field of view of around 10 ym in diame-
ter. The compatibility of SAFIRe with wide-field imaging has not really been evidenced
and seems hardly achievable with respect to the up-to-now employed light intensities. Its
implementation in labs not specialized in optics or microscopy seems difficult.

The complete optical setup we used to modulate light is composed of LEDs, a waveform
generator and a modulatable current supply. This setup is cheap, simple and easy to imple-
ment. In addition, the light intensities usually employed in epifluorescence microscopy can
easily be reached with this setup. For light sheet experiments, we employed laser diodes as
light sources. The modulation of their intensities was performed simply by using the analog
modulation input and a waveform generator. Two home-built microscopy setups (epifluo-
rescence and light sheet) were used to collect the fluorescence. In particular, the SPIM ex-
periments have been performed with a commercial Olympus microscope modified in house
to enable light sheet illumination. Apart from the triggering of the camera to the excitation
waveform, the compatibility of OPIOM with commercially available microscopes does not
seem to present any specific difficulties. The OPIOM protocol has been validated with an
epifluorescence microscope and thus enables wide-field imaging (this explains in part the
good temporal resolution we can reach since no scanning of the sample is necessary). In
addition, selective 3D-resolved fluorescence imaging is possible since OPIOM is compatible

with light sheet microscopy (see chapter 4).

6.2 Development of photoswitchable probes for OPTIMAL and
OPIOM

The OPTIMAL/OPIOM protocols rely on using a photoswitchable probe. The availabil-
ity of appropriate photoswitchable probes is necessary to allow a wide scope of applications
of these protocols. The development of OPTIMAL labels with different kinds of observables

73

seems conceivable since many organic!”® as well as inorganic!?* photoswitchable probes
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have been already designed. In addition, molecular switches as photocontrollable recep-
tors'”® could be employed as OPTIMAL sensors.

In the specific context of OPIOM, only very few RSFPs can currently be employed with a
reasonable acquisition time. There is a strong interest to engineer new RSFPs fully optimized
for OPIOM. The required properties of these RSFPs depend on the considered implementa-

tion of the OPIOM protocol : one color or two colors.

6.2.1 RSFPs for one-color OPIOM

A RSFP suitable for one-color OPIOM must exhibit a large thermal rate constant to reach
both good temporal resolution and good signal-to-noise ratio. In addition, an intermedi-
ate value of the sum of the action cross section of photoconversion is preferable. Indeed, if
012 + 02 is too large, it would result in a low excitation intensity at resonance and so a low-
ered signal-to-noise ratio. On the contrary, a too ineffective photoswitching (low 012 + 021)
would require a large excitation intensity which could be not necessarily easily attainable or

provoke a photobleaching of the probe.

6.2.2 RSFPs for two-color OPIOM

As far as two-color OPIOM is concerned, the choice of the experimental values of the
resonance conditions is much more free. They depend only on the sum of the action cross
section of photoconversion at the two wavelengths of excitation (o2,; + 021,;; i =1 or 2) in
the range of light intensities where we can neglect the thermal return compared to the photo-
chemical rate constants. The probes with large 01 ; + 02;,; and with very slow thermal return
rate constants (no restriction on the lower limit of the light intensities) are the most interest-
ing candidates. Indeed, the more effective the photoswitching, the larger the frequency at
resonance. In this case, relatively low light intensities could be used thus limiting the pho-
tobleaching without being detrimental for the temporal resolution. In addition, increasing
the light intensities at resonance results in both a higher signal-to-noise ratio and a better
temporal resolution. The only restriction on the upper limit of the light intensities comes
from the limited acquisition frequency of the camera. Modulating the detection would al-
low to overcome this issue by using gated CCD cameras or applying strategies developed for
FLIM. 58485

6.2.3 RSFPs for multiplexed observations

The development of probes optimized for OPIOM is also relevant in the context of multi-
plexed observations. It would be interesting to generate libraries of photoswitchable probes

with values of their dynamic parameters (kZA1 and 012 + 02 for one-color OPIOM and 02,1 +
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0211 and 012 2+02; 2 for two-color OPIOM) covering at least two orders of magnitude ranges.
This should allow to observe up to ten fluorophores emitting in the same wavelength range.
We evoked in the introduction of the chapter 4 that RSFPs of different colors have already
been engineered. 139-141,143-145 Thyg, the emission wavelength and the photoswitching dy-
namics of RSFPs of different colors could be combined ultimately for multiplexed experi-

ments to simultaneously visualize up to twenty fluorophores.

