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Abstract. Fluorescence has become a ubiquitous observable in biology. Yet it
encounters limitations, which may originate from optical interferences such as ambient
light, autofluorescence, and spectrally, interfering fluorophores. In this review, we first
report on dynamic contrast:which 'éan- overcome these limitations. Then we specifically
describe Out-of-Phase Imaging, after Optical Modulation (OPIOM), which proved
relevant for multiplexed fluorescence imaging even under adverse optical conditions
with several optical setups.

A S

Keywords:  Fluorescence imaging, fluorescence microscopy, macroscale imaging,
fluorescence endomicroscopy, dynamic contrast, reversibly photoswitchable fluorophores

Introduction

Fluorescence gexhibitsfavorable features for imaging in biology:[1] (i) Sensitivity.
Fluorescence is red-shifted, with respect to the excitation wavelength, which facilitates
high contrast against a dark field by spectral filtering. Thus fluorescence imaging is
highly sensitives (ii) Labeling specificity. An exogenous fluorophore can be introduced
for biemoleculedabeling, which is often performed by genetic engineering so as to secure
ex¢lusive selectivity. However fluorescence suffers from several limitations for sensitive
and guantitative imaging. As a general feature of fluorescence imaging, the common
labels exhibit rather broad bands of absorption and emission (at least 50 nm for the
halfswidth), which limits the number of distinguishable labels in multiplexed imaging.
Beyond 3-4 labels which can be routinely discriminated, building the final image requires
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to process the fluorescence signals at each pixel (e.g. by linear unmixing,[2, 3| phaser
analysis,[4, 5, 6, 7, 8]...). Hence state-of-the-art spectral unmixing in livingbiological
samples currently makes possible to distinguish six fluorophores[9] but at significant
cost in terms of photon budget and computation time.[2, 10, 11, 12, 43,14, 15] As
more specific limitations associated with imaging biological samples, réflection or'light
scattering of ambient light, and autofluorescence from endogenoussfliorophores may
obscure the emission from a targeted fluorescent label.

In fluorescence imaging, the detrimental interference of ambient light is most often
eliminated by recording images in dark environments. When the Tatter conditions
cannot be met, subtracting the images recorded under ambient light with and without
light exciting fluorescence has been exploited.[16, 17| However thissapproach has limited
interest under a temporally varying lighting environment. Mereover it cannot be used as
well if ambient light is too strong as a consequence of the shot noise, which decreases the
measurement precision and degrades the signal-to-noise ratio (SNR).[18] Spectral filters
are also poorly effective for selectively retrievingithelabel signal since the spectrum of
the light sources often overlaps with the emission spectruﬁl of the common fluorescent
labels. An alternative approach to distinguish the fluorescence signal from ambient light
is to tailor the excitation light. Hence camera,acquisition has been synchronized with
a micro to millisecond long pulsed excitation\light for fluorescence imaging under room
light to sunlight conditions.[19, 20, 217922;,23, 24, 25] Lock-in imaging has also been
used to distinguish a fluorescence signal.from ambient light. Upon applying periodic
modulation of the intensity of the excitation light with an angular frequency at which
any modulation of the ambient-light can be neglected, the modulated component of
the fluorescence can be extracted (e.g after time domain Fourier transform), thereby
filtering the background upsethe daylight condition.[26, 27] Compared to the preceding
approach, lock-in imaging benefits from a higher SNR due to frequency-domain noise
filtering.

Autofluorescence isranother significant concern in biological samples. It originates
from endogenous fluorescent’molecules found in animals (e.g. NAD(P)H, flavin, and
lipopigments, and porphyrins[28, 29, 30, 31, 32, 33]) and in plants (e.g alkaloids,
flavonoids and’phenolics; ferulic acid,[34, 35, 36, 37, 38, 39, 40] lipofuscins,[41, 42, 43]
and chlorophyll[44]) ¢ Spanning from the UV to the IR wavelength range,[45, 46, 47,
48, 49, 50}-autofluorescence is difficult to circumvent by spectral filtering. In such a
perspedtive, exgitation and emission filters with narrow bandpasses[51, 52, 53, 54| as
well as fluorescent labels emitting beyond 650 nm[55, 56, 57, 58, 59, 50, 60, 61, 62, 63]
ar¢ favorable. When the autofluorescent background is spectrally homogeneous,
autofluoreseence can be alternatively handled as a fluorophore and eliminated by spectral
unmixing. However this approach is of limited interest in biological samples, where
autofluorescence arises from diverse substances at specific locations.[64, 65]

It is worthy of note that most strategies reported above to overcome the limitations
of fluorescence imaging have exploited discrimination of the targeted label in the
spectral domain. Since the optimization of the fluorescent labels (cross section for light
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absorption, quantum yield of luminescence, half-width of absorption/emissionbands)
has essentially reached its physical limits and considering that fluorescenge. should
remain a much favored observable for imaging live cells,[66] it appears attractive-to
complement the spectral dimension for further discriminating fluorophores.

