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Abstract: We use an ultrafast diode-pumped semiconductor disk laser (SDL) to demonstrate
several applications in multiphoton microscopy. The ultrafast SDL is based on an optically
pumped Vertical External Cavity Surface Emitting Laser (VECSEL) passively mode-locked
with a semiconductor saturable absorber mirror (SESAM) and generates 170-fs pulses at a
center wavelength of 1027 nm with a repetition rate of 1.63 GHz. We demonstrate the
suitability of this laser for structural and functional multiphoton in vivo imaging in both
Drosophila larvae and mice for a variety of fluorophores (including mKate2, tdTomato,
Texas Red, OGB-1, and R-CaMP1.07) and for endogenous second-harmonic generation in
muscle cell sarcomeres. We can demonstrate equivalent signal levels compared to a standard
80-MHz Ti:Sapphire laser when we increase the average power by a factor of 4.5 as predicted
by theory. In addition, we compare the bleaching properties of both laser systems in fixed
Drosophila larvae and find similar bleaching kinetics despite the large difference in pulse
repetition rates. Our results highlight the great potential of ultrafast diode-pumped SDLs for
creating a cost-efficient and compact alternative light source compared to standard
Ti:Sapphire lasers for multiphoton imaging.

© 2017 Optical Society of America

OCIS codes: (180.4315) Nonlinear microscopy; (180.2520) Fluorescence microscopy; (170.3880) Medical and
biological imaging; (140.4050) Mode-locked lasers; (140.5960) Semiconductor lasers.
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1. Introduction

Over the past decades, multiphoton microscopy (MPM) methods have been widely adopted in
biomedical research owing to their combination of high spatial resolution, intrinsic optical
sectioning and the ability to perform deep imaging in scattering samples [1, 2]. Nonlinear
imaging techniques such as two-photon microscopy [3], second-harmonic generation (SHG)
[4], and nonlinear Raman microscopy offer a wide variety of label-dependent and label-free
contrast mechanisms to study fixed and living tissues. While imaging capabilities are
constantly improving with the introduction of new labeling methods [5] and novel scanning
approaches [6], the cost of such microscopes is still prohibitively high for many laboratories.
A considerable fraction of the budget for a multiphoton system has to be allocated to acquire
an expensive ultrafast laser source such as a tunable Ti:Sapphire laser. Typical commercial
Ti:Sapphire lasers acquired for this application generate =1.5 to 3.5 W of average power at
the gain maximum of around 800 nm. However, for most experiments, only a small fraction is
used to illuminate a biological sample. For example, when imaging the superficial layers of
the murine neocortex with a single scanned excitation spot, an average power between
10 mW (for superficial layer 2/3) and 100 mW (for deep layer 5) is sufficient for functional
recordings with the calcium indicator GCaMP6 [7]. As the transmittance of the microscope’s
optical path can be optimized to >50%, considerable potential exists for less expensive laser
sources with a few hundreds of mW output power and with a center wavelength close to the
absorption peak of selected fluorophores (Fig. 1).

Two-photon absorption cross-sections of major fluorescent proteins
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Wavelength coverage of ultrafast lasers used in multiphoton microscopy

Fig. 1. Overview of the two-photon absorption cross-sections of various fluorescent proteins
[8] used in two-photon microscopy combined with the spectral coverage of existing ultrafast
lasers. Ti:Sapphire lasers have a large tuning range of >300 nm. In contrast, other commercial
ultrafast lasers (blue lines) cannot be tuned to match the absorption peaks of dyes. Ultrafast
semiconductor disk lasers (SDLs, orange lines) have the potential to become less expensive
sources and can be designed with emission wavelengths between 650 and 2800 nm (typical
lasers with a center wavelength at 920-nm, 970-nm and 1080-nm are shown here, but more
options are possible) [9, 10]. The SDL laser presented in this paper operates at 1027 nm
(indicated as “This work™).

An ideal ultrafast laser for MPM should be able to efficiently excite a variety of
fluorophores, generate sufficiently short pulses, and provide good beam quality. In addition, a
small footprint to ease integration into a microscope system, maintenance-free operation, and
an affordable price are highly beneficial. The pulse duration T needs to be optimized as there
is a trade-off between the generated two-photon signal which scales theoretically as 7'
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(experimentally T®%) [11], the pulse broadening which scales as v [12], and the photo-
damage effects which scales as t'° [13]. In practice, most imaging studies use a pulse
duration in the range of 100-200 fs as a compromise.

Recently, Ti:Sapphire laser technology was improved towards higher efficiency [14] and
by novel direct-diode pumping schemes using high-power visible semiconductor lasers [15,
16]. Such a Ti:Sapphire laser was demonstrated to be a suitable source for MPM [17] but
despite the lower cost and improvements in compactness, commercial impact is still limited.
Fiber lasers [18, 19], Yb:KGd(WOy), [20], Cr:LiSrAlF1 [21] or Cr:LiSAF [22] crystals in a
bulk configuration, or Cr:Forsterite lasers operating at 1230 nm [23, 24] are interesting low-
cost alternatives in MPM applications. However, the center wavelengths of these lasers limit
their operation to only a few discrete spectral regions. Access to a wider spectrum can be
obtained by spectral broadening with a tunable cavity [25], but at the expense of a significant
increase in complexity for the laser source.

