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ABSTRACT
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A plethora of optical techniques is currently available to obtain non-destructive,

contactless, real time information with subcellular spatial resolution to observe cell processes.
Each technique has its own unique features for imaging and for obtaining certain biological
information. However none of the available techniques can be of universal use. For a comprehen-
sive investigation of biological specimens and events, one needs to use a combination of bioimag-
ing methods, often at the same time. Some modern confocal/multiphoton microscopes provide
simultaneous fluorescence, fluorescence lifetime imaging, and four-dimensional imaging. Some
of them can also easily be adapted for harmonic generation imaging, and to permit cell manipu-
lation technique. In this work we present a multimodal optical workstation that extends a com-
mercially available confocal microscope to include nonlinear/multiphoton microscopy and optical
manipulation/stimulation tools. The nonlinear microscopy capabilities were added to the com-
mercial confocal microscope by exploiting all the flexibility offered by the manufacturer. The var-
ious capabilities of this workstation as applied directly to reproductive biology are discussed.

Microsc. Res. Tech. 79:567-582, 2016. © 2016 Wiley Periodicals, Inc.

INTRODUCTION

Until recently, most of the knowledge about cell biology
events has been obtained through statistical inference on
large sample observations. However, researchers learned
that cells are adaptive devices, which change their
behavior constantly both in time and space, with huge
cell-to-cell heterogeneity. Cells divide and change behav-
ior during their lifetime and also respond to external
physiological and stressing stimuli. Moreover, often, a
deeper analysis of cells whose behavior is beyond the
average tissue environment, provide novel ideas or sce-
narios for research or a relevant diagnostic whose detec-
tion would be impossible in standard studies. Therefore,
efforts to put together to achieve highly sensitive, real
time, non-destructive, chemically sensitive single cell
observations, are strongly dependent on non-destructive
high-resolution optical techniques.

Today there is a plethora of isolated accessories to
collect non-destructive, contactless, real time informa-
tion with subcellular spatial resolution to observe cel-
lular and molecular phenomena. In the 1980’s, Optical
Tweezers (OT) were developed and used to manipulate
and measure biomechanical properties of cells, mem-
branes, and organelles (Ashkin et al., 1986). In the
early 1990’s, with the appearance of femtosecond
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Ti:sapphire lasers, the possibilities for Multiphoton
Microscopy was demonstrated (Denk et al., 1990).
Deeper penetration was one of the major advantages of
Multiphoton Microscopy and became almost manda-
tory for in vivo studies. Simultaneously, the Fluores-
cence Lifetime Imaging Microscopy (FLIM) reached
enormous progress in both time domain and frequency
domain (Konig et al., 1996). By the late 1990’s two
powerful non-linear techniques were developed: sec-
ond harmonic generation (SHG) and Coherent Anti-
Stokes Raman Scattering (CARS) (Campagnola et al.,
1999; Zumbusch et al., 1999). They used essentially
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the same multiphoton apparatus but counted with dif-
ferent laser sources. SHG microscopy allowed the
selective visualization of collagen fibers and fibrils,
acto-myosin filaments and microtubules, while CARS
microscopy allowed chemically selective imaging, par-
ticularly of lipids. In the last years researchers discov-
ered that third harmonic generation (THG) microscopy
is also capable of providing images due to variations in
the third order susceptibility 3, or refractive index
and other inhomogeneities (Débarre et al., 2005). Each
of these imaging techniques has its own imaging possi-
bilities and provides distinct biological information.
However, none of these techniques can be of universal
use. For a comprehensive investigation of biological
events on a given sample, we designed an integrated-
multimodal photonic platform.

One such multimodal microscope was implemented
by a combination of THG, SHG, and Multi-photon
Excited Fluorescence (MPEF) image contrast methods
(Gualda et al., 2008). Similarly, we combined two
photon-excited fluorescence (TPEF), SHG, and THG in
the same platform (Adur et al., 2011). Other important
confocal setups modified for harmonic generation were
reported (Carriles et al., 2009; Cox et al., 2005; Sun
et al., 2004; Sun, 2005). However, these home built sys-
tems lacked the FLIM modality. In 2012, we reported
the development of an easy-to-operate platform capa-
ble to perform TPEF, SHG, THG, and FLIM using a
single 80 MHz femtosecond Ti:sapphire laser source
(Pelegati et al., 2012). A recent review presents rele-
vant publications in the field of multimodal nonlinear
imaging microscopy techniques (Meyer et al., 2013). In
that work, some examples shows the combination of
four techniques, such CARS, SHG, TPEF, and Optical
Coherence Tomography (OCT) (Tang et al., 2012) and
CARS, SHG, THG, and TPEF (Tsai et al., 2012) to ana-
lyze tumor progression. Also, last year we presented
how combine (TPEF, SHG, THG, and CARS) techni-
ques in one setup to improve the accuracy of multimo-
dal nonlinear images in the detection of epithelial
cancers. In the same work we reviewed the significant
advances in new technologies used in nonlinear
microscopy, i.e., laser sources, scanning systems and
detectors (Adur et al., 2014a).

Presently, we are working to integrate more than
four techniques in the same microscopy setup. In this
work, we review the concept “multimodal” and present
our own new multimodal optical setup. In the first
part, the different microscopy and manipulation cell
techniques are presented. Also, we discuss aspects of
the instrumentation involved in nonlinear microscopy
(the general layout for a multimodal microscope). The
second part presents applications of TPEF, SHG, THG,
CARS, FLIM and OTs in reproductive biology and
some examples of this technique used in intravital
experience.