Strategies of dynamic contrast

Fluorescence emission reports on light absorption and relaxationpathways of an excited
state. As such, it contains dynamic information, which can bé usedfor discrimination
in the time domain beyond the sole wavelength.

Fluorescence lifetime imaging microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) has“been early introduced to
discriminate fluorophores by the distinct lifetimes of their first singlet excited state,[67,
68] which can be extracted with three protogels.  Im time-correlated single-photon
counting (TCSPC), the delay times of arrival of individual emitted photons are measured
and the lifetime(s) is(are) retrieved froni the histogram plotting the number of photons
versus time after (multi)exponential fitting.[69] Alternatively, the photons emitted
following a pulse of laser excitationsare detected after a series of time delays in order to
reconstruct the decay lifetime(s) afterianalyzing the recorded intensities.[70] Eventually,
in contrast to both former protocols expleiting pulsed excitation, FLIM can also be
implemented in the frequency domain: the excitation light is modulated and the
fluorescence lifetime is retrieved frompanalyzing the amplitude and phase delay of the
modulated fluorescence intensity.[68, 71]

FLIM has been usedfto disetiminate fluorescent emitters from time-independent
ambient light in homodyne detection[26] as well as from autofluorescence by exploiting
differences of lifetimeés. Henee time-gated detection has been used to selectively
image GFP and YEP in plant cells by eliminating autofluorescence from the
chloroplast.[72] Despite eomplex multiexponential fluorescence decay,[73, 74| the long
fluorescence lifetime of quantum dots has facilitated their straightforward temporal
discrimination against cell autofluorescence and scattered excitation light by time-
gated measurengents and eonsiderably enhanced the imaging sensitivity.[75, 76] However
autofluoreseencerhas an average lifetime around 4 ns (autofluorescence exhibits lifetimes
ranging from ps to several ns[77, 78, 79, 80]), which overlaps the one of the most
comaion orgamic fluorophores. Hence long-lived luminophores (e.g. lanthanide-
based luminescent probes,[81] azadioxatriangulenium (ADOTA) fluorophores,[82, 83|
Ag clusters[84]) have been designed to detect their emission after complete decay of
the autofluorescence. FLIM has also been used in multiplexed fluorescence imaging
analysis for histopathological identification of different stained tissues.[85]Yet FLIM-
based multiplexed imaging has remained limited by the narrow range of lifetimes of
the common bright fluorophores currently used in fluorescence imaging (a same few
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nanoseconds) and it has necessitated deconvolutions[86] or the adoption of subfractive
schemes. [68]

Discrimination by the lifetimes of photoswitched states

Recently popularized by super-resolution microscopies,[87, 88, 89, 90] reversibly
photoswitchable fluorophores (RSFs) provide more opportunities tham simple
fluorophores for discrimination with dynamic contrast. RSFs can.be photoswitched
between states of different brightness upon illumination at one-er“two different
wavelengths.[91, 92, 93] Their light-driven photoswitching intervemnes over a wide palette
of timescales (us to s), which facilitates RSF discrimination by analyzing the temporal
response of their fluorescence to appropriate light variatiens. Heneée several protocols
(e.g. transient state imaging microscopy — TRAST,[945:95, 96} optical lock-in detection
— OLID,[97] synchronously amplified fluorescence image recovery — SAFIRe,[98, 99] and
out-of-phase imaging after optical modulation — OPIOM[100, 101, 102, 103, 104]) have
exploited the time domain for selectively imaging RSFs.against a spectrally interfering
background, this neither by relying on deconvolution nor on subtraction schemes.

Transient state imaging microscopy (TRAST) has'selectively discriminated organic
fluorophores by monitoring the dynamics of their long-lived, photo-induced transient
dark states.[94, 95, 96] TRAST has been ‘successfully implemented in multiplexed
imaging by exploiting the triplet statey which'is sensitive to the presence of molecular
dioxygen and heavy ions such,as iodide. More specifically, fluorophore-filled liposomes
containing or not triplet state quenchers have been distinguished thanks to the different
lifetimes of their triplet state.[95]

In Optical Lock-In Detection (OLID), a series of light perturbations drives an RSF
throughout cycles of photoswitching.[97, 105, 106] The RSF modulated fluorescence
signal is selectively retrieved after cross-correlation with a reference waveform (e.g.
acquired from an image zome“where only the RSF is present, which cancels any
interference from thesbackground (e.g. ambient light, autofluorescence,. .. which do not
exhibit any fluoréscence photoswitching). OLID has been first validated with a small
organic RSF (nitrospirobenzopyran) and with a reversibly photoswitchable fluorescent
protein (RSFP),[97] which can reversibly photoswitch between fluorescent and non-
fluorescent states.[93, 107] OLID was subsequently implemented with a fluorescent
cyanineyg which @ould be photoswitched at high light intensity.[108] Whereas OLID
was not linearly related to the RSF concentration in its initial version,[97] it has been
revisited tonmake it quantitative.[109]