Semiconductor lasers are attractive for biological applications as the center wavelength
can be optimized towards desired values by bandgap engineering. In microscopy, this
approach has already been commercialized successfully for continuous-wave (cw) lasers,
with a wide available range of optically pumped semiconductor lasers at center wavelengths
ranging from the UV to the mid-IR (Fig. 1.12 in [26]). During the past decades various
concepts for pulsed semiconductor lasers suitable for MPM were demonstrated, such as gain-
switched semiconductor lasers [27], external cavity mode-locked laser diodes [28, 29], or
mode-locked laser diodes [30]. These pulsed lasers, however, all rely on transverse emitters
and in most cases on an additional amplifier, producing rather long pulses in the 1-20 ps
range with rather poor beam quality. This requires higher average power when used in
nonlinear microscopy. In contrast, a surface emitting semiconductor laser provides an ideal
Gaussian beam and optical pumping allows for power scaling. The interaction with the gain
medium is perpendicular to the gain layers and much shorter than the cavity length which
leads to excellent noise performance [31]. In analogy to solid-state thin-disk lasers, this type
of laser is also referred to as semiconductor disk laser (SDL) [32].

Mode-locked SDLs combine simple cavity design, excellent beam quality, and scalability
of the production process. The laser cavity can be embedded directly on the semiconductor
chip creating a Vertical Cavity Surface Emitting Laser (VCSEL), which is employed in
lighting and telecommunications [33]. With electrical or optical pumping [33] high output
powers can be achieved directly from the oscillator. A vertically emitting semiconductor chip
with an external cavity leads to a Vertical External Cavity Surface Emitting Laser (VECSEL;
Fig. 2(A)), yielding better beam quality (M? < 1.05 in both axes) and higher power compared
to VCSELs. Moreover, this approach allows for an intracavity semiconductor saturable
absorber mirror (SESAM) for passive pulse formation [9, 34, 35] (Fig. 2(A)). Since the first
demonstration of a SESAM-mode-locked VECSEL in 2000 [34], the laser performance has
been drastically improved. Mode-locked VECSELs have been operated from 650 nm to
2800 nm [9, 10], with the best results achieved in the 900-1100 nm region due to lattice-
matched materials for high-quality distributed Bragg reflectors (DBRs) and due to low-cost
high-power pump diode arrays operating at 8§08 nm.
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Fig. 2. A) Typical laser cavity of a pulsed Semiconductor Disk Laser (SDL) or Vertical
External Cavity Surface Emitting Laser (VECSEL) consisting of an optically pumped gain
chip, a SESAM to enable pulse formation with passive mode-locking and an output coupler.
The cavity length is set to reach a pulse repetition rate of =1-2 GHz with an (unfolded) length
of 10-15 cm. B) Overview of the evolution of pulse durations from SESAM-mode-locked
SDLs around 1000 nm since the first demonstration in 2000 [34, 36-41], recently reaching
sub-100 fs [42].

Figure 2(B) illustrates the evolution of the shortest pulse durations of fundamental
SESAM-mode-locked VECSELSs operating around 1000 nm during the last two decades [34,
36-42]. While several other mode-locking techniques were demonstrated [31, 32], SESAM-
mode-locked VECSELs are currently the most promising approach to reach shorter pulses
with the important milestone of sub-100 fs achieved in 2016 [42]. The use of a SDL for MPM
was first proposed by Girkin and Wokosin in 2001 [43], who also noted that an array of SDLs
operating at different wavelengths might constitute a cost-efficient replacement of a tunable
Ti:Sapphire source. In 2011, a pulsed SDL was used for MPM for the first time [44]. This
laser operated at 500 MHz with 1.5-ps long pulses at a center wavelength of 965 nm and an
average output power of 287 mW. It allowed imaging of neuronal processes and cell bodies in
Caenorhabditis elegans (C. elegans) expressing Green Fluorescent Protein (GFP). While this
first demonstration showed the potential of ultrafast SDLs, the long pulses limited the
practical use of such a laser compared to existing technology. In 2013, a VECSEL with a
peak power of 4.35 kW [45] and a pulse duration of 450 fs was developed and foreseen to be
applicable for MPM [46]. With the recent progress in the laser technology [42], the pulse
length of ultrafast SDLs has become more comparable with Ti:Sapphire lasers commonly
used for MPM.

