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Deciphering living matter

Living matter has continuously fascinated chemists. Repro-
ducing its structural elements and functions has motivated and
challenged organic, supramolecular, and systems chemists.
Powerful analytical tools are also required for its interrogation.

Cells as complex media

Living cells significantly depart from the material organization
encountered by chemists in their current practice: (i) they
contain a large number of distinct components (more than 10°);
(ii) the molar concentrations of their components span an
extremely large dynamic range (from 10" mol L™ " for ions such
as Na', K, or CI~, to 10~"> mol L™ " for DNA); (iii) they exhibit
multi-scale space heterogeneity and time dynamics in the
steady state. Their components are heterogeneously but
precisely distributed in space. The genome is more or less static,
the transcriptome and the proteome evolve on a time scale of
minutes to hours, the metabolome fluctuates on the second
time scale, and membrane (de)polarization occurs on the
millisecond time scale; (iv) they are in an out-of-equilibrium
(living) state. As a consequence, meaningfully interrogating
living cells requires sensitive imaging of a large number of
components in “real time”. Fulfilling such a goal is a source of
multiple chemical challenges.

Imaging cells as a source of challenges

Selective labeling. Imaging a cell component requires
a specific signature, which is read out with an interrogating tool
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Dynamic contrast with reversibly photoswitchable
fluorescent labels for imaging living cells
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Interrogating living cells requires sensitive imaging of a large number of components in real time. The state-
of-the-art of multiplexed imaging is usually limited to a few components. This review reports on the
promise and the challenges of dynamic contrast to overcome this limitation.

(e.g. light). Moreover, cell components essentially share
a similar elemental composition and functional groups, which
hinders the discrimination of a target among the population of
biomolecules. To overcome this limitation, exogenous labels
(e.g. fluorophores) are often introduced to singularize a target.
Powerful technologies (involving genetic modification to intro-
duce a derivatizable tag or a labeled brick) have been developed
to introduce such labels into biomolecules, so imaging is
presently limited by label discrimination.

Sensitivity at its limits. The sensitivity of an observable is
associated with the minimal label concentration which can be
detected in a given time. The most sensitive observables (e.g.
fluorescence) currently give access to submicromolar concen-
trations at a 100 Hz frequency of image acquisition. Such
a detection level is at the limits required for real time imaging
of key cell factors such as transcription factors or RNA mole-
cules. Strategies of signal amplifications relying on reaction
cascades® or labeling with enzymes® are currently under
development.

Overcoming adverse conditions. The heterogeneity of living
matter causes differential absorption and light scattering.® Cells
may also contain spectrally active endogenous components (e.g.
giving rise to autofluorescence’). Both features are detrimental
to unambiguously retrieving the label signals. The development
of strategies aiming at overcoming the interference of the latter
phenomena for quantitative and spatially informative inter-
pretation is a field of active research (e.g. tissue clearing,® labels
emitting chemiluminescence,>'® bioluminescence™ or fluores-
cence in the near infrared region, where autofluorescence is
weak'?).

Multiplexed observations. Selectivity for imaging is governed
by the ratio of the bandwidth of the label signal and the range of
all possible signals. No spectroscopy is presently able to image
a large number of cell components at their actual concentra-
tions. In fluorescence imaging which benefits from high
sensitivity and versatility for labeling, this ratio is at the lowest
equal to 0.25 with an organic label (e.g. in a fluorescent protein),
which enables the discrimination of 4 fluorophores in the UV-
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visible wavelength range by using spectral filters. This ratio can
reach down to 0.01 in Raman spectroscopy, which should give
access to imaging up to 100 labels.*

Spectral discrimination versus dynamic
contrast for imaging
Spectral discrimination at its limits

In imaging, the common approach to discriminate a label from
its background is to read out its signal in the spectral domain.
In particular, it has found extensive use in fluorescence
imaging, which has become essential for biology in view of the
high sensitivity and versatility of fluorescence for labeling.*
Two discriminative dimensions - the excitation and emission
wavelengths - can be exploited to target a specific fluorescent
label. Yet, the 50-100 nm half-width of the absorption/emission
bands of the widely used fluorophores intrinsically limits
spectral discrimination. Even with rich hardware of light sour-
ces and optical devices, at most four labels can be distin-
guished. Further increasing this number requires spectral
unmixing but at significant cost in terms of photon budget and
computation time.'””? Such constraints currently limit the
discriminative power of emerging genetic engineering strate-
gies,”®?* which can already be implemented to label a larger
number of biomolecules or cells in order to interrogate
signaling pathways,* cycling states,” genotypes,**** neuronal
projections,*?**** clones,**** cell types,* or microbiomes.*
Since fluorescence should remain a much favored observable
for imaging live cells,* the spectral dimension has to be com-
plemented by another dimension for further discriminating
fluorophores (see Fig. 1a and b).