Synchronously amplified fluorescence imaging recovery (SAFIRe) exploits long-lived
dark'states, which are depopulated under illumination at a secondary wavelength higher
than fluorescence emission.[110, 111] At constant primary excitation light, modulation
of the secondary light modulates the fluorescence signal without any crosstalk. After
time-domain Fourier transformation of the signal from each pixel, SAFIRe can image
a targeted RSF upon eliminating autofluorescence and any signal from spectrally

Page 4 of 13



Page 50f 13

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPPHOTON-100181.R1

Dynamic contrast for overcoming spectral interferences in fluorescence imaging )

interfering fluorophores.[99] Initially validated with Ag nanodots[110] and ferganic
fluorophores,[111, 112] SAFIRe was later implemented with RSFPs.[113, 114, 115] It
also encountered many developments such as combining SAFIRe and FRET. to overcome
the limitation of red-shifted illumination for dark state depopulation,[116] extending
SAFIRe to simple fluorophores by exploiting stimulated emission,[147] or applying
SAFIRe to fluorescence correlation spectroscopy (FCS).[118]

SAFIRe is endowed to overcome the limitations of autofluorescence, ambient light,
and the spectral interference of RSFs, which respond more slowly than the targeted
one to the optical modulation of the secondary light. Out-of-Phase Imaging after
Optical Modulation (OPIOM) has added the phase lag of the.modulated signal to the
frequency-dependent modulation amplitude exploited by SAFIRe.as a further control
parameter.[100, 102] As shown below, the OPIOM exhaustive theoretical framework
has led to extract analytic conditions for generating/optimum band pass filters, which
can directly discriminate the individual contributions of several components in RSF
mixtures.

Eventually irreversible photoswitching processes have been used for dynamic
contrast.  In Bleaching-Assisted Multiehannel { Microscopy (BAMM), the kinetic
signature of photobleaching made possible to discriminate up to three spectrally similar
fluorophores with an unmixing algorithm . {119] "BAMM was successfully applied to
organic dyes, autofluorescent biomeleculesyand fluorescent proteins.[119]

OPIOM in action

Theoretical background

OPIOM relies on time peribdic Mumination at one wavelength (light intensity I(t) with
Iy average value and w angular frequency) to govern RSF photoswitching between two
states of different brightness (seeFig. 1a).[100, 101] The thermodynamically stable state
1 is photochemically depepulated in favor of the thermodynamically less stable state
2 (rate constant (kio(t) = o121(t)) and it is populated back either by photochemical
conversion or thermal recovery (rate constant kg (t) = o091(t) + k&; 012 and o9;:
photoswitchiflg action €ross-sections of the RSF, k3}: rate constant for thermal recovery
of 1 from 2). Since the photoswitching rates depend on I(t), periodic light modulation
modulates the concentrations of the two RSF states at w angular frequency but with
a phase delay originating from the relaxation time of RSF photoswitching. At steady-
stateyithe amplitudes of the quadrature-delayed component of the concentrations and
of fluorescénce emission exhibit a resonance when the parameters of light modulation
match thekinetic parameters of RSF photoswitching by fulfilling two conditions:
kA
70 — 21 (1)
012 + 021
w = 2ky (2)
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The resonant quadrature-delayed component of the modulated fluorescence has been
chosen as the OPIOM signal (see Fig. 1c). It can be simply extracted by a
robust time Fourier transform benefiting from lock-in amplification to improvesthe
SNR. Proportional to the RSF concentration, the OPIOM signal cansquantitatively
discriminate a targeted RSF against another spectrally similar fluotephore or"RSF
endowed with different photoswitching kinetics.

a
One-color RSF
~
1 < @ X a> .
=
Og),
b
Two-color RSF
)
1 (2)
c d
1 0.125 5 0.25
0 4
& S
S 2 %,
-3 1
- sy =5 oy SN2 0 s ) o 0 1 2 0

logio (I°) b
logio 1—?

Figure/ 1., (Speed-) Out-of-phase imaging after optical modulation (OPIOM). (a,c)
In OPIOM, atimie-periodic light (angular frequency w and average intensity I°)
modulates the fluorescence emission from an RSF involved in an exchange between a
bright and a dark state (respectively 1 and 2) (a). The OPIOM signal Sopron is the
amplitude.of the out-of-phase component of the fluorescence emission. The OPIOM
image of a targeted RSF is selectively and quantitatively retrieved upon adopting
résonant illumination parameters I° and w, which match the RSF kinetic parameters
01930621, and k& using Egs. (1,2) (c); (b,d) In Speed-OPIOM, the time-periodic
illumination involves two lights modulated in antiphase at angular frequency w with
respective average intensities I and I (b). The Speed-OPIOM signal SspeedopPron is
the amplitude of the out-of-phase component of the fluorescence emission. It is resonant
in the space of the illumination parameters {I39/I?,w/I{} (d). The Speed-OPIOM
image of a targeted RSF is recorded upon matching the illumination parameters I3 /¢
and w/I? to the RSF kinetic parameters 0121, 0211, 0122, and 091 2 using Eqs. (3,4).
The panels (c¢) and (d) display the theoretical plots of the OPIOM and Speed-OPIOM
signals normalized by the RSF concentration with 019 = 12,1 = 196 m? mol !, 0211
=0 m? mol™!, o122 = 0 m? mol™?, o9; = o212 = 413 m? mol ™1, k2A1 = 1.5 x 1072
s7! with 1% = 100k% /(12,1 + 021,1).
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: Many RSFs (e.g. green fluorescent RSFPs) can be photoswitched back and forth
6 at two different wavelengths (e.g. 480 and 405 nm with green RSFPs).4 Thus a
; secondary light can be applied to accelerate the recovery process of the photoswitehed
9 state.[120, 102] In Speed OPIOM which exploits time periodic two-color illumination, the
10 light sources at wavelengths A\; and A\, are modulated in antiphase at angular frequency
:; w with respective average light intensities I{ and I (see Fig. 1b).[102]"Agaifnthe Speed
13 OPIOM signal is the quadrature-delayed response of the RSF fluorescence (8ee Fig. 1d).
14 It exhibits a resonance when the illumination parameters I3 /I and'w/E maftch the RSF
1 2 photoswitching cross sections 015, (respectively o ;) associated With\photoswitching
17 from 1 to 2 (respectively from 2 to 1) driven at A; (i = 1,2)