In this paper, we demonstrate the use of the latest generation of mode-locked SDLs for a
variety of MPM imaging applications. We describe the microscope setup and a novel ultrafast
SDL that generated pulses as short as =100 fs [42] and 145 mW of average power. At a center
wavelength of 1027 nm, our laser delivers 72 mW of average power and 170 fs pulses below
the objective. We compare the two-photon excited fluorescence signal and bleaching
dynamics generated with the SDL to data recorded from the same samples with a standard
Ti:Sapphire laser. We then proceed to present a number of in vivo imaging demonstrations,
ranging from two-photon and SHG imaging in Drosophila larvae to structural and functional
imaging in the living mouse brain using acute or chronic cranial window preparations. With
this work, we demonstrate for the first time — to the best of our knowledge — that a state-of-
the art femtosecond SDL is a compelling laser source for MPM applications in neuroscience
and biology in general. Given the lower complexity and thus lower cost of SDLs compared to
Ti:Sapphire lasers, we believe that SDLs will pave the way towards a wider adoption of MPM
in research and medical applications.
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2. Multiphoton imaging at high laser repetition rates

As noted by Girkin and Wokosin [43], due to the short gain carrier lifetime in semiconductors
passively mode-locked SDLs typically operate at repetition rates in the gigahertz domain
compared to the approximately 80-MHz repetition rate provided by Ti:Sapphire lasers. As the
two-photon fluorescence signal scales as S o Pavgz/(r-frep) [3], increasing the repetition rate
fepn-fold requires scaling the average excitation power P, by n'? in order to keep the
emitted fluorescence signal constant (see Fig. 3).

) At constant two-phot ° LSt 503
constant two-photon - — =<0
. p i i Slgnal < Ppeakz X frep frep Ti:Sapphire
signal and pulse duration: Poosor r—
29BL = =4.5
Power . x Pang\:Sa frep Ti:Sapphire
A Ti:Sapphire: Tperiod = 12.4 ns (frep = 80.65 MHz)
Ppeak
4.5

—| |+ T=165fs

SDL: Tpenod =0.61 ns frep 1.63 GHZ)

AR ARAE,

Fig. 3. Multiphoton microscopy (MPM) imaging at high repetition rates: A) Overlay of the
pulse trains from a Ti:Sapphire laser and a SDL set to generate the same two-photon excited
fluorescence signal at comparable pulse duration, center wavelength, and optical resolution.
We use the parameters of the two lasers compared in this study as examples. B) In order to
achieve constant signal, the ratio of average powers has to be set to the square root of the ratio
of repetition rates.

Tlme

High average power may lead to heating-induced damage of the sample, which has to be
prevented for imaging in living tissue. Especially during functional imaging in the mouse
brain [47], power levels have to be closely monitored. In contrast to heating due to linear
absorption, photodamage in two-photon microscopy has been reported to scale as D o< PavgB
with B > 2 [13]. This strong nonlinear dependence may reduce photobleaching rates at high
repetition rates as demonstrated by Ji et al. [48] through the use of passive pulse-splitting. In
reference [48], the authors divided pulses from a standard 80 MHz Ti:Sapphire laser into
bursts of pulses of smaller peak power, adding, however, the complexity and cost of the
custom beamsplitting setup to the one of the laser. The use of GHz sources based on
Ti:Sapphire as a gain medium has been demonstrated in only a small number of studies for
SHG microscopy [49] and two-photon microscopy [50-52], likely due to the high complexity
and cost of these lasers.

3. Experimental setup: lasers and microscope

This section describes the details of the microscope setup and the parameters of the SDL and
Ti:Sapphire laser used in this study.

3.1 The microscope setup

The multiphoton microscope used in this study is based on a multi-area two-photon
microscope described previously (Fig. 4) [53, 54]. Excitation light from either the SDL (see
section 3.3) or a Ti:Sapphire laser (Spectra-Physics Mai Tai HP DS; see section 3.4) was
intensity-modulated with Pockels cells (Conoptics 350-105 for the SDL and Conoptics
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350-80 for the Ti:Sapphire laser) and the laser beam expanded before being sent to the scan
mirrors (6220H, d = 10 mm, Cambridge Technologies). The beam then passed a telescope
formed by a f = 89 mm scan lens (S4LFT0089, Sill Optics) and a f = 200 mm tube lens
(AC508-200B, Thorlabs) and was directed into the microscope objective (Olympus
XLUMPIanFL 20x 0.95W or a Nikon CFI75 LWD 16xW NA 0.8).

Scan lens Tube lens
Scan .
errorsf/ ;D e
HPD“

Flip (’
Mirror - SDL
BE PC
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Fig. 4. A) Overview of the microscope setup: Excitation light from either the SDL or a
Ti:Sapphire laser (Spectra-Physics Mai Tai DeepSee) can be coupled into the microscope via a
Pockels cell (PC) and a beam expander (BE). After the scan mirrors, the beam is directed into
the objective by a scan and tube lens. The emission light is sent to a two-channel detection
system via dichroic mirrors (DCs), emission filters (EF) and then collected by hybrid photo-
detectors (HPDs). For small, transparent samples, a transmission detector with a single HPD
can be added. B) Maximum intensity projections of images of the same 200 nm bead taken
with the Ti:Sapphire and SDL. C) Gaussian fit of the data in B) with full width at half
maximum (FWHM) values for both lasers.