6.2.4 Turn on fluorescent probes

The engineering of photoswitchable probes for applications with OPTIMAL or OPIOM is
not limited to RSFPs. In fact, photochromic turn on fluorescent probes could also provide a
palette of objects optimized for the OPIOM imaging protocol. We provide in the appendix 6.A
of this chapter the calculations for an application of OPIOM relying on this kind of systems
using the example of Spinach.
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Appendix of chapter 6

6.A OPIOM and Spinach (Theoretical analyses)

6.A.1 The generic dynamic model

The generic dynamic model is a four-state mechanism consisting of two cis-DFHBI states
(bound and unbound) and two trans-DFHBI states (bound and unbound). Both cis- and
trans-DFHBI interact with Spinach RNA to yield the corresponding fluorescent bound states,
Spinach-cis-DFHBI and Spinach- trans-DFHBI. The two isomers interconvert by photoiso-
merization in both the bound and unbound states. In contrast, since cis-DFHBI is thermo-
dynamically much more stable than trans-DFHBI, we only retained trans-cis isomerization
as a thermally-driven exchange in the dynamic scheme. For simplicity, this section uses the
symbols 1F, 2F, 1B, and 2B to represent cis-DFHBI, trans-DFHBI, Spinach-cis-DFHBI, and
Spinach-trans-DFHBI respectively. The associated rate constants are presented in Figure 6.2,
where the superscripts Zv and A respectively denote photochemical and thermal contribu-

tions.

hv

R+ 1F k: 2F + R

21,F 21,F

hv

1B —* 2B

hv A

- K

21,B 21,B

Figure 6.2: Four-state mechanism accounting for the photochemical and complexation behavior of a

photochromic fluorogen in the presence of a receptor.

The theoretical framework closely mirrors that described in a previous work by Emond et

al.1”® The concentration profiles within the four state model are governed by the equations:
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dlB
ar (kiB—1r + k1B—2B) 1B + kop—1B 2B + kip—18 R 1F (6.4)
d2B
- kig—2B 1B — (kop—2F + k2p—1B) 2B + kzp—28 R 2F (6.5)
dlF
a7 - kig—1r1B — (kip—1B R + k1p—2F) 1F + kop—1p 2F (6.6)
d2F
- kap—2F2B + k1p—2r 1F — (k2p—2B R + kop—1F) 2F (6.7)

The temporal dependence of concentrations cannot be obtained in the most general case.
However, it can be analyzed in asymptotic situations according to the nature of the rate-
limiting steps, which are associated to either the photochemical reactions or the complexa-
tion reactions. Crossing between both kinetic regimes typically occurs when the relaxation
times associated to the photoisomerization and the complexation reactions are equal. Re-

120

lying on the values reported for the Spinach system " at micromolar concentrations used

in the present study, we predicted that photoisomerization would remain rate-limiting up to

~ 1072 ein.s7'.m™2, a value lying much above our typical light flux. Thus we reduced further

theoretical analysis in the kinetic regime where photoisomerization is rate-limiting.

6.A.2 Thereduced dynamic model

Upon considering that photoisomerization is rate-limiting, the mechanism displayed in
Figure 6.2 reduces to a two-state exchange between two virtual species 1 and 2 (concentra-

tions 1 = 1F + 1B and 2 = 2F +2B) (Figure 6.3).

21

b R+F — B

Figure 6.3: : Kinetic model resulting from reduction of the mechanism shown in Figure 6.2 upon

considering that photoisomerization is rate-limiting.
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The “instantaneous” concentrations in 1F, 1B, 2F and 2B then follow,d!

1 —
IF = ——1 (6.8)
1+ KPR
KfR _
1B — (6.9)
1+ KR
1 -
2F = ———2 (6.10)
1+ KR
KR _
2B — (6.11)
1+ K2R
where
kA
A +,1
K= 3 (6.12)
-1
kA
A T2
K, = kézl (6.13)
Thus Eqgs.(6.4-6.7) transform into Eq.(6.14):
di dz - _
— = S =—kipl+ky?2 6.14
ar a7 12 21 (6.14)
with
h h A
P kiy g+ ki g KTR 6.15)
2 1+ K2R '
h A h A A
(kZIV,F + k21,F) + (k21v,3 + k21,B) KyR
koy = . . (6.16)
1+ K2R

6.A.3 Kinetic analysis

6.A.3.1 Assumptions

In the most general case, Eq.(6.14) has no analytical solution, because k;» and k»; are
time-dependent as a result of the R(¢) term. In the following, we analyze the specific case,
which would be relevant for most experimental conditions. We assumed that the total con-
centration of the fluorogen F, F;,;, is (i) larger than the concentration in receptor R, R;,;, and
tuned so as to fulfil at any time of the temporal evolution (ii) R < K4, x Inf(1, k{’zv 7! k{lzv B

and R« Ko xInf(1, (khv

A hV A o, . .
3P k2 , ! (kL + k21, g)-In fact such conditions are not restrictive.