12 (0121 + 0911) I} = (0122 + 0212) 19 (3)
20 w = 2<0'1271 +O’2171)I?. (4)
;; Beyond being twice higher than with OPIOM, the Speed OPIOM signal can benefit
23 from higher frequencies of image acquisition. Asshowtnin Eqs.(3,4), increasing I? and
;g IY at constant ratio I9/I) leads to increase w at resonance”

26

27 Implementation

28

29 Easily adapted onto commercially ayailable optical'setups, the (Speed-)OPIOM imaging
;? protocols can improve their performances without any significant modification. Indeed,
32 they simply require to modulate light sources, which are usually exploited at constant
33 intensity. ~ We have implemented (Speed-)OPIOM on five optical setups: two
2‘5‘ different fluorescence microscopes,[100, 102], a fluorescence macroscope,[102, 103] and a
36 fluorescence endomicroscope.[104]

37 OPIOM has been implemented in epifluorescence and single plane imaging
38 microscopies (see Fig. 2a,b).[100] We first used a microdevice filled with RSFP solutions
zg to demonstrate thatyit selectively gives access to quantitative information on RSFP
41 concentrations. We thenapplied OPIOM in epifluorescence microscopy to show that it
42 could image RSFPs in fixed and live cells even in the presence of spectrally interfering
22 fluorophores. Finally, we validated OPIOM in single plane imaging microscopy upon
45 evidencing that it could overcome the interfering autofluorescence of tissues and
46 compartments when imaging zebrafish embryos.

2; Speed=OPIOMhas been subsequently implemented in epifluorescence microscopy,[102]
49 macrofluorescenee imaging,[102, 103] and fluorescence endomicroscopy[104] (see Fig. 2c—
50 e). Admpepifluorescence microscopy, we could show that Speed OPIOM can selectively
g; retrieve the fluorescence emission from a targeted RSFP in the presence of spectrally
53 interfering/ fluorophores and autofluorescence in real time in live cells. Four fluores-
>4 cent proteins with a similar spectral signature have been discriminated in cells (see
gg Fig. 3a=¢). Speed OPIOM was then demonstrated to be relevant for remote imaging
57 with a simple and inexpensive fluorescence macroscope. In a first step, we showed that
gg Speed-OPIOM could enhance the sensitivity and the signal-to-noise ratio for fluorescence

detection in blot assays by factors of 50 and 10, respectively, over direct fluorescence
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Figure 2. Optical, setups for (Speed-)OPIOM implementation. (a) OPIOM in
epifluorescencé mlchcopy,[loo} (b) OPIOM in single plane illumination microscopy
(SPIM);[100] (c) SpeedsOPIOM in epifluorescence microscopy;[102] (d) Speed-OPIOM
in magroseale fluorescence imaging;[102, 103] (e) Speed-OPIOM in fluorescence
endomigroscopy. [104]

Dronpa
channel

Figure 3. Speed OPIOM can independently image four spectrally similar RSFPs.
Pre-OPIOM (a) and Speed OPIOM images tuned to selectively image Dronpa-2 (b),
Padron (c), and Dronpa (d). In (e), overlay between the pre-OPIOM image from the
Dronpa-2 acquisition and Speed OPIOM images collected in (b—d). Systems: Fixed
U20S cells expressing H2B-Dronpa-2, Mito-Padron, Dronpa-GTS, and Lynl11-EGFP.
Localizations: H2B (nucleus), Lynll (cell membrane), Mito (mitochondria), GTS
(Golgi). The images were recorded at 37°C. Scale bars: 20 pm. Reproduced with
permission from reference [102].
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observation under constant illumination. Then, we evidenced that Speed-OPIQM sue-
cessfully overcame the strong autofluorescence of growth media that are currémtly used
in microbiology and realized multiplexed fluorescence observation of celonies of spec-
trally similar fluorescent bacteria. Finally, we easily discriminated flueresecent labels
from the autofluorescent and reflective background in labeled leaves/even under the
interference of incident light at intensities that are comparable to sunlight. Eventually
we have implemented Speed OPIOM in fluorescence endomicroscopy enabling for full-
frame acquisition. Using a simple and cheap optical-fiber bundlesbased.endomicroscope
with one-photon excitation integrating modulatable light sournces, e first showed that
Speed OPIOM is endowed with intrinsic optical sectioning, #which restricts the observa-
tion of RSFPs at targeted positions within a sample. We also demenstrated that Speed
OPIOM efficiently eliminates the interference of the autofluerescence arising from both
the fiber bundle and the specimen in several biological samples.