MULTIMODAL CONTRAST MECHANISMS

In microscopy, the “multimodal” term means that we
can observe and analyze images captured using differ-
ent microscopy techniques. For example, in a confocal
microscope, if the energy density at the focal spot of
the objective lens is sufficiently large, nonlinear optical
effects such as harmonic generation (SHG, THG),
CARS, parametric oscillations, and multi-photon fluo-
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rescence can be observed (Fig. 1). These optical phe-
nomena are used in combination to study a given
biological specimen simultaneously (Adur et al., 2011;
Gualda et al., 2008).

Nonlinear optical effects occur when a biological tis-
sue interacts with an intense laser beam and exhibits
a nonlinear response to the applied field strength (Car-
riles et al., 2009). Table 1 summarizes the unique fea-
tures of each nonlinear optical imaging contrast
mechanism. TPEF is a third-order non-linear optical
process where two photons excite an electron from the
ground state. It is an inelastic process releasing photon
energy in the sample. Two-photon absorption happens
only when the energy of the incident photons fall into
the two-photon excitation band which is specific for
each fluorescent compound. The two-photon excitation
band is not exactly half of the one photon excitation
band because the selection rules are different. The fact
that TPE depends on the square of the incident light
provides optical sectioning, because it can only happen
in the focal point volume. On the other hand, the emis-
sion is an incoherent optical process with a lifetime
that depends not only on the excited molecule, but also
on the chemical environment around it. Photobleach-
ing is smaller in TPEF compared to single photon exci-
tation because the excited volume is smaller.
Therefore, TPEF allow the observation of specific mol-
ecules, by selecting both, the excitation and emission
wavelength, and by determining different fluorescence
lifetimes (Cella and Diaspro, 2010).

In contrast, SHG and THG are coherent second/
third-order elastic nonlinear optical processes.
Because two/three photons generate another photon
with two/three times the energy of the incident pho-
tons (Fig. 1), there is no energy release to the medium,
meaning that no infocus cell photodamage is expected
from these processes, although there is always a dam-
age threshold intensity, or fluency, for ultrafast laser
pulses due to multiphoton ionization. Both SHG/THG
can be isolated from fluorescence by either the wave-
length or time gating, because the coherent processes
are instantaneous in practical terms. Given that SHG
signal is %roportional to I? and THG signal is propor-
tional to I°, where I is the incident light intensity, they
intrinsically provide optical sectioning. For the same
wavelength of the incident light, THG has better opti-
cal sectioning resolution than SHG. One practical
problem with THG is the fact that the emitted light
wavelength falls in the UV-blue range of the spectrum
and become resonant with biological molecules elec-
tron level transitions, with higher absorption. Besides,
scattering also increases in the UV-blue range, hence
and light penetration is reduced (Carriles et al., 2009;
Pelegati et al., 2012).

Selective SHG cancellation due to central symmetry
has been observed in several biologically relevant sys-
tems including lipid vesicles infused with styryl dye,
sarcomeric anisotropic bands in muscle cells, and plant
starch granules (Moreaux et al., 2000; Prent et al.,
2008). In biological materials containing well organ-
ized in non-centrosymmetric microcrystalline struc-
tures, the SHG from different emitters adds
coherently resulting in very intense SHG. Some exam-
ples of such structures include starch granules and
other plant polysaccharides, collagen, striated muscle,
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Fig. 1. Jablonski diagrams depicting TPEF, SHG, THG, and CARS
nonlinear microscopy techniques, as well as the principle of time-
domain fluorescent lifetime. TPEF combines energy of two photons to
excite one molecule to an excited state, which subsequently proceeds
along the fluorescence emission pathway. TPEF is widely used to
image fluorescence. SHG combine photons of equal energy to gener-
ate new photons with combined energy. SHG is sensitive to non-
centrosymmetric biological structures including collagen fiber and
microtubule. THG combines photons of equal energy to form new pho-
tons with triple the energy. THG is dependent on optical heterogene-
ities of probed objects, which include third-order non-linear

susceptibility, refractive index, and refraction. CARS is a four-wave
mixing process, where molecular vibration frequency Q is equal to 1/
M Yho. If Q matches Raman-active band of CHs, at 2840 cm ™ %, vibra-
tional contrast of lipid-rich structures is generated. By using FLIM,
the fluorophores are excited using a short laser pulse after which
emitted photons are measured over time. Depending upon the fluoro-
phore and environmental conditions, the fluorescence lifetime will be
distinct and in many cases, multiple components may exist for the
fluorophore. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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and chloroplasts (Chu et al., 2001; Campagnola and
Yuan-Dong, 2011). THG have been used to monitor
embryo development and mitosis in zebra fish (Chu
et al., 2003; Sun et al., 2004) and to observe human
glial cells (Barille et al., 2001), cardiomyocytes (Barzda
et al., 2005), green algae rhizoids (Squier et al., 1998),
chloroplasts (Muller et al., 1998), erythrocytes (Millard
et al., 1999), epithelial, neuronal, muscle cells (Yelin
et al., 2002), and intracellular Ca?* dynamics (Canioni
et al., 2001). Our experience with both techniques to
study cancer tumors is that SHG is extremely useful to
observe collagen networks in the extracellular space,
while THG can display clearly the nuclei, two very
important information for pathologists (Adur et al.,
2011, 2012a,b).