1 21,B

dIThe association constants, K* and K2 are the inverse of the dissociation constants K, and K. Fur-
thermore, k,; and k_; have been replaced with kﬁ , and KA | to articulate that these rate constants are only

affected by temperature rather than light.
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Indeed k™Y .1k . ~0.67 and (K" + kA1 Pl (kh  +k ~ 0.49 under our illumination con-

12,F' *12,B 21,F T 2 21,B ZAI,B)
ditions. To perform this calculation, we first determined the light intensity corresponding to
the optimal response of the free DFHBI under sinusoidal modulation 72 using the values re-
ported for the Spinach system.!'?? Then numerical simulations show that typical (F;oz,R;or)

concentration sets allow us to fulfil the conditions (ii).

Rior (uM) R® (uM) KPR KJR°
0.5 0.02  0.015 0.005
0.04  0.031 0.01

0.08  0.063 0.02

0.16 0.13  0.04

Table 6.2: For a mixture containing 40 uM of F;,; and various amounts of R;,;, we calculated the
corresponding values of R, KIARO and KZARO. The conditions (ii) are fulfilled up to 2 uM of R;¢;.

Under the preceding conditions, Eqs.(6.15,6.16) yield at the zeroth order:

ki = kg 6.17)
_ hv A
One has also
IF = 1 (6.19)
2F = 2 (6.20)
1F+2F = F,y 6.21)
R+1B+2B = Ry (6.22)
1B K2R1F KP1E R (6.23)
S T 1e KM+ k2R '
2B = KJMR2F= Ky2F R (6.24)
C T e kMF+ kP2 '
1
_ R;os. (6.25)
1+ KMF+K22F

The photochemical behavior is here mainly driven by the free states 1F and 2F. Light mod-
ulation is expected to modulate the concentration of 1F and 2F, which “instantaneously” fix

the concentrations in R, 1B, and 2B by means of fast complexation.
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6.A.3.2 Sinusoidal modulation of small amplitude

In the following subsection, we are interested to derive the theoretical expressions of (i)

the concentrations in 1F, 1B, 2F, and 2B, and (ii) the overall fluorescence emission, upon

applying a periodic modulation of the illumination. In relation with our preceding work,

we have adopted a sinusoidal modulation of small amplitude, which provides results, which

are as well relevant to analyze the outcome of the experiments performed upon applying a

sinusoidal modulation of large amplitude.

Expression of the concentrations We consider that the system is submitted to a weak sinu-

soidal modulation of illumination around the averaged value I°. We correspondingly adopt

I(1) = I°[l+esin(wb)]
with € < 1. One has
Ky p(n) = K21+ esin (o)
kélfp(t) = kgﬁ£[1+£sin(wt)].

Eq.(6.14) is solved at first order of the light perturbation upon writing:

2F = 2F%+e2F (1) =2F°—¢e1F' (1)

1F = 1F°—e2F' (1) =1F° +e1F' ()

ki p(5) = kP [1+esin ()]
ko p(t) = kéllvy’g[l +£sin(wz‘)]+kZA1
to yield
2t 1 0 A s
= Piz,FP21 pSIN@
0 FP21,
Y
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(6.29)
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(6.32)
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where
KO
o0 = 2F oo 634)
1+K°
12,F
1
1F = ———Fio (6.35)
1+K12,F
kO
12,F
Kpp = 0 (6.36)
21,F
Kop = kiyp (6.37)
kgl,F = kglv,}?*'szl,F (6.38)
hp = . (6.39)
12F = T o )
kiyrtky g
p(l)Z,F = k(l)Z,FlFozkgl,FZFo (6.40)
KA F
A 21,
Pove = 00 A (6.41)
kyy 5+ ko) g

In Eqs.(6.34-6.41), 2F°, 1FY, K{’z’ - k(l)z, - kgL . T(l)zy - P(1)2, » and pzAL - respectively designate
the steady-state value of the concentrations in 2F and 1F, the apparent photoisomerization
constant, the forward and backward rate constants, the relaxation time, and the steady-state
rate associated to the 1F-2F exchange, and the relative thermal contribution to 2F relaxation

upon illuminating at / 0, Noteworthily, at I 0 one has also

1BY = KR R; (6.42)
1+ KAFO+ Ka2F0 " '