Conclusion R

Fluorescence imaging has benefited from significant advances for biological applications,
which extend from the development of multiple genetically-encoded fluorophores to the
introduction of new microscopies. Overcoming thediffraction limit with super-resolution
microscopies has been a first illustration,of this impressive progress. More recently,
several fluorescence imaging protocols exploiting dynamic contrast (e.g. TRAST, OLID,
SAFIRe, OPIOM) have addressed further challenges, which had been considered limiting
for fluorescence imaging. In this,short review, we more specifically reported on OPIOM.
We showed that it is easy to implemention a variety of simple and cheap optical setups,
in which it can overcome amtefluorescence and ambient light or discriminate several
spectrally similar fluorophores. Added to the continuous introduction of RSFs and
genetic techniques for dabeling, the imaging protocols exploiting dynamic contrast are
expected to open new fields of applications for fluorescence imaging.

Acknowledgments

This work Mwas gsupported by the ANR (France Biolmaging - ANR-10-INBS-04,
Morphoscope2+ ANR-11-EQPX-0029, HIGHLIGHT, and dISCern), the Fondation de
la Recherche Médicale (FRM), the MITI CNRS (Imag’In and Instrumentations aux
limites), sand the Domaine d’Intérét Majeur Analytics de la Région Ile de France
(DREAM).

References

[1] " Giepmans B N G, Adams S R, Ellisman M H and Tsien R Y 2006 Science 312 217-224

[2] Zimmermann T, Rietdorf J and Pepperkok R 2003 FEBS Letters 546 87-92

[3] Zimmermann T 2005 Spectral Imaging and Linear Unmizing in Light Microscopy (Berlin,
Heidelberg: Springer Berlin Heidelberg) ISBN 978-3-540-31545-2



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPPHOTON-100181.R1

Dynamic contrast for overcoming spectral interferences in fluorescence imaging 10

N O Ot =

Clayton A H A, Hanley Q S and Verveer P J 2004 Journal of Microscopy 213 1-5

Redford G and Clegg R 2005 Journal of fluorescence 15 805-815

Digman M A, Caiolfa V R, Zamai M and Gratton E 2008 Biophys. J. 94 1L1441.16

Fereidouni F, Bader A N and Gerritsen H C 2012 Opt. Express 20 12729-12741

Malacrida L, Astrada S, Briva A, Bollati-Fogollin M, Gratton E and Bagatolli I. 2016 Biochimica
et Biophysica Acta (BBA) - Biomembranes 1858 2625-2635

Valm A, Cohen S, Legant W, Melunis J, Hershberg U, Wait E, Cohen A, DavidsonnM, Betzig E
and Lippincott-Schwartz J 2017 Nature 546 162-167

Neher R and Neher E 2004 J. Microsc. 213 4662

Mansfield J R, Gossage K W, Hoyt C C and Levenson R M 2005 J./Biomed. Opt. 104 041207

Gao L and Smith R T 2014 J. Biophotonics 1-16

Jahr W, Schmid B, Schmied C, Fahrbach F O and Huisken J 2015, Nat. Comm. 6 7990

Valm A M, Welch J L M, Rieken C W, Hasegawa Y, Sogin M L, Oldenbourg R, Dewhirst F E
and Borisy G G 2011 Proc. Natl. Acad. Sci. USA 108 4153=4157

Cutrale F, Trivedi V, Trinh L. A, Chiu C L, Choi J M, Artiga M. S and Fraser S E 2017 Nat.
Meth. 14 149-152

H Norikane J and Kurata K 2001 Transactions of the/ASAFE 44 1915-1922

Yamaguchi T, Sunaga Y, Haruta M, Motoyama M Ohta Y3 Takehara H, Noda T, Sasagawa K,
Tokuda T and Ohta J 2015 The Journal of Engineering 2035(11) 328-330(2)

Manley S, Gillette J, H Patterson G, Shroff H, F' Hess H, Betzig E and Lippincott-Schwartz J
2008 Nat. Methods 5 155-7

Mazel C H 2005 Limnology and Oceanography:Methods 3 499-510

Dominik E, Daniel G, Matthias R and Thomas B 2012 Measurement Science and Technology 23
035702

Sexton K, Davis S C, McClatchy D, Valdes P-A, Kanick S C, Paulsen K D, Roberts D W and
Pogue B W 2013 Opt. Lett, 38 3249-3252