CARS microscopy derives its imaging contrast from
Raman-active vibrational modes and has been used for
cellular and tissue imaging. CARS relies on the con-
trast resulting from probing resonances of specific
chemical bonds in unstained samples, enabling its
chemical selectivity. In brief, when the energy differ-
ence, Q, (Fig. 1) between the pump and probe (also
called the Stokes beam in the Raman literature)
matches the energy gap, o,, of a particular vibrational
transition, Q = Opump— Oprobe — Oy, then the (differ-
ence frequency) beating between the pump and probe
beams drives the vibrational oscillators within the
focus coherently in phase. Its coherent nature further
renders CARS signal several orders of magnitude
stronger than the conventional Raman signal, thus
offering video-rate imaging speed (Evans et al., 2005).
Therefore, this imaging modality has been successfully
applied to a variety of biomedical applications, includ-
ing the imaging of viruses, cells, tissues and live ani-
mals (Huff and Cheng, 2007; Krafft et al., 2009; Le
et al., 2009; Mouras et al., 2010). Unlike SHG and
CARS, for tightly focused laser beams, a THG signal is
only generated when the medium is optically heteroge-
neous (both linearly and/or nonlinearly) within the
focal volume scale. Recently, it was demonstrated that
THG microscopy can reveal the presence of lipid bodies
within thick tissue and be efficiently combined with
multiphoton fluorescence and SHG microscopy
(Gualda et al., 2008). Thus, based on different contrast
mechanisms for the different techniques (TPEF, FLIM,
SHG, THG, CARS), the simultaneous application of
these is expected to reveal valuable and complemen-
tary information about the tissue under investigation
(Meyer et al., 2013).

On the other hand, all living cells face mechanical
forces that are converted into biochemical signals and
integrated into the cellular responses (mechanotrans-
duction). Therefore, the development of new techni-
ques for exerting mechanical stresses on cells and for
observing their responses is crucial to clarify the mole-
cule- and cell-level structures that may participate in
mechanotransduction. Forces can be exerted on a cell
by a variety of experimental techniques. If the force is
in the right range of magnitude, it is capable of elicit-
ing a biological response from the cell. The level of
force needed to produce a significant conformational
change in the force-transmitting proteins can be esti-
mated. Several studies have measured the fibronectin/
integrin binding strength, producing estimates in the
range of 30-100 pN. Forces as low as 3—5 pN have also
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been shown to be sufficient to unfold certain subdo-
mains in fibronectin. Interestingly, this is also the
range of forces exerted on the particle in an optical
trap by the radiation pressure of light.

In 1986, Ashkin discovered that a single, tightly
focused laser beam could be used to capture small
dielectric particles and confine them three-
dimensionally (Ashkin et al., 1986). An OT system con-
sists of a laser beam tightly focused into a very small
region, generating an extremely large electric field
gradient, using a microscope objective. When such a
tightly focused laser beam interacts with a mesoscopic
particle, piconewton forces are exerted on the particle
and it is attracted toward the highest intensity region
by the so-called gradient force, while the radiation
force, also known as the scattering force, acts in the
direction of the light propagation. Under the condi-
tions when the gradient force dominates, the particle
with a refractive index larger than that of the sur-
rounding medium is trapped in three dimensions. For
this reason, OTs are usually constructed with a micro-
scope objective (Gu et al., 2010).

This relatively young technique provides the non-
mechanical manipulation of biological particles such
as viruses, living cells, and subcellular organelles. OTs
are now being used in the investigation of an increas-
ing number of biochemical and biophysical processes,
from the mechanical properties of biological polymers
to the multitude of molecular machines that drive the
internal dynamics of the cell (Galla et al., 2014; Kha-
tibzadeh et al., 2014; Pesce et al., 2014, 2015; Spyratou
et al., 2014). OTs are compatible with fluorescence-
imaging techniques. Therefore, it is possible to apply
localized mechanical and chemical stimuli on cells
while following changes in cell shape and organization.
The combination of chemical and mechanical stimula-
tion is useful and relevant in cell biology, since cells
test the extracellular matrix (ECM) rigidity during
their differentiation. Furthermore, OTs open the field
for a single molecule manipulation and its biophysical
characterization. With the appropriate chemistry, a
bead can be attached to a single molecule as a handle
allowing the application of forces on a single molecule.
In conclusion, OTs microscopy can be used for a wide
range of experiments, from the single molecule to the
cell level and helps to understand their organization
up to the tissue level (Heller et al., 2014; Moura et al.,
2015).

MULTIMODAL MICROSCOPE ARCHITECTURE

The engineering challenge is to integrate the differ-
ent modalities on a single platform. In response to this
challenge, manufacturers have designed microscopes
with multiple input and output ports and increased
infinity space for the introduction of customized optics.
Nonlinear microscopes share many common features
with confocal laser scanning microscopes. In fact,
many research groups have implemented multiphoton
excitation fluorescence by coupling optical parametric
oscillators (OPO), femtosecond or picosecond lasers
into a confocal scanning microscope (Cox et al., 2005;
Plotnikov et al., 2006) and by using a nondescanned
port for efficient detection of the nonlinear signal.