2BY = Kp2F R; (6.43)
1+ KAFO+ K22F0 " '

R = 1 Riot. (6.44)

1+ KAFO+ K22F0 "

0

Beyond the relaxation time 77, p,

one enters into a permanent regime in which the re-
spective contributions of the in- and out-phase terms 2F"" and 2F"°%* such that 2F' (¢) =

2FV i sin (wt) + 2F1°% cos (wt) respectively obey!®!

. . 1
l,in _ l,in _ 0 0 A
2F7T = —1F"T = p1p pTip pPa P (6.48)
1+ (a)‘r(l’z F)
1,out 1,out 0 0 A wT(l)Z F
2F> = —1F" " =—p TP - (6.49)
1+ (a)r(l’z F)
¢l Alternatively, one has
0 0 A
[
2F' (1) = —1F' (1) = =222 Gin(wi— ¢ r) (6.45)
2
0
1+ (lez,F)
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Upon noting that
KO
12,F
p?Z,FT(l)Z,F: ——— Fron (6.50)
0
1+K12,F
Eqgs.(6.48,6.49) become
, . K}, 1
2FMIn = _yphin=ph _ 1BE > Fror (6.51)
0
(1+K?2,F) 1"‘(“”12,1:)
K? T’
optout = _pleuto _ph o F . BF _p,, (6.52)
0 0
(1+K12,F) 1+(w112,F)

Expression of the fluorescence intensity Fluorescence intensity results from the individual
contributions of the states 1F, 1B, 2F, and 2B. Denoting Q; for the molecular brightness, we

first introduce
O(t) = QiplF(f)+Q1l1B(f) + Q2r2F(f) + Q22B(1). (6.53)
Then fluorescence intensity I (¢) can be written
Ir(t) = O@I(1) (6.54)

In the case of a sinusoidal modulation of light intensity obeying Eq.(6.26), the temporal
dependence of the overall observable O() originates from the temporal dependence of 1! (7)

and 2! (¢). Whereas 1F(t) and 2F(t) adopt simple expressions extracted from Egs.(6.29,6.30,6.51,6.52),

1IF = 1F'+¢ [lFl’i”sin (1) + 1FY cos (wt)] (6.55)

2F

2F0_¢ [lFl'i”sin (1) + 1FO% cos (wt)] , (6.56)

the derivation of the expressions of 1B(t) and 2B(t) deserves more attention. 1B(#) and 2B(¢)
can be derived from Egs.(6.23,6.24,6.55,6.56). To simplify the expressions, we subsequently

made approximations.

with
cos¢pizr = ! (6.46)
1+(wr‘1’2,F)2
singiop = OThor . (6.47)
1+(a)‘r(1)2’F)2
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After numerical simulations using values observed for Spinach, we first noticed that

A A
€ Ky - K,
1+ K{P1FO + K 2F°

[1FY 7 sin () + 1FY*" cos ()| << 1 (6.57)

at any time of the temporal evolution.!! Thus we were allowed us to write at first order

1 1
1+ KMF+K22F 1+ KMFO + K)2F0

{1-ey [lFl’i”sin (@t) + 1FY% cog (wr)]} (6.58)

where we introduced

KA - K%
1 2
_ _ (6.59)
v 1+ KPFO+ K22F°
We could subsequently derive
1B £ ;
TR0 = {1 + 150 [lFl’l”sin(wt) +1FY°% cos(wi) } X
{1-ey [lFl’i”sin @0+ 1F**" cos (wn)] } (6.60)
2B :
= {1- % [1F" " sin @) + 1F""" cos (w1 |} x
{1-ey [lFl’i”sin (@1) + 1FY% cog (wt)]} (6.61)

Upon considering that the amplitudes of the oscillating terms, 1—11:0 [1F Linsin (wt) + 1FY°% cos (w ],
570 [LFV " sin (w1) + 1FY°"" cos (w1)] and y [1F" " sin (w1) + 1F°"* cos (w?)] in the right terms
of Eqgs.(6.60,6.61) remain both much smaller than one,® we could simplify Eqgs.(6.60,6.61)

and write at first order

1B = 1B%+en, [lFl’i”sin (1) + 1FY% cog (a)t)] (6.62)
2B = 2B"—en, [lFl'i” sin (@) + 1F"*%! cos (w t)] (6.63)
with
m = K'R°(1-y1F’) (6.64)
na = K;RO(1+y2F°). (6.65)

Then we could deduce

o) = 0°+0%"sin(wt)+0"* cos(wi) (6.66)

flFor a mixture containing 40 uM of F;,; and 2 uM of R;,; under resonance conditions for the free DFHBI,
we obtained for both terms 0.074.