Nedbal L, Soukupova J, Kaftan'D, Whitmarsh'J and Trtilek M 2000 Photosynthesis Research 66
3-12

J Sexton K, Zhao Y, C Davis S, Jiang Stand W Pogue B 2017 Biomedical Optics Fxpress 8 2635

Weinstein S, Pane D, Ernst_I. A, Warren-Rhodes K, Dohm J M, Hock A N, Piatek J L, Emani
S, Lanni F, Wagner M, Fisher G'W, Minkley E, Dansey L. E, Smith T, Grin E A, Stubbs K,
Thomas G, Cockell C S, Marinangeli L, Ori G G, Heys S, Teza J P, Moersch J E, Coppin
P, Diaz G C, Wettergreen D S, Cabrol N A and Waggoner A S 2008 Journal of Geophysical
Research: Biogeosciences 113

Lanni F, Pane DyidnWeinsteitr S and Waggoner A 2007 The Review of scientific instruments 78
033702

Banghe Z, John.C R and Eva M S M 2014 Biomedical Optics Express 5 562-572

ShimshonB; Sharon. Yk, Yossef K, Victor K, Tali S, Yonatan A, Cheinat Z P, Zahi R, Amos N
and Aharon J A«2017 Nature Biotechnology 35 308-310

Aubin J'EM979 Journal of Histochemistry & Cytochemistry 27 36—43

Richards-Kortum R R and Sevick-Muraca E M 1996 Annual review of physical chemistry 47
555-606

Koenig K and Schneckenburger H 1994 Journal of Fluorescence 4 17-40

Zipfel W'R, Williams R M, Christie R, Nikitin A Y, Hyman B T and Webb W W 2003 Proceedings
of the National Academy of Sciences 100 70757080

Monici M 2005 Biotechnology annual review 11 227-56

Inaguma M and Hashimoto K 2000 Cancer 86 2201-2211

Talamond P, Verdeil J L and Conéjéro G 2015 Molecules 20 3 5024-37

Cerovic Z G, Samson G, Morales F, Tremblay N and Moya I 1999 Agronomie 19 543-578

Berg R H 2004 Journal of Microscopy 214 174-181

Willemse M T M 1989 Physico-Chemical Characterisation of Plant Residues for Industrial and

Page 10 of 13



Page 11 of 13 AUTHOR SUBMITTED MANUSCRIPT - JPPHOTON-100181.R1

1

2 . . . . . .

3 Dynamic contrast for overcoming spectral interferences in fluorescence imaging 11
4

5 Feed Use (Dordrecht: Springer)

6 [38] Goodwin R H 1953 Annual Review of Plant Physiology 4 283-304

7 [39] Harris P and Hartley R 1976 Nature 259 508-510

8 [40] Lichtenthaler H K and Schweiger J 1998 Journal of Plant Physiology 152 272 — 282

9 [41] Shimasaki H, Ueta N and Privett O S 1980 Lipids 15 236-241

10 [42] Tsuchida M, Miura T and Aibara K 1987 Chemistry and Physics of Lipids 442297 — 325

1 [43] Matsumoto Y 2001 Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 921299302

12 [44] Buschmann C, Langsdorf G and Lichtenthaler H 2000 Photosynthetica 38 483-491

12 [45] Blomfield J and Farrar J F 1969 Cardiovascular Research 3 161-170

15 [46] Croce A C and Bottiroli G 2014 Furopean journal of histochemistrys EJH 58

16 [47] Duysens L and Amesz J 1957 Biochimica et Biophysica Acta 24 19-26

17 [48] Duysens L and Kronenberg G 1957 Biochimica et Biophysica Acta26 437 —438

18 [49] Woltbeis O S 1985 Molecular luminescence spectroscopy. Methods andrapplications 167-370

19 [50] Del Rosal B, Villa I, Jaque D and Sanz-Rodriguez F 2015 Journal of biophotonics 9 10591067
20 [51] Randers-Eichhorn L, Albano C R, Sipior J, Bentley W Egand Rao G 1997 Biotechnology and

21 Bioengineering 55 921-926

22 [52] An J H and Blackwell T K 2003 Genes & developmen€ 17 15 188293

23 [53] Staughton T, McGillicuddy C and Weinberg P 2001 Journak.of microscopy 201 70-76

24 [54] Teuscher A C and Ewald C Y 2018 Bio protocol 8 €2940 v

25 [55] Patonay G and Antoine M D 1991 Anal. Chem. 63 321A-327A

26 [56] Miiller M G, Georgakoudi I, Zhang Q, Wi Jrand Feld M.S 2001 Appl. Opt. 40 4633-4646

;; [57] Weissleder R and Ntziachristos V 2002 Nature Medicine 6 79-93

29 [58] Sowell J, Strekowski L and Patonay G 2002 Journal of biomedical optics 7 571-576

30 [59] Troy T, Jekic-McMullen D, Sambucettinl..C and\Rice B 2004 Molecular imaging 3 1 9-23

31 [60] Diao S, Hong G, Antaris A L, Blackburn J L, Cheng K, Cheng Z and Dai H 2015 Nano Research
32 8 3027-3034

