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ABSTRACT

Multiphoton microscopy is a well-established tecju@ for biological imaging of several kinds of tatg It is
classically based on multiphoton processes allowwmgy means of contrast simultaneously: two-photoioréscence
(TPF) and second harmonic generation (SHG). Todag, quasi exclusive laser technology used in thiat iz
femtosecond titanium sapphire (Ti: Sa) laser. Weedrentally demonstrate that a nanosecond suptmoom laser
source (STM-250-VIS-IR-custom, Leukos, France; 1689-2400 nm, 250 kHz, 1 W) allows to obtain thene kind of
image quality in the case of both TPF and SHG,esihis properly filtered. The first set of imagasncerns the muscle
of a mouse. It highlights the simultaneous detectb TPF and SHG. TPF is obtained thanks to thellialg of alpha-
actinin with Alexa Flud? 546 by immunochemistry. SHG is created from tha-oentrosymmetric organization of
myosin. As expected, discs of actin and myosinsagerimposed alternatively. The resulting imagescampared with
those obtained from a standard femtosecond Tio8ecs. The physical parameters of the supercontinange discussed.
Finally, all the interest of using an ultra-broadtdasource is presented with images obtaimedvo on the brain of a
mouse where tumor cells labeled with eGFP are epaffexas Retconjugating Dextran is injected into the blood
vessels network. Thus, two fluorophores having giiem wavelengths separated by 80 nm are imageditsineously
with a single laser source.
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1. INTRODUCTION

Today, two-photon fluorescence microscopy (TPFMjrisndispensable tool for the analysis of biolaggamples. Step
by step, it replaces usual confocal microscopyesystthanks to significant advantages of multiphatocroscopy well
established for deep tissue imaging with subcelltgaolution and with limited impact of photobleaxh effect [1]. It
was first demonstrated by Denk et al. in 1990 [B].advantages compared to confocal microscopynaneerous and
uncontestable. For example, the multiphoton proaessirs exclusively at the focal point of the exti@in beam,
allowing reduced photobleaching and obviating tlemcdh for a confocal pinhole. Moreover, the use dafitaiion
wavelengths in the near infrared (NIR) range ermbledeeper penetration and two types of contradtvbyphoton
fluorescence (TPF) and second harmonic generafoiG]. This opened the way for endogenous fluorescenf
biological substances such as elastin, nicotinamitkmine dinucleotide (NADH) or tryptophan, andhat same time for
SHG of non-centrosymmetric structures as collagen.

Unfortunately the probability of inducing multiploat processes remains low compared to linear fleeree
phenomenon (confocal microscopy). To increase ¢lel lof multiphoton signal, a high number of lapeises with
sufficient peak power must be delivered in a spertod of time at the target. Hence femtosecondgsuin the NIR with
a high repetition rate of several tens of MHz agd kW of peak power are primarily used for multifdroimaging and
presented as indispensable and irreplaceableiscantext, mode locked Ti: Sa laser sources agelwiused, typically
characterized by 150 fs pulse duration, 10 nm spebtiandwidth at the full width half maximum (FWHMyith
wavelength tunability between 700 and 1000 nm, 83zMepetition rate and few watts of average powlawever,
these laser sources have some important limitatiGinst, the 10 nm spectral bandwidth is not sidfic to
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simultaneously excite more than two fluorophorethwiifferent central wavelengths of absorption.@et; the 300 nm
tunability range is not accessible with a constan¢l of average power. Finally, this spectral ges not permit the
excitation of all the interesting endogenous flydrores of a biological sample having a two-photdsoaption
spectrum in the middle of the visible range, foample tryptophan or phenylalanine.

During the past ten years, other solutions have ppeagposed to solve these issues. One consiste afeneration of a
supercontinuum (SC) thanks to the spectral broadeof femtosecond pulses in a photonic crystalrfifCF) [3-5].
The broadband pulses temporally enlarged due tonthtic dispersion in the PCF are then recompressegnerate
femtosecond pulses with a spectrum of hundredsanbmeters. This Ti: Sa-based technology requireigla level of
complexity in optics for its experimental implematidn both in terms of SC generation in the PCF tantporal post-
compression. At present there is not a stablekéyrisolution of such a source that can be coupliégd avtwo-photon
microscope scan head for routine biological studies