For detection, the emitted light was separated from the excitation light by an IR-VIS
dichroic (HC705 MP Longpass, AHF AG) and directed towards hybrid photodetectors (HPD,
R11322U-40 MOD, Hamamatsu). For small transparent samples a custom single-channel
transmission detector, composed of a NA = 1.0 water immersion condenser (Zeiss) and
including an additional HPD, could be placed below the sample. HPD signals were
preamplified (C1077B, Hamamatsu) and digitized by an analog-to-digital converter (ADC,
NI-5771, National Instruments) connected to a field-programmable array (FPGA, NI-7962R,
National Instruments). Scanning and data acquisition were controlled using the two-photon
microscope control software “Scope”, (rkscope.sourceforge.net). For SHG imaging, a 514/30



Research Article Vol. 8, No. 7 | 1 Jul 2017 | BIOMEDICAL OPTICS EXPRESS 3221 I

Biomedical Optics EXPRESS .

BrightLine HC (AHF AG) emission filter was used both in the transmission and reflection
path. In the epidetection path, a dichroic mirror with a cut-on wavelength of 552 nm (HC BS
552, AHF AG) was used to separate the SHG emission from longer-wavelength fluorescence.
For parallel fluorescence imaging with a red and green channel (e.g. Figure 11), a filter set
consisting of a Qioptic DC-Green dichroic and two emission filters (Semrock Brightline
Basic 535/22 and Chroma ET605/70M) were used.

3.2 Matching of point spread functions between the SDL and the Ti:Sapphire laser

In order to ensure that both lasers were focused equally well for the comparison experiments,
we matched the point spread functions (PSFs) of the microscope for the two lasers. For this,
we adapted the beam expansion optics in front of both lasers to equalize the beam diameters
at the 20x objective. To allow maximum power throughput, we underfilled the back aperture
of the 20x objective, which means that the PSFs were not diffraction-limited for NA = 0.95 at
1027 nm (Figs. 4(B) and (C)). PSF measurements were done using Fluoresbrite
Multifluorescent Microspheres (Polyscience, 0.2 um). For the SDL, we measured a full width
at half maximum of the PSF of FWHM, = 0.68 + 0.01 um, FWHM, = 0.68 + 0.02 um, and
FWHM,=3.14£0.01 um ( + SEM, n = 3 beads), demonstrating in addition the good beam
quality of the SDL. For the Ti:Sapphire laser, the corresponding values were
FWHM,=0.65+ 0.02 um, FWHM, = 0.63 £ 0.01 pm, and FWHM, = 3.13 + 0.07 pum
(SEM, n = 3 beads). Both laser beams thus resulted in comparable PSFs of approximately
(0.67 um)® x 3.1 um focal volume.

3.3 The mode-locked semiconductor disk laser

We designed a prototype mode-locked semiconductor disk laser based on recent
improvements in the technology [42]. We used the same gain chip and combined it with a
quantum well (QW) SESAM similar to the one used in [42]. A QW SESAM has the
advantage of having a faster recovery time compared to quantum dot SESAMs used
previously for a SDL developed for MPM [42]. We optimized the laser cavity (depicted in
Fig. 2(A)) for long-term stability and ensured operation at room temperature by placing the
whole cavity and pump optics in a laser head with a small footprint of 22 cm x 25 cm. The
SDL chip was cooled to 16°C and the SESAM was kept at a temperature of 20°C in order to
avoid any water condensation in a laboratory environment. Turn-key operation with long-
term stability was obtained with strain-compensated semiconductor growth [55].

As presented in Fig. 4, the SDL generated stable and clean mode-locking at a center
wavelength of 1027 nm with 9.5 nm of full width at half maximum (FWHM) spectrum
supporting 118-fs pulses (measured with a HP-70952B Optical Spectrum Analyzer). The
center wavelength was chosen as the recent development of <100 fs SDLs was achieved
around 1 pm. Furthermore, this wavelength allows excitation of red fluorescent proteins. The
radio frequency (RF) signal was measured with a fast photodiode (Newport 1454, 25 GHz
bandwidth) and a radio-frequency spectrum analyzer HP-8592L. The pulse duration of the
laser was measured after the objective of the microscope system to take into account the
dispersion and spectral filtering that could arise in the system. For this measurement we used
a 15-mm focal lens (Thorlabs C260TMD-B) to capture the divergent beam exiting the 20x
objective. Without additional dispersion compensation, pulses of around 169 fs FWHM
(using a sech® fit) were measured with a Femtochrome Research FR-103MN second-
harmonic autocorrelator (Fig. 5(A)), which correspond to 1.44x the transform limit. The laser
operates at a repetition rate of 1.63 GHz (Figs. 5(C) and (D)) and could deliver up to 145 mW
of average output power at a pump power of 15 W provided by a standard commercial 808
nm fiber coupled diode. With the 20x objective, up to 72 mW (i.e. ~50% of transmission)
were available for imaging, corresponding to 230 W of peak power. Using the figure of merit
(FOM) defined in [25, 44], we could achieve FOMypy = Payg X Ppeak = 16 W? below the
objective, which was sufficient for MPM imaging in a variety of applications (see section 5).
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Fig. 5. A) Pulse width measurements of the ultrafast SDL in combination with the 20x
microscope objective. B) The SDL has a spectrum with 9.5 nm full width at half maximum
(FWHM) (i.e the spectrum is supporting 118 fs pulses). C-D) Fundamental mode-locking is
demonstrated with the Radio Frequency (RF) traces taken at the main laser frequency of
1.63 GHz and on its harmonics. The drop of the power in the harmonics is due to the limited
bandwidth of the RF amplifier used to measure it. The resolution bandwidth (RBW) is the
smallest frequency increment that can be resolved.