For example, Cheng and Sun, described a typical
imaging system for multi-modal, nonlinear microscope
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Fig. 2. Schematic diagram of a multimodal NLO microscope setup
built at INFABIC (UNICAMP). Femtosecond (MaiTai) and picosec-
onds (OPOs system) pulsed laser and lasers for microdissection and
micromanipulation are couple to a commercial confocal system plat-
form (inverted Zeiss Axio Observer.Z1 and confocal LSM 780). Shaded
circles show excitation sources whereas circle with dashed lines, the
detection configurations. The upper right panel depicts a more
detailed picoseconds excitation setup. Pump (Nd:YVO-laser (HighQ
laser)), OPOs (APE, Levante Emerald), BS (50:50 beamsplitter.
EdmundOptics ID 2757). Three reflection mirrors (532 nm, Edmun-
dOptics ID 2765). The each five wavelengths (signal and idler for

using either Cr:forsterite, Nd:glass, ytterbium, or
Ti:Sa lasers. Briefly, the laser beam is conducted with
a spatial filter and collimated by a beam expander to
fill the back aperture of the objective lens. The beam
was coupled into an Olympus IX71 microscope through
the confocal scanning unit with a 45° dichroic beam-
splitter to reflect the infrared (IR) and transmit visible
light. The excitation IR light was focused onto the bio-
logical sample with a spot size close to diffraction limit
using high numerical aperture (NA) objectives and the
excited photoemission spectrum was collected using an
opposing high-NA objective. The collected light (visible
and near IR) is then directed into a spectrometer and
recorded by a Peltier-cooled charge-coupled device
(CCD) detector. Transmission detection was used
because most SHG and THG is emitted in the forward
direction (Cheng and Sun, 2006). Alternative construc-
tions using different combinations of techniques have
been published (Adur et al., 2014a; Carriles et al.,
2009; Gualda et al., 2008; Mathew et al., 2009; Saager
et al., 2015).

Figure 2 shows a schematic setup of a multimodal
microscope built at the National Institute of Science
and Technology on Photonics Applied to Cell Biology

J.ADUR ET AL.

Delay 3

& T
: T

B!

AxioObserver Z1 2

LSM 780 scan head 3 MaiTai Fs Laser

OPOs 5 MMI system 6 NDDref mode 7 NDD trans. mode

each OPO plus the fundamental 1064 nm) are independently con-
trolled with a half wave plate and PBS (not shown). Delay lines (two
lens: Newport KPX094AR.16 and Newport KPX082AR.16). AOM:
acousto-optic modulator. Principal optic elements are shown in blue.
T: Telescope Lens, Detectors are shown in red. NDD T: Non Des-
canned Detector - transmitted way, NDD R: Non Descanned Detector
- reflective way, NDD FLIM: Non Descanned Detector - reflective
FLIM, PMT: photomultiplier tubes. Solid line: excitation path,
Dashed line: emission path. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

(INFABIC) at the State University of Campinas (UNI-
CAMP), on a commercial confocal system platform
(inverted Zeiss Axio Observer.Z1 and confocal laser
scanning microscopy LSM 780).

Excitation Sources: The system has ultraviolet
(UV)-lamp, five continuous-wave (CW) lasers for confo-
cal modality, pulsed lasers - picoseconds (ps) and fem-
toseconds (fs) - for nonlinear studies and other two CW
laser - ultraviolet (UV) and IR - for microdissection
and micromanipulation respectively. UV-lamp (X-cite®
120 Excelitas Technologies) is for classical epi-
fluorescence observation. The five lines of CW laser
(Argon (458, 488, 514 nm) 35 mW, HeNe (543 nm) 1
mW, and HeNe (633 nm) 5 mW) are coupled to the
scan head (LSM 780 visible laser ports) through
polarization-preserving single-mode optical fibers (not
show in Fig. 2). One variable beam collimator for each
beam provides optimum adaptation of the respective
laser wavelength to the objective used and assures the
same focal plane for all laser lines.

The picosecond source comes from a synchronously
pumped OPO system (APE, Levante Emerald) to
acquire high spectral resolution CARS microscopy. The
master oscillator is a picosecond mode-locked frequency
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doubled Nd:YVO-laser (HighQ laser) operating at
1064 nm with a second amplification stage followed by a
frequency doubler crystal capable to deliver more than
8W of green output power at 532 nm. A polarizing beam
splitter (PBS) separates the fundamental at 1064 nm
from the second harmonic at 532 nm, which is equally
divided to pump two OPOs (See Fig. 2: shaded gray and
upper right panel). Each individual OPO wuses a
temperature-tuned, noncritically phase-matched LBO
(LiB30O5) crystal for parametric down conversion. The
temperature of the crystal sets the wavelengths of the
two generated near IR signal and idler synchronized in
time, but with a time delay because the two beams are
separated in a dichroic filter and exits at two different
ports. The OPO can be easily and continuously tuned
over a wide spectral range, from 690 to 990 nm for the
signal, and between 1150 and 2300 nm for the idler out-
put. Automated tuning is performed via computer con-
trol. This system is capable to provide five different
wavelength beams, the fundamental at 1064 nm, two
signals and two idlers, one for each OPO. The power of
these five wavelength beams are controlled independ-
ently with a half wave plate and PBS (not shown); their
time overlapping is obtained by using four independent
delay lines (Newport Optical-Delay-Line-Kit/396220/
1033), and the spatial superposition in the focal plane is
obtained by the use of dedicated telescopes/collimators
(T2, T3, T4, T5, and T6) composed by two lens (lens 1:
Plano-Convex Lens, BK 7, 25.4 mm diameter, 100 mm
EFL, 650-1000 nm and lens 2: Plano-Convex Lens, BK
7, 25.4 mm diameter, 50.2 mm EFL, 650-1000 nm-
Newport).