81 For a mixture containing 40 uM of F,,, and 2 uM of R;,, under resonance conditions for the free DFHBI,
we obtained respectively 0.13, 0.25 and 0.074.
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with
0° = Qp1F°+Q131B° + Qup2F° + Qy52B° (6.67)
AQ = Qir—Qr+mQip—12Q28 (6.68)
o"" = eAQ1FM" (6.69)
olout = gAQlFlout (6.70)

and™
Ir(t) = In+Ip"sin(t)+ 12" cos (i) (6.74)

with
= 0f° (6.75)
" = e(1f+aQiFtmr) (6.76)
" = eAQLF-™ ], 6.77)

(hlSimilarly, using Eq.(6.45), Eq.(6.66) can be rewritten to explicit the phase delay between the fluorescence
emission and the exciting light :

0 0 A
Pi2,FT12,FP21,F

2
0
1+ (lez,F)

o = 0°-eAQ sin(wt—¢12,5) (6.71)

Therefore, the temporal dependence of the fluorescence emission given in Eq.(6.74) becomes :
50 = Ip[1+esin@n) Ry, psin(0r - o) | (6.72)
with

0 0 A
AQ P12, FT12,FP21,F

= (6.73)

0 —
RIZ,F -

2
0
1+ (wTIZ,F)
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Chapter 7
General conclusion and perspectives

This PhD work has pointed out the interest of exploiting the kinetic signature of a given
reactive probe to improve the selectivity of imaging methods upon relying on photochromism
and fluorescence. In this final chapter, we first highlight the main results we obtained dur-
ing this PhD. In a second section, we propose and discuss a few perspectives and potential
applications of the OPTIMAL/OPIOM approaches.

7.1 Photochromism and light modulation

We first evidenced that the Spinach probe exhibits a previously unreported photochem-
ical behavior. The Spinach system combines both fluorogenicity and photochromism, that
makes it singular compared to the other usual fluorescence turn-on probes. These two prop-
erties permit to tune both the amplitude and the rate constant associated to the photocon-
version. Based on the photochemical properties of Spinach, we implemented a selective flu-
orescence imaging method and showed that OLID could be performed with one color light
excitation.

Second, we have designed the OPTIMAL strategy that discriminates a targeted photo-
switchable probe in a mixture containing interfering compounds, photoswitchable or not,
without any preliminary separation or washing step. This approach relies on the first order
out-of-phase response of the targeted photoswitchable probe to periodic light modulation.
This one can be maximized by appropriately tuning the two control parameters, the average
light intensity and the radial frequency of the modulated light excitation so as to satisfy ro-
bust resonance conditions. This strategy opens opportunities for selective and quantitative
analyses in complex mixtures such as the ones encountered in biology.

Third, we experimentally validated the OPTIMAL approach in the context of fluorescence
imaging. OPIOM permitted selective and quantitative imaging of photoswitchable fluores-
cent probes among fluorescent interfering compounds, photoswitchable or not. Notably, we

demonstrated the multiplexed observations opportunities provided by OPIOM using RSFPs
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exhibiting sufficiently different resonance conditions.
Eventually, we achieved to greatly improve the temporal resolution of the original OPIOM
protocol by using a second constant light source that accelerates the photoswitching dynam-

ics. Such an acquisition rate should permit most dynamic studies in biology.