As shown in Fig. 2(A), the laser cavity contains only three components in addition to the
optical pump, which in combination with the GHz repetition rate leads to a highly compact,
stable, and simple laser head.

During the last decade we have observed significant industrial developments of III-V
semiconductor foundries for applications in machining, telecommunication or distance
ranging. Thus there are commercial suppliers for providing SDL components at high volume.
This combination of simplicity and availability of affordable components will support the
commercialization of ultrafast SDLs as compact and cost-efficient sources.

3.4 The Ti:Sapphire laser

In order to compare the SDL to a standard laser used in MPM imaging, we used a tunable
Ti:Sapphire laser (Mai Tai HP Deep See, Spectra-Physics), which allowed the evaluation of
imaging performance for different repetition rates while keeping the other parameters
constant (Fig. 6). With clean mode-locking at a repetition rate of 80.65 MHz, i.e. 20.3 times
lower than the SDL, the Ti:Sapphire spectrum could be tuned to match the center wavelength
of the SDL (Fig. 6(B), with an OceanOptics USB2000 spectrometer). With nearly 12 nm
FWHM, the Ti:Sapphire laser spectrum could however support pulses as short as 104 fs at
this wavelength. To equalize the pulse lengths, we used the prechirping unit inside the
Ti:Sapphire laser. As shown in Fig. 6(A), the pulse duration of this Ti:Sapphire laser could be
adjusted to 169 fs below the microscope objective measured with the autocorrelator. The RF
traces, which were measured with a fast photodiode (Alphalas UPD-200-SP, 2 GHz
bandwidth) and an RF spectrum analyser (Rohde & Schwarz FSH4), indicate fundamental
mode-locking (Figs. 6(C) and (D)). Hence, pulse duration, center wavelength and spatial
resolution were matched for both lasers with only the repetition rate being different.
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Fig. 6. A Ti:Sapphire laser (Mai-Tai HP from Spectra-Physics) was used for comparison with
the SDL. A) Using the prechirping unit in the Ti:Sapphire laser, the pulses were adjusted to a
length of 165 fs after the objective (20x). B) The spectrum was centered at 1026 nm to overlap
with the spectrum of the SDL. Both spectra were measured after the microscope objective.
C-D) Fundamental mode-locking was confirmed by the Radio Frequency (RF) traces taken at
the main laser frequency of 80.65 MHz and on its harmonics. The resolution bandwidth
(RBW) is the smallest frequency increment that can be resolved.

4. Comparison of the SDL and a matched Ti:Sapphire laser

In this section, we evaluate the achievable multiphoton signal levels and bleaching properties
of imaging using the SDL in comparison to a standard Ti:Sapphire laser with matched
operation parameters except for the different repetition rate (see Section 3 for more details).

4.1. Comparison of the generated two-photon signal

To compare both laser systems we imaged a confocal test slide (FluoCells #2 Molecular
Probes), which contains fixed bovine pulmonary artery endothelial cells (BPAEC). In this
sample, Texas Red-X phalloidin is labeling F-actin and microtubules are labeled with
antibodies conjugated to BODIPY FL. We set the Ti-Sapphire laser to an average power of
11 mW after the 20x objective and imaged the cells by taking a stack of 10 planes at 1 um
spacing (2048 x 2048 pixel images with 10 pus pixel dwell time, 42 s/image). We then set the
SDL  power to 49mW, which corresponds to a power ratio of

45=203" = (£ o0/ fooptisappie )1/2, so that both lasers should produce similar signal

levels [3]. Figure 7 shows a comparison of both data sets in the form of a sum projection of
all slices and line profiles. The signal levels and resolved features were indeed comparable (a
11-17% difference in generated fluorescence signal can be noted for the SDL), validating the
theoretical predictions [3] and the matching of the two laser systems (section 3). The small
difference is likely caused by slight inaccuracies in the matching parameters, for example in
the pulse duration, or might be due to slight bleaching when sequentially imaging the same
volume of the sample with both lasers.
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Fig. 7. Imaging comparison between the SDL and the Ti:Sapphire laser: The power levels were
set to a ratio of =4.5 to create approximately the same signal based on the ratio of repetition
rates [48]. The images are sum projections over a stack of 10 slices (taken at 2048 x 2048 pixel
with 10 ps pixel dwell time) using 1 pm z-spacing. A) Comparison images of fixed BPAE
cells (similar histogram settings). Green channel: Microtubules, red channel: F-Actin.
B) Comparison of the signal counts created by the SDL and the Ti:Sapphire laser along the line
profiles highlighted in A.