The femtoseconds laser source is a tunable Ti:sap-
phire laser (Spectra-Physics Mai Tai®) with 2W out-
put, at the repetition rate of 80 MHz, emitting around
690-1040 nm for efficient TPEF, FLIM or for higher
SHG/THG harmonics generation. The beam is coupled
to the scan head through an acousto-optic modulator
(AOM) for a fast intensity control and with a collimat-
ing telescope (T1) to adjust both the beam diameter to
fill the objective back-aperture of the objective and the
beam focus position on the microscope focal plane (See
Fig. 2: shaded orange). We merged the ps OPO with fs
Ti:sapphire, both operating in the same wavelength
range, in one collinear beam with a PBS, sent onto the
backward excitation port of the scan head (LSM 780 IR
laser port). This way we obtained a wavelength inde-
pendent beam splitter, which send the fs beam in one
polarization and the ps one in the other polarization.

For microdissection and micromanipulation the
MMI CellCut/CellManipulator (Molecular Machines &
Industries, AG) system was coupled in the left part of
the AxioObserver microscopy (See Fig. 2: shaded
green). This system specially designed optics focuses
the laser beam without impairing any functionality of
the inverted microscope. Laser microdissection is per-
formed with a 355nm laser, and the regions of interest
(ROI) for microdissection are selected in a touch
screen. The OTs use a 1064 YAG infrared laser with
3W trapping power that can be split (time-share mode)
to trap up to 10 different objects. The final power at
the sample is less than 200 mW that allows living cells
studies.

For alternative configurations the readers can refer
to Chen and Brustlein works, where Mai Tai® laser
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and one OPO (Opal-BB, Spectra-Physics) on FV1000
Olympus confocal systems is shown (Chen et al., 2009)
or different possible configurations starting with one
OPO and two OPOs (APE, Levante Emerald) on a
Nikon C1-Si system (Brustlein et al., 2011).

Signal Detection

The motorized collimators, the scanners, the precise
pinhole position and the highly sensitive detectors are
selected to provide optimum specimen illumination
and efficient collection of the emitted light. The gener-
ated signals (reflected or epi-detection) can be collected
with the same microscope objective (high-NA C-
APOCHROMAT especially developed to reach the
physical limit in resolving power and used throughout
the 380...900 nm spectral range), split by dichroic mir-
rors, which were specifically chosen for the given fun-
damental and fluorescence or harmonic emission
wavelengths and focused onto specific detectors. To
efficiently block near IR excitation stray light from the
detector, special TwinGate (narrow angle geometry)
main dichroic beam splitters (MBS) are used (MBS
690+: main dichroic beam splitter reflecting near IR
excitation longer than 690 nm, transmitting shorter
wavelengths) in the light path. Interference or band
pass filters are used in front of the detector for filtering
spurious signals outside the desired bandwidth.

Detection in the backward direction: the scan head
of the LSM780 (See Fig. 2: green circle with dashed
lines) has a spectral GaAsP Quasar detector (Quiet
Spectral Array) with 32 in-line elements (spectral
detection range freely selectable -resolution down to
3 nm-) actively cooled (45% of Quantum Efficiency)
plus 2 adjacent photomultipliers tube (PMT) (400-
700 nm detection range) that expand the spectral
working collection (not show). In addition, three cas-
cade non-descanned detectors (NDD) with GaAsP
NDD unit are available for epi-detection of nonlinear
signals (NDD R1/R2/R3). In the same setup we can
exchange any NDD by detectors for FLIM signal
(HPM-100 GaAsP hybrid detector based on Hama-
matsu R10467, Becker & Hickl GmbH) using C-mount
adapter (See Fig. 2: green circle with solid lines). These
detectors combine high time resolution, high efficiency,
large area, and easy alignment.

Detection in the forward direction: the microscope’s
transmitted-light channel is equipped with a PMT, too.
It is therefore possible to superimpose a multiple fluo-
rescence image on a brightfield, differential interfer-
ence or phase contrast image. Additionally, two NDD
with GaAsP NDD unit are used in transmission path
(NDD T1/T2) (See Fig. 2: blue circle with solid lines). If
NDD channels are assigned to the transmitted-light
beam path, no transmission PMT can be implemented.

Signal Acquisition, Control and Software

Our optical setup is principally controlled by ZEN
software from Carl Zeiss. The software run on dedi-
cated computer and is used to control the microscope,
the scanning module, the laser module, and the image
acquisition process display, edit and analyze the
images. The Laser Control tool of ZEN shows the non-
linear optics (NLO) laser as an additional laser of the
system. The wavelength and laser intensity are
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controlled in the laser control pop up from the Light
Path tool. The desired wavelength is chosen in the
Edit Laser Wavelength input box. Non-Descanned
Detection is set and configured in the Light Path tool
by choosing the Non-Descanned tab next to the LSM
tab. The configuration of multiple tracks is possible for
NDD applications, but they cannot be combined with
tracks which are set up with the standard channels.

In other computers we control FLIM and micromani-
pulation modalities. FLIM acquisition setup is per-
formed using SPCM Data Acquisition Software. After
setting the parameters, NLO laser bottom is checking
and automatic FLIM acquisition start. SPCImage soft-
ware is used for FLIM data analysis. Both, acquisition
and analysis software are providing by Becker & Hickl
GmbH. For MMI system, the MMI CellTools software
V. 2011 is used. Its graphical user interface allows the
precise and intuitive identification and selection of the
areas of interest. With same software, even the auto-
mated microscope functions such as objective changes,
condenser settings and fluorescence turret changes
can be initiated.