33 [61] Cordina N M, Sayyadi N, Parker,L. M, Everest-Dass A, Brown L J and Packer N H 2018 Scientific
34 Reports 8 4521

35 [62] Schutz-Geschwender A, Zhang Y, Holt, T, McDermitt D, Olive D M et al. 2004 LI-COR
36 Biosciences 1

37 [63] Deng G, Li S, Sun Z, Li W, Z}hl Ly Zhang J, Gong P and Cai L 2018 Theranostics 8 4116-4128
38 [64] Billinton N and Knight!A W 2001 Analytical Biochemistry 291 175 — 197

39 [65] Wagnieres G A, StaryW M and Wilson B C 1998 Photochemistry and Photobiology 68 603632
2(1) [66] Quérard J, Saux T Ly Gautier A, Alcor D, Croquette V, Lemarchand A, Gosse C and Jullien L
45 2016 ChemPhysChem 17 1396-1413

43 [67] Oida T, Sako Y and Kusumi A 1993 Biophysical journal 64 676685

44 [68] Lakowicz J‘R,\Szmacinski H, Nowaczyk K, Berndt K W and Jonson M 1992 Analytical
45 Biochemstry 202:316-330

46 [69] Bugiel I} Konig K and Wabnitz H 1989 Lasers Life Sci. 3 47-53

47 [70] Elson D'Sy/Munro I, Requejo-Isidro J, McGinty J, Dunsby C, Galletly N, Stamp G W, Neil
48 M AA, Tlever M J, Kellett P A, Dymoke-Bradshaw A, Hares J and French P M W 2004 New
49 Journal df Physics 6 180

50 [71] Lakowicz J R, Szmacinski H, Nowaczyk K and Johnson M L 1992 Proceedings of the National
51 Academy of Sciences 89 1271-1275

52 [72). Kodama Y 2016 PLOS ONE 11 1-8

33 [73] Sehlegel G, Bohnenberger J, Potapova I and Mews A 2002 Phys. Rev. Lett. 88 137401-137405
gg [74] Zhang K, Chang H, Fu A, Alivisatos A and Yang H 2006 Nano Letters 6 843-847

56 [75) Dahan M, Laurence T, Pinaud F, Chemla D S, Alivisatos A P, Sauer M and Weiss S 2001 Opt.
57 Lett. 26 825827

58 [76] Grecco H, Lidke K, Heintzmann R, Lidke D, Spagnuolo C, Martinez O, Jares-Erijman E and
59 Jovin T 2004 Mzicroscopy Research and Technique 65 169-179



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPPHOTON-100181.R1

Dynamic contrast for overcoming spectral interferences in fluorescence imaging 12

[77]
[78]
[79]

8
8

=)

1

‘0
o

[103]
[104]

105]

[106]

Krause G H and Weis E 1991 Annual Review of Plant Physiology and Plant Molecular Biology
42 313-349

Schneckenburger H, Wagner M, Weber P, Strauss W S and Sailer R 2004 Journal of Fluorescence
14 649-654

Schweitzer D, Gaillard E R, Dillon J, Mullins R F, Russell S, Hoffmann B, Peters S, Hammer M
and Biskup C 2012 Investigative Ophthalmology & Visual Science 53 3376

Becker W 2012 Journal of Microscopy 247 119-136

Jin D and Piper J A 2011 Anal. Chem. 83 2294-2300

Rich R M, Stankowska D L, Maliwal B P, Sgrensen T J, Laursen. B\ W, Krishnamoorthy
R R, Gryczynski Z, Borejdo J, Gryczynski I and Fudala R 2013 Analyticalrand Bioanalytical
Chemistry 405 2065-2075

Rich R M, Mummert M, Gryczynski Z, Borejdo J, Sgrensen T J, Laursen B/W, Foldes-Papp Z,
Gryczynski I and Fudala R 2013 Analytical and Bioanalytical Chemiistry 405 4887-4894

Fleischer B C, Petty J T, Hsiang J C and Dickson R M 20¥7»The journal of physical chemistry
letters 8 15 3536-3543

Luo T, Zhou T, Zhao Y, Liu L and Qu J 2018 J. Mater. Chem.»B 6 1912-1919

Niehorster T, Loschberger A, Gregor I, Kramer B, Rahn H J, Patting M, Koberling F, Enderlein
J and Sauer M 2016 Nat. Meth. 13 257262

Hofmann M, Eggeling C, Jakobs S and Hell S W 2005 Pro& Natl. Acad. Sci. U. S. A. 102
17565-17569

Betzig E, Patterson G H, Sougrat R, Lindwasser O' W,<Olenych S, Bonifacino J S, Davidson
M W, Lippincott-Schwartz J and Hess H E 2006 Science 313 1642-1645

Rust M J, Bates M and Zhuang X 2006 Nat."Methods,3 793796

Dertinger T, Colyer R, Iyer G, Weiss Stand Enderlein J 2009 Proc. Natl. Acad. Sci. U. 5. A. 106
22287-22292