7.2 Perspectives

7.2.1 FRET and OPIOM

Forster (or Fluorescence) resonance energy transfer (FRET) is a phenomenon that oc-
curs between a fluorescent donor in its excited state and a fluorescent acceptor in its ground
state.®* A first condition for FRET to be observed is that the emission spectrum of the donor
overlaps the absorption spectrum of the acceptor. Energy is transfered non-radiatively from
the donor to the acceptor due to long-range dipole-dipole interactions. The efficiency of the
energy transfer depends on several parameters such as : the extent of the spectral overlap of
the emission spectrum of the donor and the absorption spectrum of the acceptor, the fluo-
rescence quantum yield of the donor, the relative orientation of the donor and the acceptor
and the distance between the donor and the acceptor molecules.?* Exciting the donor of a
FRET pair leads to a quenching of the donor fluorescence and an increased acceptor fluores-
cence emission if they are close enough from each other (less than ~10 nm).'”” FRET can be
used to detect protein-protein interactions in a living cell in real time.?""17 The two differ-
ent proteins of interest are respectively labeled with the donor (often a CFP) and the acceptor
(often a YFP) of a FRET pair. Upon interaction between the two partners, the fluorophores
are close enough for FRET to occur (see Figure 7.1a). Several intramolecular FRET-based in-
dicators have been designed to report on dynamic conformational changes by sandwiching
the two interacting protein domains with the donor and the acceptor of the FRET pair. 7
Many sensors based on FRET transfer are employed to measure intracellular concentrations
of ions, metabolites... to report for the activity of proteins...}”""1”® The most famous FRET-
sensor is probably cameleon to detect Ca?*.180 A conformational change of the sensor is
induced by the recognition of the target resulting in an alteration of FRET efficiency (see
Figure 7.1b).

The quantitative analysis of these FRET experiments consists in the ratiometric measure-
ment of acceptor to donor fluorescence. Nevertheless, an accurate analysis can be rendered
difficult by the small signal variation arising from FRET as well as by the autofluorescence of
the background. Employing a photoswitchable donor submitted to light modulation could
modulate not only the fluorescence signal of the donor but also the one of the acceptor.
Thus, applying the OPIOM protocol would here enable to benefit from the lock-in detection

scheme to improve the signal-to-noise ratio as well to cancel out the background contribu-
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Protein X

Protein—protein
interaction

Figure 7.1: FRET-based methods. (a) Detection of protein-protein interaction with FRET. The in-
teraction of two different proteins (X and Y) that are labeled with a CFP donor and a YFP acceptor

respectively (b) FRET-sensor. Recognition of Ca?* induces a conformational change of the Cameleon

sensor and alters FRET efficiency. Adapted from Zhang et al.'”’

tion to accurately estimate the FRET efficiency. Recently, a combined OLID-FRET approach
has been implemented to improve the sensitivity detection of FRET efficiency®® and to im-

prove contrast in immunofluorescence imaging. 8%

7.2.2 Brainbow and OPIOM

Neuroscience aims at understanding how neuronal circuits account for mental activi-
ties and behaviors and how alterations in them lead to neurological or psychiatric disor-
ders.!8! For this purpose, it is necessary to visualize neuronal networks architecture. One
of the key points is to be able to distinguish individual neurons from their neighbors and
localize the different interconnections between them. In the past decade, a very promising
strategy has been developed based on the following observation : the mixing of several col-
ors with different intensities gives rise to a large number of hues. Called Brainbouw, it relies
on a stochastic expression of fluorescent proteins of different colors (XFPs). Individual neu-
rons produce random mixtures of XFPs in various amounts resulting in many distinguishable
hues enabling to discriminate them spectrally. With only three XFPs, around 100 colors are
generated with the Brainbow approach allowing multicolour labeling of individual neurons

according to hues. This strategy has already been used for multicolour labeling in mice, 182

zebrafish 183184 and drosophila. 1%

Relying on the Brainbow approach, stochastic expression of several RSFPs emitting in the
same wavelength range but differing by their dynamic parameters would produce random
mixtures with various values of the first order out-of-phase fluorescence response (Jg’out).
By applying OPIOM, the autofluorescence currently observed when conditioning the brain
to become transparent could be eliminated. In addition, relying on only one emission chan-
nel would avoid the chromatic aberration issues encountered nowadays with the Brainbow

strategy.
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Figure 7.2: Multicolour labeling with the Brainbow strategy in transgenic mice. (a) A motor nerve
innervating ear muscle. (b) An axon tract in the brainstem. (c) The hippocampal dentate gyrus. In the
Brainbow mice from which these images were taken, up to ~ 160 colours were observed. The images
were obtained by the superposition of separate red, green and blue channels. Adapted from Lichtman

et al. 181

7.2.3 Remote sensing in plants

Among biological samples, plants and micro-algae are organisms that are particularly
difficult to image by relying on fluorescence. Indeed, in addition to pigments that absorb
light, the presence of endogenous emitters (namely flavin and chlorophyll) in plants and
light scattering contaminate the fluorescence signal. Since OPIOM precisely extinguishes

the autofluorescence, we would like to evaluate its relevance for plant macro-imaging.

Riboflavin Chlorophyll

Figure 7.3: General structures of riboflavin and chlorophyll.