OPERATIONAL FUNCTIONS AND
APPLICATIONS
Multimodal Capabilities

In this review, a nonlinear/multiphoton microscopy
system based on a commercial confocal microscope is
presented. All the flexibility offered by the basic setup
(8D fluorescence, time lapse, laser-scanning bright-
field, DIC, and spectral separation) were fully
exploited, to which were added: NND forward and
backward detection systems, separate backward FLIM
detectors, and manipulation tools with separate con-
trol systems and software. The new functions were
incorporated without altering any of the components of
the LSM 780 microscope. These improvements give it
the following capabilities:

1. Simultaneous TPEF and SHG, or TPEF and THG,
or SHG and THG forward imaging

. Simultaneous TPEF and SHG forward and TPEF
and SHG backward imaging

. Simultaneous SHG and CARS imaging

. Option 1 + sequentially FLIM imaging

. Optical trapping + sequentially CARS and SHG or
FLIM or Option 1

To display the flexibility of the system, a set of illus-
trative studies of our group on different reproductive
organs are showed.

A. Multimodal Images of Breast and Ovarian
Tissues. Figure 3 depicts representative NLO
images of ovary and breast human tissues obtained
from normal (Fig. 3A) and cancer (Fig. 3B) thin section
(~ 5um) samples stained with Hematoxylin & Eosin
(H&E). These organs were imaged by using TPEF
(green color) and FLIM (map blue to red color) to visu-
alize intrinsic fluorophores, SHG (red color) to visual-
ize collagen, THG (magenta color) to highlights the
nuclei, and CARS (map red to yellow color) to visualize
lipids. Forward THG signals and backward TPEF and
SHG signals were simultaneously collected with NDD,
whereas backward FLIM and CARS signals were
sequentially recorded. From TPEF, SHG and THG
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excitation wavelength was 940 nm. The THG signal
(8313 nm) that strongly highlights the nuclei is detected
with a band-pass BP340 + 30 nm colored glass filter
(Hoya Corporation). The SHG (470 nm) corresponds to
stromal collagen and is detected with a filter cube with
a dichroic long-pass LP490 nm wavelength and a filter
short-pass SP485 nm. The TPEF signal (> 500 nm)
corresponding to eosin fluorescence (Carvalho and
Taboga, 1996) was strong outside the nuclei but
weaker inside, being detected by using other filter
cube with a mirror and a narrow (20 nm FWHM)
BP540 filter. From FLIM images (unstained, but fixed,
samples), that show weighted mean fluorescence life-
time (t,,), excitation was 890 nm, which excites mainly
the flavin adenine dinucleotide (FAD) fluorescence
(Huang et al., 2002). FLIM signal is detected with a fil-
ter (LP) E-690- HP (Omega Filters) used to reflect the
TPEF/FLIM signal to a fast detector (Becker & Hickl,
PMH-100). Time-correlated single photon counting
(TCSPC) card electronics (Becker & Hickl, SPC-830)
allowed the direct TPEF image acquisition, which was
later processed to obtain the FLIM images in the time
domain. The FLIM images provide more information
and allow the correlation of the lifetime to these differ-
ent structures. Blue and red colors represent short and
long fluorescence lifetimes respectively. Because SHG
is an instantaneous NLO process it also appears in the
FLIM images like a very fast lifetime component (blue
color). For CARS imaging of li?ids, the pump laser (fs
laser) at 790 nm (12,658 cm™ ) and the Stokes laser
(OPO) at 1018 nm (9823 cm ') provides a wavenumber
difference centered at 2,840 cm™ ! that matches the
Raman shift of the symmetric CH;, stretch vibration in
lipids. The CARS signal at 645 nm was detected by the
internal spectral detectors in the segment windows of
620—670 nm. These results shows that the structural
information revealed by each nonlinear contrast mech-
anism can be isolated and analyzed separately with
this system, while their superimposition allows a bet-
ter comparison and understanding of the spatial orga-
nization of the tissue.

Even more important, we have previously shown
that these setup capabilities can be used to detect mor-
phological and metabolic changes associated with
stroma and epithelial transformation during the pro-
gression of cancer (Adur et al., 2011; Adur et al.,
2012a,b). Figure 3B, shows a few examples were, NLO
microscopes provide complementary information about
tissue microstructure, depicting distinctive patterns
for different types of human mucinous ovarian and
breast cancer tumors. In the first case, we have simul-
taneously used SHG and THG and sequentially FLIM
techniques to analyze adenoma and borderline ovarian
tissues, which were then compared with normal tissue.
From the THG + SHG merged image epithelial/stro-
mal interface was easily identified. In these images,
collagen fibers with different orientations and distribu-
tion can be clearly identified by the SHG signal (red
color) in the stroma region. In normal samples we
found that collagen fibers were more linearly arranged
with long, straight fibrils, whereas the collagen of
abnormal samples exhibits a loss of fine structure and
structural organization. Different quantitative tools
can be used to analyze orientation and distribution of
collagen fibers (Adur et al.,, 2014c; Tilbury and
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Fig. 3. Representative —(A) normal and (B) normal vs cancerous tis-
sues— multimodal cross-sectional images of H&E-stained ovary and
breast samples for: SHG (red), THG (magenta), CARS (map red to
yellow color) analyses, and unstained samples for FLIM (map blue to
red color) study. For TPEF, SHG and THG the excitation wavelength
was 940 nm. The THG (313 nm), SHG (470 nm), and TPEF (>
500 nm) signals were detected with specific filters (see the text body).
From FLIM images, that show weighted mean fluorescence lifetime
(Tm), excitation was 890 nm. In mucinous ovarian human tissues, the
color map of FLIM images represents the 1, of the two-term model
components T, = (a;7; + agty) / (a; +ay). Blue and red colors repre-