The aim of this work is to identify a simplified Sased laser technology and demonstrate its cohbilggtiwith
multiphoton microscopy, as an alternative to fermtosid solutions as a whole. This obviously raisesymissues
regarding the feasibility of generating multiphotorocesses. The key point stands in the peak pdelarered to the
target. Typically, few kW are used in a multiphotoicroscope with Ti: Sa laser excitation. Considgithat parameter
as the main factor governing the nonlinear meclmanig argument appears against the use of pulsésgha similar
level of peak power but different duration and téjoa rate [6, 7]. Thus TPF and SHG imaging basadchanosecond
microchip laser excitation at 1064 nm has beenrteddoy our group [8], while the SC radiation hasvously only
been used as the broadband Stokes wave in colRaemn microspectroscopy. In this presentation, xpegmentally
show that nanosecond SC laser pulses can be usieel ssle pump to generate multiphoton processeghE first time,
TPF and SHG images of a biologic sample are simetiasly obtained from a very easy-to-use and confp@caser
source coupled to a standard multiphoton microsctpese results are compared to those obtained astonventional
Ti: Sa laser [9]. The strong interest of SC souisdben illustrated byn vivo multiphoton imaging of tumor cells and
blood vessel network in mouse braihanks to the combination of two fluorophores hgwviheir excitation wavelengths
separated by 80 nm. Finally the peak power availabtliscussed in the case of nanosecond SC ilatiain

2. EXPERIMENTAL SETUP, SAMPLE PREPARATION AND FIRSTSRESULTS

The experimental setup is based on a commercialptvaton microscope from Olympus (BX61WI) with arstard

galvanometer-based scanning system, dichroic msirfdters and photomultiplier tubers (PMTs). Thaale is driven
by a computer where images are reconstructed. @hesecond SC excitation source is composed of segyump
laser and 1-m-long of solid-core PCF. The pumprldsévers nanosecond pulses (1 ns, 10 puJ) cendéérgab0 nm with
a repetition rate of 250 kHz. The PCF has a Ge-digiliea core with a zero-dispersion wavelengttselto 1400 nm. It
is thus pumped in the anomalous dispersion regline.SC spectrum is broadened from roughly 500 @920m.

The wideband spectrum is filtered between 700 &@DIhm thanks to a combination of high pass anddass filters.
Figure 1 left relates the corresponding scheme. rékelting images are compared to the one whenngutavith a
standard Ti: Sa laser source (Chameleon Ultradheent, USA).

! The use of animals for this study has receivedaghigroval of the Ethical and Animal Care Committessistration
number: 15-2014-15). All animal cares and expertaleprocedures were conducted in conformity with #rench
Décret n° 2013-118%1February 2013 NOR: AGRG1231951D in accordance W&itinopean Community guidelines
(directive 2010/63/UE for the Care and Use of Lalbany Animals).
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Figure 1. Left: Experimental setup. Right: samplages; a-c. Supercontinuum excitation. d-f. Ti: Seitation. Red color: TPF
of Alexa Fluor; green color: SHG of myosin. Scadée:l100 pm. 40 ps/pix; 512x512 pixels.

The sample is resected from a leg mouse muscle@pafibrous structure [14]. Muscle fibers are cosgd of discs of
myosin and actin superimposed alternatively. Myasganization is known to give rise to SHG [15]. Wave identified
the presence of alpha-actinin, a cytoskeletal dmtiding protein, by immunohistochemistry and ldibgl with a
secondary antibody coupled to Alexa Fluor® 546. Tdrget is ideal for two different means of contrd$F of Alexa
Fluor® 546 revealing the presence of alpha-acimmultaneously with SHG from the myosin structdrbe sample has
been fixed on microscope glass slides. Figs ldaldmbrrespond to the image of alpha-actinin; figsafhd 1e are related
to the myosin organization; figs 1c and 1f are espnting there global and relative positioning.

Figure 1 right displays 500x500 @dimages of mouse muscle, obtained from SC and & ill@mination in the case of
TPF, SHG and both combined. As expected, the fibstructure of the muscle is revealed by the THéactin) and

the SHG (myosin). It is immediately apparent thet $C source provides satisfactory multiphoton #sagd he surface
of the sample excited and visualized with the SGre® (Fig. 1a) is larger than that of the Ti: Ssefa(Fig. 1d),

especially regarding TPF. Interestingly, TPF imagimder SC excitation presents a greater analggthdand is thus
less sensitive to the angle of the sample surfabés difference results from the chromaticity ok timicroscope
objective whose focal point is spread in deepnesstd the 300 nm spectral bandwidth of the SC. Ale lattempted to
evaluate the depth of field (DOF) obtained with 8f@ source in the case of TPF imaging. To do sdewuti: Sa laser
excitation, the microscope objective is translagiilly until visualizing satisfactorily all the pa constituting a single
image obtained with the SC. The DOF is given byttital translation of the objective and measuretbe¢a2 pum. It

should be emphasized that the higher DOF provide®&® illumination is an attractive feature everitifesults in a

decrease of TPF image contrast, as noticeablesitoghright-hand corner of Fig. 1a. In this cabke,dxial stretching of
the focal volume is significant, insofar as the ¥h800 nm bandwidth of the SC contributes to theitation of Alexa

Fluor® 546. On the contrary, only 60 nm of the S80-840 nm range) participate to the generatiothefSH signal,

which is detected between 390 and 420 nm. Becdusespthe SHG image obtained with the SC souFig. (1b) has

much more contrast.