To evaluate the potential use of OPIOM for selective imaging in plants, we have relied on

tobacco (Nicotiana benthamiana) as a model organism, which is widely used for its trans-
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formation abilities. Dronpa-3 was expressed in the nucleus and cytoplasm of tobacco cells
transiently transfected by Agrobacterium tumefaciens. We applied the OPIOM protocol in
epifluorescence microscopy with the same set-up we used to perform our preceding exper-
iments (see chapter 4). We imaged Dronpa-3 in leaf epidermal cells (see Figure 7.4a) with
excitation modulation tuned to Dronpa-3 resonance. OPIOM efficiently canceled out the
intrinsic fluorescence of non-transfected cells and revealed selectively the Dronpa-3 signal
of labeled cells. We then tested the ability of OPIOM for remote detection of fluorescence
in living plants. For this purpose, we employed our usual light excitation setup consisting
in a LED collimated by a condenser lens to illuminate 1 cm? of the leaf of a tobacco plant
placed at around 25 cm of the light source (see Figure 7.4b). The fluorescence emission was
detected at 525 + 15 nm with a camera equipped with an objective for industrial vision also
placed at 25 cm of the plant. Applying OPIOM enabled us to efficiently extinguish the auto-
fluorescent background (visible on the non-transfected control plant) and reveal selectively
the signal of Dronpa-3 of the transfected tobacco plant (see Figure 7.4c). These preliminary

results suggest that OPIOM could be employed for remote sensing of a RSFP in a living plant.

a Pre-OPIOM OPIOM Pre-OPIOM OPIOM

2000

transfected

non-transfected

0 non-transfected

Figure 7.4: OPIOM application in tobacco plants transfected by Agrobacterium tumefaciens. (a) Se-
lective imaging of Dronpa-3 in leaf epidermal cells : the leaf of transfected plants shows fluorescent
epidermal cells with typical morphology whereas background fluorescence from internal compart-
ments is detected for the non-transfected plant; With OPIOM, background fluorescence is canceled
out while Dronpa-3 tagged cells are easily recovered. Imaging was performed in epifluorescence with
a 63x objective. Field of view is 100x100 ym. (b) View of the instrumental setup for remote detec-
tion of Dronpa-3; (c) Remote sensing of Dronpa-3 in tobacco leaf. Under constant illumination of the
plants placed in the dark, the contrast between transfected and non-transfected tobacco is poor. With
sinusoidal light modulation tuned to the resonance of Dronpa-3, the signal arising from Dronpa-3 is
selectively revealed and autofluorescence of the leaf is efficiently suppressed. Field of view is 2x2
cm. Images labeled Pre-OPIOM and OPIOM correspond to the unfiltered and OPIOM-filtered, re-

spectively, images.

In relation to these preliminary satisfactory results, we are presently considering to use
OPIOM for reading-out the physiological state of 'sensor’ plants. Indeed, the expression

186-188

of FPs in plants can be controlled by a wide range of promoters inducible by stress

(salinity, flooding, drought, temperature, wounding, pathogen or insect attack, heavy met-
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als), nutrients (nitrate, phosphate and copper) and chemicals (pollutants, herbicides and
insecticides).® In this context, the physiological information regarding the status of plants
in relation to their environment could be read-out by employing 'sensor’ plants expressing
RSFPs under promoter control combined with the OPIOM protocol. This would permit to
reliably and early identify the source(s) of stress of the plants in their specific environmental

conditions so as to optimize plant fitness.
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Chapter 8
Experimental Part

The experimental protocols are thoroughly described in the Material and Methods or
in the Supporting Information of the different articles. The page numbers regarding each

procedure are indicated in the following.

8.1 Probes production
* DFHBI synthesis : see Material and Methods page 51.
* Spinach : see Material and Methods page 51.
* Protein

- Cloning : see Material and Methods page 149.

- Protein production and purification : see Material and Methods page 150.

8.2 Spectroscopic Instruments

e See Material and Methods page 51 for Spinach.
e See Material and Methods page 151 for one-color OPIOM.

* See Material and Methods page 213 for two-color OPIOM.

8.3 Determination of the kinetic parameters of the RSFPs

e Photoconversion experiment at 480 nm: see Material and Methods page 151 and Sup-

plementary text page 170.
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8.4. SYSTEMS

8.4

8.5

8.6

Thermal return experiment : see Material and Methods page 151 and Supplementary

text page 170.