Campagnola, 2015). We have probed in previous works
(Adur et al., 2012b,b) that the lower spatial frequen-
cies increased, whereas the higher spatial frequencies
decreased in the cancer group compared with the non-
diseased group, consistent with an alteration in colla-
gen fibril fine structure (reduction of higher spatial fre-
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sent short and long fluorescence lifetimes respectively. For CARS
imaging, the pump laser (fs laser) at 790 nm (12658 cm ') and the
Stokes laser (OPO) at 1018 nm (9823 cm ™ 1) provides a wavenumber
difference centered at 2840 cm ™! that matches the Raman shift of the
symmetric CHy stretch vibration in lipids. All images were obtained
with 40X/1.30 NA oil immersion C-APOCHROMAT lens. All scale
bars =20 pm. Abbreviations: I. Lob. Carc: Invasive lobular carci-
noma. Figures from Adur et al., 2012a; Adur et al., 2012b (open
access); Adur et al., 2014a. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

quencies) in the cancer group as was also previously
presented by Kirkpatrick and Willians group’s (Kirk-
patrick et al., 2007; Williams et al., 2010). Moreover,
using the same signal we previously quantified the col-
lagen fiber angle relative to the epithelium. Specifi-
cally, we find straightened (taut) collagen fibers
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stretched around the epithelium in normal and ade-
noma samples; and identification of radially aligned
collagen fibers that facilitate local invasion in border-
line and adenocarcinoma ones (Adur et al., 2011,
2014b). From THG (magenta color) we can qualita-
tively recognize differences in surface epithelium of
each tumor type. In previous reports, using THG sig-
nal, we presented an automatic quantitative evalua-
tion of the quantity of nuclei and the epithelial width
to assess epithelial transformations (Adur et al., 2011).
Our results correlate well with quantifications previ-
ously performed on H&E stained sections from the
same tumor types (Scully et al., 1998). FLIM allowed
us to use cellular FAD as an endogenous biomarker to
estimate cell metabolism (Adur et al., 2012b; Huang
et al., 2002; Skala et al., 2007). Differences in fluores-
cence lifetime of FAD between different epithelial cells
are color mapped. Epithelial cells of borderline tissues
showed a longer fluorescent lifetime (orange color)
compared with normal and benign samples (blue/green
color), allowing epithelial cells of malignant ovary to
be easily differentiated from epithelial cells of healthy
ovary. By using FLIM, similar to previous reports
(Conklin et al., 2009; Provenzano et al., 2009; Skala
et al.,, 2007), we measured in previous work an
increase in the fluorescence lifetime for FAD in tumor
cells (Adur et al., 2012b).

Regarding breast tissues, we simultaneously used
SHG, THG, and sequentially CARS images to differen-
tiate between normal and malignant [Fibroadenoma
and Invasive Lobular Carcinoma (ILC)] human breast
tissue. Characteristic microscopic appearance of each
type of tissue, and relationship between cells and
stroma can be identified, in the SHG/THG combina-
tion. Based on these multicontrast images we eval-
uated recently collagen-related changes by anisotropy
and determined texture features calculations (Adur
et al., 2014a). As expected, malignant breast tissues
present higher entropy that usually implies elevated
levels of disorder and disorganization. In a compara-
tive analysis of CARS images of breast tissue, adipose
and fibrous structures of normal tissue possess strong
CARS signals. Fibroadenoma exhibits the compressed
duct with linear branching pattern whereas ILC pres-
ent single or cell rows invading into the stroma. Based
on examples like this, and our previous works (Adur
et al., 2012a) we have established that it is possible to
have both qualitative and quantitative parameters of
differences between each kind of breast tumor and to
demonstrate the advantage of the integration of as
many NLO approaches as possible to analyze breast
human cancer.

In summary, our data demonstrated that different
scoring methods extracted from images obtained with
a multimodal platform of NLO microscopy techniques
are useful to detect pathological changes associated
with cancer progression.

B. Multimodal Images of Intra-Vital Mouse
Breast Images. Figure 4 shows other example
where the setup is used to study live mouse mammary
gland with intra-vital microscopy (IVM) technique.
This is used to visualize and analyze cell- ECM interac-
tions, angiogenesis, cell migration, cell contraction,
metastasis, etc. (Baron et al., 2011). The main advan-
tages of IVM include the real-time analysis of dynamic
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processes with single-cell resolution. We examined
during several hours a broad field of a single gland
(Fig. 4A.2), capturing sequentially images with FLIM
(Fig. 4A.1) and simultaneously TPEF + SHG (Fig.
4A.3) techniques. With this setup we were able to
observe epithelial cells by autofluorescence (cyan color)
in TPEF and with a long fluorescence lifetime (orange/
red color) in FLIM acquisition. On the other hand, col-
lagen fibers were observed using SHG (red), exhibiting
a short fluorescence lifetime (blue) with FLIM. With
this configuration we could to analyze the contraction
behavior of epithelial cells after oxytocin hormone
spraying (Figs. 4B and 4C). These data show (see
white arrow) that the dynamic of the epithelial cells
contraction, can be analyzed with excellent resolution
using intravital two-photon microscopy. In addition to
examining the contraction of epithelial cells and trac-
tion of collagen fibers in real time with TPEF + SHG
after oxytocin treatment, it is possible to verify
changes inside cell (FLIM signal), which might suggest
mechanical environmental changes (data not shown).
However, good FLIM signals require about 60 seconds
of acquisition, limiting real-time observations.