3. THEORETICAL CONSIERATION JUSTIFYING THE EXPERIMENTAL RESULTS

Two-photon absorption is the main nonlinear processurring in TPF. This second-order process ctmsis the
simultaneous absorption of two photons. This n@&ainprocess has been demonstrated with severas kihdaser
sources, from a continuous wave one [6, 7] untihtfesecond oscillators [Lefort 2014 JBO]. The getienaof two-
photon absorption by the fluorophore is easily @@ with a high flux of photons in the range besawd 020 and 1030
photons per cimand per second [11]. A mode-locked laser soureejniy a high fluw of photon compared to a
continuous wave laser, increases highly the presefthe two-photon absorption phenomenon by afauf several
tens of thousands.

¢ describes the fluorescence emission rate resuitorg two-photon excitation being function of thecgation source
parameters. For a mode-locked laser with defineeramye power (P) and central wavelength dnd for defined
fluorophore and microscope objective, the fluoraseeemission raté is inversely proportional to the repetition ratp (
and pulse duratiomf) of the excitation source.is defined as [6, 7, 11]:
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wherex is a constant parameters depending on the cemtratlength of the excitation source, F correspdondthe

proprieties of the microscope objective ands related to the two-photon cross section offtherophore. Considering
this equation (1), when the pulse duration decreaBaultaneously with the decrease of the repetitiate, the
fluorescence emission rate increases. In this ggnie can compare theoretically TPF when obtawéd a classical
mode-locked Ti: Sa laser source and with a pulse®@ one. To generate the same fluorescencecrditem a

fluorophore, the average power required is 2.2 nowthe Ti: Sa source and 10 mW for the SC; thedgesaare in the
same rage. Experimentally, to obtain the imagesemted in Fig. 1, the average power measured ftest the

microscope objective is set at 5.5 mW and 92 m\Weetively for the SC and Ti: Sa lasers.

pUk 1)

4. INTEREST OF WIDEBAND MULTIPHOTON IMAGING

The interest of using a wideband source for muttiph imaging stays in the simultaneously excitatadnseveral
fluorophores in the same time and having their takoin wavelengths separated by more than 10 nnghwis the
spectral bandwidth of the Ti: Sa laser [12, 13].illtcstrate this experiment, we have imagedivo the brain of a mouse
anaesthetized with ketamine/xylazine, where glicion@or cells (GL261) stably expressing eGFP wereviptsly
grafted thanks to the implementation of a cranimldew as described in [14]. On the one hand, timeots cells are
detected; on the second hand, the second fluorephexas Red® conjugated Dextran (70 kD), is imi@éh a tail vein
allowing to visualize cortical blood vessels. Thengral objective of this combination of fluoroph®ie to visualize the
evolution of the organization of the blood vessalsaround the tumor cells during several weekse Tho-photon
absorption spectrum of Texas Red® is centered @84, versus 920 nm for the eGFP; each spectruemigsion or
two-photon absorption of the fluorophores used @esented in Figure 2a. The TPF is respectivelgaled in the
ranges 580-700 nm and 490-540 nm. These spectas,arepresented in Figure 2a, are detecting thxémen of the
emission of each fluorophores and are not supeeghérom one to the other one. Figure 2b showsahdting images
obtained 200 um under the surface of the brain.
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Figure 2. a. Superimposition of the absorption/siais spectra of the fluorophores used (EGFP anddBed) and the SC excitation
spectrum. b. In vivo image of tumor cell labelledhEGFP grafted into the brain of a mouse withd®Red (TxR) injected into the
blood vessels network.

The ability of the SC laser source to generate xaitagion spectrum adapted to the fluorophores wmed to their
number is of huge interest in the field of multipd fluorescence microscopy. Here, Figure 2a higité an excitation
spectrum adapted to each of the two-photon absorgfectra, extracted from [15]. Figure 2b prestrdocalization
of the tumor cells detected, with the blood veseetsvork.
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5. CONCLUSION

For the first time, a pulsed-ns SC laser source wgasl for two-photon fluorescence microscopy. thdestrates
the utility of this ultra-wideband source for bigloal imaging. Two-photon excitation fluorescencasvestablished on
a fixed sample of mouse muscle where the myosin-g@mtrosymmetric structure) was image thanks skbanmonic
generation and alpha-actin was labelled with AlEkeor 546. The capability of a pulsed-ns SC laserse for imaging
living biological samples was demonstrated in vimothe brain of a cranial window-implanted mousaftgd with
EGFP expressing tumors cells and with vasculatvelled with the fluorophore Texas Red. This woekndnstrated
the potential of a pulsed-ns SC laser source foivio imaging with TPFM.

The limitation of the number of means of contrastshus not linked to the laser source but excklgiirom the
number of detectors in a case of a system withquholtiplier tubes as we have used in our setup.a4 @ obtain a
complete system might be the use of a spectronatiera spectral reconstitution of the image as itisually done in
classical Raman microscopes.
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