Multicolor
emission

o m

Multicolor
excitation

Spectral
discrimination

Modulated Modulated
excitation emission
G [6]

[ ‘

Dynamic
contrast

Fig. 1 Complementary spectral (a) and dynamic (b) dimensions for
label discrimination. Spectral discrimination uses the responses of
labels submitted to spectrally different conditions of illumination and
light collection. Dynamic discrimination of spectrally similar labels
exploits their time responses to the change of control parameters (e.g.
light intensity). The spectral and dynamic discriminations exploit two
orthogonal dimensions. They can be combined in order to further
expand the number of labels, which can be discriminated in imaging.
Fluorescence has been used here for illustration. In (a), R, G, and B
respectively denote red, green, and blue absorbing/emitting fluo-
rophores, which can be distinguished by means of optical filters. In (b),
two RSFs engaged in reversible fluorescence photoswitching driven at
two wavelengths (indicated by blue and violet arrows) with different
photoswitching cross sections can be discriminated after the analysis
of the modulated fluorescence emission resulting from the application
of modulated light excitation.
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State of the art of dynamic contrast

Chemists have a lot of experience in adding discriminative
functions to reporters. In titrations, they selectively probe ana-
lytes by means of the thermodynamic and kinetic aspects of
their reaction with specific labeled reagents.’” Interestingly
fluorescence emission precisely reports on a photocycle of
reactions including light absorption and relaxation pathways
from an excited state, which can be envisioned as a titrating set.
As such, it contains a wealth of dynamic information, which can
be used for discrimination beyond the sole wavelength of its
emission.

Spectrally overlapping fluorophores have been discriminated
earlier by using their absorption-fluorescence emission pho-
tocycle. In particular the lifetime of excited states has been
exploited to distinguish fluorophores in Fluorescence Lifetime
Imaging Microscopy (FLIM).*** However this original attempt
has been limited by the narrow lifetime dispersion (less than an
order of magnitude in the ns range) of the bright fluorophores
currently used in fluorescence imaging. Therefore multiplexed
fluorescence lifetime imaging has necessitated deconvolu-
tions*® or the adoption of subtraction schemes.*®

Reversibly photoswitchable fluorophores (RSFs) do not
suffer from this drawback. These labels benefit from photo-
chemistry, which goes much beyond the absorption-fluores-
cence emission photocycle. It results in relaxation times of
fluorescence photoswitching on timescales necessitating
simpler setups than in FLIM while remaining compatible with
real time observations of biological phenomena. Thus several
protocols (e.g. optical lock-in detection — OLID,* synchronously
amplified fluorescence image recovery — SAFIRe,*>*, transient
state imaging microscopy — TRAST,** and out-of-phase imaging
after optical modulation - OPIOM**#) have exploited the time
response of fluorescence to light variations for discriminating
up to three spectrally similar RSFs,*® by relying on neither
deconvolution nor subtraction schemes.

Eventually Bleaching-Assisted Multichannel Microscopy
(BAMM) exploits the specific kinetic signature of photo-
bleaching, which has made possible the discrimination of up to
three spectrally similar fluorophores with an unmixing
algorithm.*

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

We more specifically report on the OPIOM protocol, which has
been introduced for RSF imaging. In OPIOM, the dynamic
contrast is obtained by applying modulated illumination at
a specific angular frequency and reading out the amplitude of
the modulated fluorescence signal.

In the one-color version of OPIOM, illumination at one
wavelength (intensity I) drives RSF photoswitching between two
states 1 and 2 of distinct brightness (see Fig. 2a).**° The ther-
modynamically stable state 1 is photochemically depopulated
toward the thermodynamically unstable state 2 with a rate
constant kq,(t) = 04,I(t). State 1 is populated back either by
photochemical induction or thermal recovery with a rate
constant ky(£) = 0,1(t) + k31. 01, and 7, are the photoswitching
action cross sections of the RSF, and k5, is the rate constant for
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Fig. 2 Principle of (Speed) out-of-phase imaging after optical
modulation (OPIOM). (a and c) In OPIOM, a periodically modulated
light source (angular frequency w and average intensity /°) modulates
the fluorescence emission from a RSF exchanging between two states
(1and 2) having different brightness (a). The OPIOM signal Sopiom is the
amplitude of the quadrature component of the modulated fluores-
cence emission, which exhibits a resonance in the space of the illu-
mination parameters (I°, w) (c). The OPIOM image of a targeted RSF is
selectively and quantitatively retrieved at resonance upon relating /°
and w to its dynamic parameters a5, 051, and k51 using the resonance
conditions (1, 2); (b and d) in Speed-OPIOM, the periodically modu-
lated illumination involves two light sources modulated in an antiphase
at angular frequency w with respective average light intensities /9 and
1S (b). The Speed OPIOM signal Sspeedoriom is the amplitude of the
quadrature component of the modulated fluorescence emission. It
exhibits a resonance in the space of the illumination parameters (/S/
19 and /19) (d). The Speed OPIOM image of a targeted RSF is obtained
after relating /13//2 and w//If to its dynamic parameters o151, 0211, 0122,
and a1 » Using the resonance conditions (3, 4). The theoretical plots in
(c) and (d) have been computed with g1, = g151 =196 m> mol™, 6511 =
0122 =0m2mol ™ 021 = 021, =413 m? mol ™%, k5, = 1.5 x 1072 s L and
1? = 100(k31/012,1 + 021.0) in (d).