Light modulation experiment in cuvettes at 480 nm : see Material and Methods page 151

and Supplementary text page 172.

Photoconversion experiment at 480 nm and 405 nm : see Material and Methods page 213

and subsection 5.2.2 page 191.

Systems

Microfluidic device : see Material and Methods page 152.
Mammalian cell culture and transfection : see Material and Methods page 150.

Zebrafish : see Material and Methods page 151.

Microscopy setups

Epifluorescence microscope setup for one-color OLID : see Material and Methods page 51.

Epifluorescence microscope setup for one-color OPIOM : see Material and Methods

page 152. A scheme is provided in the subsection Supplementary Figures page 177.

Single-Plane [llumination Microscope (SPIM) setup : see Material and Methods page 153.

A scheme is provided in the subsection Supplementary Figures page 177.

Epifluorescence microscope setup for two-color OPIOM : see Material and Methods

page 213. A scheme is provided in the subsection Supplementary Figures page 211.

Imaging protocols

One-color OPIOM

Video acquisition : see Supplementary text page 174.

Microdevice imaging : see Supplementary text page 175.

Cell and zebrafish embryo imaging with epifluorescence microscopy : see Sup-

plementary text page 175.

Embryo imaging with Single Plane Illumination Microscopy : see Supplementary

text page 176.
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- Matlab code for OPIOM imaging : see Appendix A in the Supporting Information
page 185.

¢ Two-color OPIOM

Video acquisition : see Supplementary text page 174.

Microdevice imaging : see Supplementary text page 175.

Cell and zebrafish embryo imaging with epifluorescence microscopy : see Sup-

plementary text page 175.

Matlab code for OPIOM imaging : see Appendix A in the Supporting Information
page 185.
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Résumé

Les milieux biologiques sont des mélanges chimiques d'un intérét exceptionnel. Leur étude néces-
site la conception d’outils analytiques respectant les caractéristiques singuliéres et contraignantes
de ces milieux. Nous avons développé un protocole d'imagerie non-invasif permettant de détecter
sélectivement et de quantifier une espéce cible dans un mélange complexe telle qu'une cellule vi-
vante. Notre approche exploite la réponse au premier ordre en quadrature de phase d’'une sonde
photochrome soumise a une modulation lumineuse périodique. Un cadre théorique complet nous
a permis d’identifier les conditions d’illumination qui maximisent cette réponse en ajustant les deux
parametres de controle, 'intensité lumineuse moyenne et la fréquence angulaire de 'excitation lu-
mineuse modulée, de sorte a satisfaire des conditions de résonance robustes. La contribution spéci-
fique de la sonde photochrome ciblée au sein d'un mélange de composés interférents (photochromes
ou non) est sélectivement extraite du signal global grace a une détection en quadrature de phase.
Apres une validation in vitro, ce protocole a été appliqué en microscopie de fluorescence pour I'image-
rie sélective dans des cellules de mammiferes et des poissons zébres. Cette approche ouvre des per-
spectives pour l'observation multiplexée dans des échantillons biologiques. Des améliorations ont
été apportées au protocole original afin d’atteindre une résolution temporelle suffisante pour la plu-

part des études dynamiques en biologie.

Mots-clés : méthodes analytiques, dosage sous controle cinétique, sondes photochromes, modula-

tion lumineuse, détection en quadrature de phase, imagerie sélective en fluorescence.

Abstract

Biological media are chemical mixtures of exceptional interest. Their investigation requires conceiv-
ing analytical tools fulfilling the singular and demanding features of these media. We have designed
a non-invasive imaging protocol allowing to selectively detect and quantify a given target in a com-
plex mixture such as a living cell. Our approach relies on the first order out-of-phase response of
a targeted photoswitchable probe to periodic light modulation. An extensive theoretical framework
enabled us to identify the illumination conditions that maximize this response by appropriately tun-
ing the two control parameters, the average light intensity and the radial frequency of the modulated
light excitation, so as to satisfy robust resonance conditions. The specific contribution of the tar-
geted probe within a mixture of interfering species (photoswitchable or not) is selectively retrieved
from the overall signal thanks to quadrature detection. After in vitro validation, this protocol was ap-
plied in optical fluorescence microscopy for selective imaging in mammalian cells and zebrafish. This
approach opens attractive perspectives for multiplexed observations in biological samples. Further

refinements allowed to reach a temporal resolution relevant for most dynamic studies in biology.

Keywords : analytical methods, titration under kinetic control, photoswitchable probes, light modu-

lation, quadrature detection, selective fluorescence imaging.