Dempsey G T, Bates M, Kowtoniuk W E;Liu D R, Tsien R Y and Zhuang X 2009 J. Am. Chem.
Soc. 131 18192-18193

Fukaminato T 2011 J. Photochem. Photobiol. C : Photochem. Rev. 12 177-208

Bourgeois D and Adam V 2012 ITUBMBLife 64 482-491

Sandén T, Persson G, Thyberg P, Blom H and Widengren J 2007 Anal. Chem. 79 3330-3341

Sandén T, Persson G and Widengren J 2008 Anal. Chem. 80 9589-9596

Widengren J 2010 J. R. Soct Interface 7 1135-1144

Marriott G, MaanS#Sakata T, Ran J, Jackson D K, Petchprayoon C, Gomez T J, Warp E,
Tulyathan O, Aaron H L, Isacoff E Y and Yan Y 2008 Proc. Natl. Acad. Sci. U. S. A. 105
17789-17794

Richards C I, Hsiang J € and Dickson R M 2010 J. Phys. Chem. B 114 660-665

Hsiang J C, Jablonski A E and Dickson R M 2014 Acc. Chem. Res. 47 1545-1554

Quérard Jg Markusy'«Z, Plamont M A, Gauron C, Wang P, Espagne A, Volovitch M, Vriz S,
Croquette V, Gautier,A, Le Saux T and Jullien L 2015 Angew. Chem. Int. Ed. 54 2633-2637

Quérard Jy Gautier A, Le Saux T and Jullien L 2015 Chem. Sci. 6 2968-2978

Quérard J, Zhang R, Kelemen Z, Plamont M A, Xie X, Chouket R, Roemgens I, Korepina Y,
Albright S, Ipendey E, Volovitch M, Sladitschek H L, Neveu P, Gissot L, Gautier A, Faure J D,
Croquette V, Saux T L and Jullien L 2017 Nat. Comm. 8 969

Zhang R, Chouket R, Plamont M A, Kelemen Z, Espagne A, Tebo A G, Gautier A, Gissot L,
Faure J D, Jullien L, Croquette V and Le Saux T 2018 Light: Science & Applications 7 97

Zhang R, Chouket R, Tebo A G, Plamont M A, Kelemen Z, Gissot L, Faure J D, Gautier A,
Croquette V, Jullien L et al. 2019 Optica 6 972-980

Duw G, Marriott G and Yan Y 2010 An improved optical lock-in detection method for contrast-
enhanced imaging in living cells 4th International Conference on Bioinformatics and Biomedical
Engineering (iCBBE) pp 1-5

Wu L, Dai Y, Jiang X, Petchprayoon C, Lee J E, Jiang T, Yan Y and Marriott G 2013 PLoS

Page 12 of 13



Page 13 of 13

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPPHOTON-100181.R1

Dynamic contrast for overcoming spectral interferences in fluorescence imaging 13

[107]
[108]

[109]
[110]
[111]

[112]
[113]

[114]

[115]
[116]

[117)
[118]

[119]

[120]

ONE 8 64738

Zhou X X and Lin M Z 2013 Curr. Opin. Chem. Biol. 17 682-690

Yan Y, Petchprayoon C, Mao S and Marriott G 2012 Philos. Trans. R. Soc. Lond. B. Biol. Sci.
368 1-9

Abbandonato G, Storti B, Signore G, Beltram F and Bizzarri R 2016 Micros¢opy research and
technique 79 929-937

Richards C I, Hsiang J C, Senapati D, Patel S, Yu J, Vosch T and DicksenyR M»2009 J. Am.
Chem. Soc. 131 4619-4621

Richards C I, Hsiang J C and Dickson R M 2010 The Journal of Physical Chemistry B 114
660-665 ~

Fan C, Hsiang J C and Dickson R M 2012 ChemPhysChem 13 1023-1029

Jablonski A E, Hsiang J C, Bagchi P, Hull N, Richards C I, Falrni C J and(Dickson R M 2012
The journal of physical chemistry letters 3 3585-3591

Jablonski A E, Vegh R B, Hsiang J C, Bommarius B, Chém.Y C, Solntsev K M, Bommarius
A S, Tolbert L M and Dickson R M 2013 Journal ofsthe American Chemical Society 135
16410-16417

Chen Y C, Jablonski A E, Issaeva I, Bourassa D, Hsiang J C, Fahrni C J and Dickson R M 2015
J. Am. Chem. Soc. 137 12764-12767

Richards C I, Hsiang J C, Khalil A M, Hull N P and Dickson.R'M 2010 Journal of the American
Chemical Society 132 6318-6323

Fan C, Hsiang J C, Jablonski A E and Dicksen R M 2011 Chemical science 2 1080-1085

Hsiang J C, Fleischer B C and Dickson R M, 2016, The Journal of Physical Chemistry Letters 7
2496-2501

Orth A, Ghosh R N, Wilson E R, Doughney T, Brown H, Reineck P, Thompson J G and Gibson
B C 2018 Biomed. Opt. Express 9 29432954

Chen Y C and Dickson R M 2017 The journal of physical chemistry letters 8 733-736