4.2. Bleaching comparison

To investigate the bleaching properties when using the two matched laser systems in our
microscope, we performed bleaching tests on a Drosophila larva generated by crossing the
line UAS-palmKate2-K7 (attP2), driving palmitoylated mKate2 in muscle cells with
c381Gal4w + and 332.3Gal4w + [56]. The larva was embedded in Mowiol (Sigma-Aldrich)
and regions sized 80.8 x 5.4 um?® at a depth of 60 um were imaged at 256 x 16 pixel with
10 ps pixel dwell time over 100 seconds at a frame rate of 15 Hz. The average powers of the
Ti:Sapphire laser and the SDL were set to create similar signal counts (14.4 mW and
66.5 mW below the objective, respectively; corresponding to a ratio of =4.6). For each laser,
the bleaching tests were repeated 4 times (Fig. 8(A)). The bleaching traces observed with the
SDL did not exhibit any signs of damage processes related to the higher average power level
compared to the Ti:Sapphire laser.

To properly fit the time-dependent fluorescence signal during bleaching, a tri-exponential
function was necessary (Figs. 8(A) and (B)) indicating that at least three different bleaching
processes with separate dynamics are involved. Simpler fitting functions such as a single- and
bi-exponential fit exhibit oscillatory behavior when comparing the residues on normalized
traces (Fig. 8(D)).

The time constants (t;, T, and T3) extracted from the fits then allowed us to calculate the
coefficient of photo-damage (B, Fig. 8(D)) using the same approach as in [48]. At
£ =2.1+0.51, the difference of the SDL and the Ti:Sapphire was very slight, corresponding
to a 10-15% improvement in the bleaching rates, which is lower than previously reported
values [48].
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Fig. 8. Comparison of bleaching rates in a Drosophila larva labeled with mKate2: A) Raw
bleaching time courses for the SDL (blue) and for the Ti:Sapphire laser (red) at a power ratio
of 4.6 giving a similar generated signal as expected by theory. B) Tri-exponential function
used to fit bleaching curves in A. As shown in C), this function was the most adequate to
obtain an accurate and robust fit because a single or bi-exponential function cannot fully fit the
data. D) Formula to calculate the photodamage coefficient f using the approach in [48].
E) Taking into account the three time constants of the bleaching curves (1, 1, and 13), f can be
obtained in each case. The average / value across all three extracted time constants is centered
at 2.10 with a standard deviation of 0.51.

5. In vivo multiphoton imaging using the SDL

In this section we demonstrate the multiphoton imaging capabilities of the SDL for routine
in vivo imaging experiments in developmental biology and neuroscience. All images shown
in this section were acquired with the ultrafast SDL.

5.1. In vivo multiphoton imaging in Drosophila

To demonstrate the compatibility of the SDL with MPM in living organisms, we imaged a
Drosophila larva labeled with mKate2 in muscle cells (same line as described in section 4.2).
A 3" instar larva was selected for imaging, dissected and placed in a custom imaging
chamber with calcium-free HL3 buffer to reduce motion artifacts. The excited fluorescence
signal above 552 nm was collected together with the forward-directed SHG signal by the
transmission detection system. A strong red fluorescence signal from muscle cells, together
with SHG generated by sarcomeres was detected down to a depth of several hundred microns
(Fig. 9, supplementary Visualization 1). The SDL thus provides high enough peak power to
generate sufficient two-photon excited fluorescence and SHG signal levels for imaging in
small organisms. In fact, the average power levels needed in this experiment (i.e., 17 mW and
6 mW in Fig. 9) were so low that we reasoned that the SDL should be capable of allowing
multiphoton imaging under more challenging conditions, for example in samples with higher
levels of scattering or using other fluorophores.
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Fig. 9. A) Multiphoton imaging in a Drosophila larva using the ultrafast SDL: Maximum
intensity projection of a stack covering a range of 160 um (Average laser power: 17 mW, 1696
x 1142 pixel, 10 ps dwell time). Red channel: Fluorescence from mKate2, Green channel:
SHG signal. The SHG signal is predominantly originating from sarcomeres in the muscles.
B) Image of the sarcomeres at higher zoom showing the characteristic double-band structure
(6 mW, 1024 x 1024 pixel, 10 ps dwell time, 4x averaging).