the thermal recovery of 1 from 2. Since the photoswitching rates
are proportional to the light intensity I(¢), its sinusoidal
modulation at mean intensity (I°) and angular frequency (w)
harmonically modulates the concentrations of the two RSF
states at the angular frequency w but with a phase lag. Inter-
estingly the in-phase and quadrature amplitudes of the modu-
lated concentrations depend on I° and on w. In particular, the
quadrature amplitude exhibits a resonance with a single
optimum when the control parameters (I°, w) fulfill two
conditions:
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The fluorescence emission exhibits a similar resonant
behavior with identical resonance conditions. Hence the out-of-
phase amplitude of the modulated fluorescence has been
adopted as the OPIOM signal (see Fig. 2c). Proportional to the
RSF concentration, it is simply extracted by time Fourier
transform thereby benefiting from lock-in amplification, which
improves the signal-to-noise ratio. Since the resonance condi-
tions (1, 2) are specific for a RSF defined by its features of
fluorescence photoswitching, OPIOM can discriminate a tar-
geted RSF from autofluorescence, a spectrally similar fluo-
rophore, or another RSF endowed with distinct photoswitching
kinetics. OPIOM has been experimentally validated by selective
imaging of green reversibly photoswitchable fluorescent
proteins (RSFPs®!) in microsystems, mammalian cells, and in
zebrafish by using a wide-field epifluorescence microscope or
a single plane illumination microscope.*

In its original implementation, OPIOM has suffered from too
low values of the rate constant k5, for thermal recovery of
photoswitched RSFPs. Even with the fastest recovering RSFP
(Dronpa-3), OPIOM image acquisition took more than 2 min.*
Since most photoswitched green RSFPs can be photoswitched
back to their stable state upon illumination at 405 nm, it has
been proposed that the preceding limitation can be overcome
by introducing a secondary light source at 405 nm in order to
accelerate the recovery process.***

In the advanced Speed OPIOM protocol exploiting periodic
two-color illumination, the light sources at 480 and 405 nm are
modulated in an antiphase at the same angular frequency o
with the respective average light intensities I and I3 (see
Fig. 2b).** The RSFP fluorescence signal exhibits a tunable
quadrature response with a single resonance in the space of the
illumination parameters (I5/IY and w/I}) (see Fig. 2). The reso-
nant values are determined by the RSFP photoswitching cross
sections a1, ; (021,; respectively) associated with photoswitching
from 1 to 2 (from 2 to 1 respectively) driven at 480 (i = 1) and 405
({=2)nm

(0121 + on )} = (G122 + 021,2)1(2) (3)
w =201 + o2 ). (4)

The Speed OPIOM signal is two-times higher than the one
obtained in the original one-color OPIOM.** Moreover, the
resonance conditions (3, 4) show that the light sources can be
modulated at a much higher angular frequency than in one-
color OPIOM. Increasing I3 and I3 upon keeping their ratio
constant allows one to shorten the imaging time down to the
millisecond scale.

Experimental validations evidenced that Speed OPIOM can
quantitatively image RSFs against a background of auto-
fluorescence (see Fig. 3a and b) or ambient light.*® It is as well

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Speed OPIOM in action. (a and b) Fixed Hela cells expressing
H2B-Dronpa-2 (in the nucleus) and Lynll-EGFP (at the cell
membrane). Pre-OPIOM (a) and Speed OPIOM (b) images obtained
from analyzing a movie recorded at 525 nm under sinusoidal illumi-
nation modulation at a single radial frequency tuned at the resonance
of Dronpa-2 (Aexc1: 19; w) = (480 nm; 3.2 x 102 Einm~2s7%; 12.5 rad
s or 2 Hz) and (Aexco; 19; w) = (405 nm; 1.5 x 1072 Einm™2s7 % 12,5
rad s~* or 2 Hz). The experiments were performed at 25 °C. Dronpa-2
fluorescence emission is detected in both pre-OPIOM (a) and Speed
OPIOM (b) images. In contrast, as expected from the absence of an
out-of-phase contribution in its fluorescence emission, the EGFP gives
a signal on the pre-OPIOM image (a) but not on the Speed OPIOM one
(b). Scale bars: 10 pm.

