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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.

M easuring 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 (04, 0y, k3). 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,

|A20ut -1

norm

, is plotted versus the light flux I° (in eins

m~?) and the adimensional relaxation time wt°,. See Equation (18) and supplementary text 1

in the Supporting Information. 0,,=73 m*mol ™', 0,y =84 m’mol ™', k3, =1.5x102s"".

Herein, we exploit the unique discriminative kinetic
parametersl'>¥ 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).2131% Discrimination relies on the triplet of dynamic
parameters (0y,, 0y, k5;) which characterize P, where oy, and
0,, are the molecular action cross-sections of the forward and
backward photochemical processes, and k2, is the rate
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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 o, 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, k2)-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 w (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 _ k21

=2 =2k2 1
O + 02 @ A M

Conversely, the out-of-phase amplitude rapidly vanishes
when (I°, w) 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, 0;1.x;
K.
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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). b) Titration of Dronpa-2 ([Dronpa-2];,) calculated from the

pre-OPIOM (circle) and OPIOM (square) images in (a). The line shows the expected Dronpa-2 concentrations ([Dronpa-2],.,).

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 V1571/M159A).1 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[7-1%l
and 0.28""* for Dronpa-3; 0.85 for Dronpa!™). Note that a fast
thermal resetting (large k5,) improves both the signal to noise
ratio (by increasing I°) and the temporal resolution (by
increasing @) 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 w 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
01, + 0, for the cis-to-trans and trans-to-cis photoisomeriza-
tion action cross-sections and the thermal resetting rate
constant k3. Hence, we first submitted Dronpa-2 and
Dronpa-3 to a straightforward series of light jump experi-
ments (see supplementary text 4 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 o, + g,, value was extracted from
the light intensity dependence of the relaxation time asso-
ciated with the photoconversion of P upon irradiation (Fig-
ure $6): at 37°C, we found (157 + 5) and (21 + 3) m*mol ™" for
Dronpa-2 and Dronpa-3, respectively. k3, was directly
obtained by monitoring the fluorescence recovery rate in
the dark (see Figure S7), thus yielding (1.50 £ 0.05) 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
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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 pm, 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 yp,r=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
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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 k%, 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 yp,p; =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 HEK293 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 3¢).

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
01, + 0y OF k§1 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 channe].*"*?
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