5.2. In vivo two-photon imaging of mouse vasculature in the neocortex

We then tested the imaging capabilities of the SDL for structural imaging in the living mouse
brain. We prepared a chronic cranial window in a C57BL/6 mouse and injected Texas Red
conjugated to a high molecular weight dextran (70K MW, Invitrogen) into the tail vein to
label the blood plasma. This type of experiment is routinely used to study the structure and
function of the brain vasculature, for example to evaluate the coupling between neuronal
activity and associated changes in blood flow (neurovascular coupling) [57]. During
isoflurane anesthesia, the tail vein was dilated by heating in warm water. The end of the tail
was softly clamped and a bolus of dye-containing solution (0.1 ml at 5% wt/vol) was slowly
injected. For in vivo imaging sessions, isoflurane anesthesia was maintained and the animal’s
body temperature was kept steady at 36°C. Using the 16x objective and 60 mW of SDL
average power, we were able to acquire two-photon images of blood vessels and fine
capillaries down to 400 pm depth (Fig. 10, supplementary Visualization 2). At 10-30 pm
depth, we also detected the SHG signal created by the collagen-rich dura mater just below the
cranial window. All animal procedures were carried out according to the guidelines of the
Center for Laboratory Animals of the University of Zurich and were approved by the
Cantonal Veterinary Office. This experiment demonstrates that in vivo imaging with the SDL
is feasible in the superficial layers of the mouse brain despite the lower average power output
compared to Ti:Sapphire lasers. The SDL should thus also be applicable for measurements
studying the dynamics of blood flow by line scans across single blood vessels [57] and for
structural imaging at comparable depths.
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Fig. 10. In vivo two-photon imaging of blood vessels filled with Texas Red Dextran using the
ultrafast SDL. A) Selected frames from a z-stack at different depths as measured from the
brain surface (512 x 512 pixel, 10 us pixel dwell time). For each z-plane, the histogram was
adjusted for better visibility. The top right insets show the same z-positions with the identical
histogram settings throughout to compare signal strength. The SHG signal from the dura mater
is visible at 20 pm. B) YZ-side-projection of the same data set (red channel only).

5.3. In vivo two-photon imaging of neuronal activity in mice

A key application of two-photon microscopy in modern neuroscience is functional imaging of
the activity of neuronal populations in a living brain through cranial windows. For such
recordings across tens to thousands of neurons, fluorophores reporting changes in intracellular
calcium concentration are commonly employed [58]. As the center wavelength of the SDL at
1027 nm predominantly allows excitation of red fluorophores, we used the red-shifted
genetically encoded calcium indicator R-CaMP1.07 [57], which is efficiently two-photon
excited by lasers operating in the range of 1020-1100 nm.

We expressed R-CaMP1.07 in neurons of the mouse brain by using several intracortical
stereotaxic injections of an adeno-associated viral serotype 1 (AAV1) vector driving
expression under the control of the unspecific EF-al promoter (AAV1-EFal-R-CaMP1.07).
For each injection site, 200 nl of virus were injected through glass micropipettes in a
C57BL/6 mouse under isoflurane anesthesia in the superficial layers of the somatosensory
barrel cortex (100-800 pm depth). After recovery, a cranial window (d = 4 mm) was
implanted and in vivo imaging recordings were started 10 days post-operation.

Using the 20x objective, we were able to visualize R-CaMP1.07-expressing neurons down
to a depth of 360 um with the SDL (Fig. 11(A)). At a depth of 125 pum, we recorded
functional signals at a frame rate of 10.68 Hz on a field-of-view (FOV) of 120 pm x 120 pm
which allowed us to resolve calcium transients from a set of neurons (Fig. 11(B),
supplementary Visualization 3 and Visualization 4). For plotting neuronal AF/F signals,
imaging frames were registered to correct for motion artifacts using the template matching
and slice alignment plugin in Fiji [59] and regions of interest around cell bodies were selected
manually. The SDL allowed recordings of neuronal activity at signal to noise levels
comparable to recordings obtained with Ti:Sapphire lasers [60]. These results demonstrate
that two-photon calcium imaging in the superficial layers of mouse neocortex at 100-350 um
depths, which is a major type of experiments in current neuroscience, is feasible with an
ultrafast SDL.
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Fig. 11. In vivo imaging of R-CaMP1.07-expressing neurons in mouse neocortex using the
ultrafast SDL. A) Single z-planes from a stack starting at the dura down to a depth of 360 um
(72 mW laser power, 1024 x 1042 pixel, 10 us dwelltime). For each z-plane, the histogram
was adapted for better visibility. The insets show the same z-positions with the same histogram
settings. Neurons are visible as hollow rings as the calcium indicator does not enter the cell
nucleus. The yellow frame at a depth of 125 um indicates the functional imaging region in B).
B) Calcium imaging in a subset of neurons (acquired at 72 mW laser power, 100 x 100 pixel,
6 us dwelltime). Average projection and example traces of three neurons and a neuropil (n.p.)
region of interest are shown with a frame rate of 10.68 Hz. For this experiment, an HPD
recorded all available signal without additional filters except an IR rejection filter.

5.4. In vivo two-photon imaging of neuronal activity in mice with OGB-1

Finally, we examined whether despite of the long wavelength of 1027 nm of our ultrafast
SDL, calcium imaging with indicators normally excited in the 800-900 nm region is feasible
as well. For this purpose, we used a VIP-tdTomato mouse, in which inhibitory interneurons
expressing vasointestinal polypeptide (VIP) co-express the red marker protein tdTomato.