efficient for multiplexed fluorescence imaging. Indeed by using
Speed OPIOM we could independently image at the Hz
frequency of image acquisition three spectrally similar RSFPs
having different responses to light modulation.*® Speed OPIOM
proved relevant for macroscale fluorescence, which is increas-
ingly used to observe biological samples.”” In particular, it
enhanced the sensitivity and the signal-to-noise ratio for fluo-
rescence detection in blot assays by factors of 50 and 10,
respectively, over direct fluorescence observation under
constant illumination. Moreover it easily discriminated fluo-
rescent labels from the autofluorescence and reflective back-
ground in labeled leaves of plant seedlings, even under the
interference of incident light at intensities that are comparable
to that of sunlight. Speed OPIOM has also been implemented in
fiber-optic epifluorescence imaging with one-photon excita-
tion.”® Besides demonstrating that it efficiently eliminates the
interference of autofluorescence arising from both the fiber
bundle and the specimen in several biological samples, we
showed that it provides intrinsic optical sectioning. This
favorable feature restricts the observation of fluorescent labels
at targeted positions within a sample thereby eliminating the
out-of-focus background, which generally results in low-
contrast images.

Dynamic contrast as a frontier for
chemists

Despite the work of chemists, the labels and protocols for
imaging are still far from meeting the growing demand of
quantitative biology to simultaneously image tens of chemical
species in a cell or nearby cells within a tissue.”*** Since the
optimization of the spectral features of labels (e.g. in fluores-
cence imaging: cross sections for light absorption, quantum
yield of luminescence, and half-width of absorption/emission

This journal is © The Royal Society of Chemistry 2020
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bands) has essentially reached its physical limits,* it is timely
to complement the spectral dimension. As has been illustrated
in the preceding paragraphs, dynamic contrast can provide
attractive opportunities. Yet, until now, it has not enabled the
discrimination of more than a few labels. However, in contrast
to spectral discrimination which has benefited from a century
of developments, much can be done in order to improve the
dynamic contrast. In the following, we present a few of its
frontiers with emphasis on fluorescence as an observable.

New labels

Most presently available fluorophores and RSFs have not been
specifically designed for dynamic contrast. As such, they are not
necessarily optimal for the specific figures of merits required for
the various protocols of dynamic contrast. This situation will
encourage tailoring labels endowed with optimized kinetic
properties (e.g. luminescence lifetimes, cross sections for
luminescence photoswitching, etc.). For instance, long-lived
luminophores can be sought (e.g. lanthanide-based lumines-
cent probes,” azadioxatriangulenium (ADOTA) fluo-
rophores,*®*” and Ag clusters®®). Similarly, RSFPs endowed with
diverse cross sections for fluorescence photoswitching should
be developed.

New observables

The development of dynamic contrast should not be limited to
the syntheses of new labels and to their integration with living
matter. In fact, it will be also necessary to engage theoretical
and instrumental efforts in order to introduce new acquisition
protocols. Another interesting development concerns the
design of observables. For a simple label, the observable (e.g.
the intensity of the fluorescence signal) reports on its instan-
taneous concentration. Hence, it is necessary to record succes-
sive images to reconstruct the temporal evolution of a dynamic
system. In addition, to obtain three-dimensional images at the
highest spatial resolution, this approach necessitates acquisi-
tion, processing, and storage of huge amounts of information,
which is difficult with organs or organisms and represents
a bottleneck in bioimaging. As a promising avenue to overcome
the preceding limitation, new labels acting as integrators have
been recently proposed to report not on a single state but on
a succession of states delivering time information in a compact
format.”

Concluding remarks

We end up this mini-review with a more general consideration.
The field of methodological developments in imaging cannot be
easily addressed at the level of one research group only. Indeed
it necessitates to integrate theoretical and instrumental devel-
opments, systems and labels, together with taking into account
scientific questions from remote communities. In our experi-
ence, this requirement proved highly rewarding by offering
opportunities of rich interactions with scientists from other
disciplines (physicists, biologists, data scientists, ...). Added to
the preceding considerations showing that much has to be

Chem. Sci., 2020, 1, 2882-2887 | 2885
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done, we are therefore convinced that imaging living matter will
deserve much attention from the community of chemists.
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