A postnatal day 8 (P8) mouse was sedated by chlorprothixene (0.1 g/kg, intraperitoneal
(i.p.); Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) and lightly anesthetized with
urethane (0.25-0.5 g/kg, i.p.). A custom-built head plate was glued to the skull over the left
brain hemisphere with dental cement (Paladur, Heraeus Kulzer GmbH) to secure and stabilize
the animal. A small cranial window of 1.5 x 1.5 mm* was opened above the cortical barrel
map (guided via intrinsic imaging) with a sharp razor blade and neuronal ensembles in the
superficial layers were bolus-loaded with the AM-ester form of Oregon Green BAPTA-1 by
pressure injection (OGB-1; 1 mM solution in calcium-free Ringer’solution; 2-min injection at
150-200 pum depth [61]). The craniotomy was filled with agarose (Type III-A, 1% in Ringer’s
solution; Sigma) and covered with a glass plate.
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Fig. 12. In vivo calcium imaging in a young (P8) mouse with the ultrafast SDL: A) Overview
image (924 um x 465 pum) of tdTomato-expressing VIP-positive interneurons (red) and the
surrounding cell population labeled with the calcium indicator OGB-1 (green) at a depth of
140 pm (51.4 mW average power, 3492 x 1598 pixel, 10 us pixel dwelltime, 4x average).
Shadows in the image originate from superficial blood vessels. B) Field-of-view selected for
calcium imaging (164 pum x 89 pm, 155 pm depth, 55.8 mW laser power, 200 x 100 pixel, 5 ps
pixel dwell time) and calcium transients recorded from several neurons (6.42 Hz frame rate).
Cell 9 is a VIP-positive interneuron co-labeled with tdTomato. n.p.: Neuropil.

Using the SDL and the 16x objective, we could efficiently excite tdTomato and OGB-1
and record both large-FOV structural images (Fig. 12(A)) and functional calcium signals
(Fig. 12(B)).

For functional recordings, we selected a smaller FOV and detected calcium transients
from putative excitatory neurons, astrocytes as well as dual-labelled VIP-positive
interneurons (Fig. 12(B), supplementary Visualization 5). The neuronal populations displayed
a highly synchronized activity pattern, which is typical for the maturing neocortex in this
early postnatal period [62]. Our prototype ultrafast SDL is thus suitable for imaging of a wide
range of fluorophores, even though a SDL tailored towards green fluorophores by lowering
the laser wavelength would certainly be better suited for such imaging applications.
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6. Conclusions

We have demonstrated the utility of a femtosecond semiconductor disk laser (SDL) for a
broad selection of multiphoton imaging applications, ranging from two-photon excited
fluorescence to second harmonic generation in Drosophila and mice. In all of our
experiments, the ultrafast SDL provided sufficient signal levels to make this laser an
attractive alternative to a standard Ti:Sapphire laser for a wide range of experiments in
developmental biology and neuroscience.

As predicted by theory [3], imaging of the same sample with a SDL and a Ti:Sapphire
laser with matched parameters (pulse duration, center wavelength, and spatial resolution)
resulted in comparable signal levels when the SDL average power was appropriately scaled
(ratio =4.5). In this work, the power levels provided by the laser at 1027 nm were sufficient to
image a variety of red fluorophores but also the green calcium indicator OGB-1 (which is
typically excited at 800 or 920 nm). Images were obtained from a depth of hundreds of
microns in scattering tissue in vivo, highlighting that for many imaging applications the
complexity and cost of a Ti:Sapphire laser are not necessary. In our SDL experiments, we did
not observe heating-induced damage of the samples (due to linear absorption), which could
have occurred due to the higher average power compared to the Ti:Sapphire laser. In addition,
we stayed far below the threshold for long-lasting damage of brain tissue of 250 mW that has
been recently reported [47].

While [48] would predict a two-fold improvement in bleaching rate when using a 20x
higher repetition rate, we could not confirm this prediction experimentally. We could
nonetheless confirm that the 4.5-fold increased SDL average power did not cause increased
photodamage compared to the Ti:Sapphire laser. The absence of an effect of the repetition
rate on bleaching may also be caused by differences in samples and fluorophores.

The ultrafast SDL produced equally good imaging results as a Ti:Sapphire laser with
similar operation parameters except repetition rate and power even though the two-photon
figure of merit [25] of the SDL is lower than the FOM for a Ti:Sapphire laser. The reason is
that in the majority of biological imaging experiments, the maximum FOM of the laser is not
even close to be utilized due to onset of tissue damage and the high absorption cross section
of modern fluorophores.

Whereas the current generation of ultrafast SDLs is not suitable for very deep multiphoton
imaging as performed with high-peak-power sources, a cost-efficient and reliable ultrafast
source at GHz repetition rates could also be interesting for implementing frequency-type two-
photon fluorescence lifetime imaging (FLIM) approaches or to improve photon statistics for
fast scanning techniques with pixel dwell times in the <100 ns domain such as low-power
temporal oversampling (LOTUS [63]).

While the SDL presented here excites a green fluorophore (OGB-1) with reasonable
efficiency, future SDLs will be bandgap-engineered towards center wavelengths in the 750-
970 nm region, thus allowing to make full use of the wide range of fluorescent markers
currently imaged using Ti:Sapphire lasers.

In summary, we have demonstrated that the current generation of ultrafast SDLs can be
successfully used for nonlinear imaging applications. The SDL can thus fulfill the need for a
simple, small, and reliable MPM laser source covering a wide range of applications. It will be
especially attractive for configuring or upgrading a confocal microscope with multiphoton
capabilities at low cost.
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