C. Multimodal Images of the Prostate
Gland. We have reported before that castration pro-
motes striking changes in the stromal compartment,
which adjusts to a reducing volume of the gland acini.
These changes involve both cells (Antonioli et al., 2004,
2007; Vilamaior et al., 2005) and the ECM (Augusto
2008; Bruni-Cardoso et al., 2010a; Vilamaior et al.,
2000). Among this latter, collagen fibers undergo
marked reorganization and their intimate contact with
the smooth muscle cells (SMC) suggested that these
cells were at least in part responsible for the reorgan-
ization of the collagen fibers (Vilamaior et al., 2000).
This prompted us to observe the dynamics of the ECM
in general, and collagen fibers in particular, in the
highly dynamic environment of the developing prostate.
Our first attempt was to characterize the distribution of
Matrix Metalloproteinases (MMPs) in the gland during
the first week after birth, considering that the rodent
prostate gland experience one important step of devel-
opment immediately after birth up to the 21st day. This
study revealed the particular distribution of MMP-2
and MMP-9 in the developing (Bruni-Cardoso et al.,
2008). We then tested the role of MMP-2 using siRNA
(Bruni-Cardoso et al., 2010b) and compared the
observed changes with those seen in the MMP-2 knock-
out mouse (Bruni-Cardoso et al., 2010c). For the first
time we used SHG to characterize the distribution and
content of collagen after MMP-2 knocking down.

New observations using SHG and two-photon excita-
tion of the prostate gland during development showed
that collagen fiber deposition occurs in a proximo-
distal fashion, as seen in the live organ in culture.
While most fibers are aligned in this same direction,
some fibers surround the epithelial cords in the proxi-
mal region (Fig. 5). SMC differentiate around the epi-
thelium, paralleling the deposition of collagen fibers.
One marked observation is the fact that the SMC layer
around the growing epithelial structures show blunt
ends, revealing a sharp transition in differentiation, as
revealed by immunohistochemistry against smooth
muscle myosin heavy chain (MYH11) (Fig. 6A). These
results reveal that, collagen fiber deposition takes
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Fig. 4. Intra-vital microscopy (IVM) setup used to study live mouse
mammary gland. A broad field of a single gland was examined during
several hours (Fig. 4A.2), capturing sequentially images with FLIM
(Fig. 4A.1) and simultaneously TPEF + SHG (Fig. 4A.3) techniques
at 890 nm. Figure 4A.1 shows FLIM image, blue and orange colors
represent lower and higher fluorescence lifetime, respectively. SHG is
also visualized by the FLIM detection channel, because to the choice
of the emission filter. SHG is an instantaneous nonlinear optical pro-
cess which, therefore, appears as a very fast lifetime component
(blue). In contrast, epithelial cells exhibit lifetime values around 0.5
to 2.5 ns (yellow/orange) which match FAD endogenous fluorophore

place immediately after SMC differentiation. Addi-
tional observations using multiple labeling revealed
new aspects of the relationship between collagen depo-
sition, SMC differentiation and epithelial growth. One
unique aspect of this complex interaction is that SMC
differentiation takes place along the elongating epithe-
lial cords (labelled with anti-cytokeratin 19) and that
the blunt border of differentiation is perfectly aligned
with the transition between the cord and the growing
epithelial tips (labelled by FITC-conjugated tomato lec-
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emission. FLIM signals were collected during 60 seconds at selected
intervals. Figure 4A.3 depicts simultaneously TPEF (cyan) + SHG
(red) images. With this configuration we were able to analyze the con-
traction behavior of epithelial cells after oxytocin hormone spraying
(Figs. 4B and 4C). These data show (see white arrow) that the
dynamic of the epithelial cells contraction, can be analyzed with
excellent resolution using intravital two-photon microscopy. Images
were obtained with 40X/1.30 NA oil immersion C-APOCHROMAT
lens. Scale bars =50 pm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

tin) (Fig. 6B). These observations align quite well with
the exclusion of SMC from the epithelial outgrowths
seen at the 6th-7th postnatal week, in response to the
rising testosterone levels associated with puberty
(Vilamaior et al., 2005), and the exclusion of myoepi-
thelial cells from the growing buds of mammalian
gland organoids in culture (Ewald et al., 2008). We are
now addressing the this subject at the cell communica-
tion level, trying to identify the mutual interactions
responsible for the SMC differentiation at the front of
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smooth muscle layer, at the growing tip-cord transi-
tion, in parallel with the role of differentiated SMC in
collagen deposition.

D. Multimodal Images of Sperm Cells. Fish,
insect and goat sperm cells, were analyzed using NLO
techniques and the setup described in Figure 2. Figure
7 shows representative images obtained from goat
sperm cells. Briefly, samples were cryogenically frozen
(Harper et al., 1998) and thawed in a water bath
(37°C) for approximately 1 min. Following, samples
were transferred to an Eppendorf tube and centri-

Proximal

Fig. 5. Imaging of collagen fibers using SHG (red) along with the
epithelial structures (mostly epithelial cords) (Ep) detected by the tis-
sue autofluorescence (green) in a living rat ventral prostate kept in
culture for 6 days. Collagen accumulation occurs in a proximo-distal
direction (with respect to the urethra). A large fraction of the epithe-
lium, including the epithelial tips are devoid of collagen. In the proxi-
mal region, collagen fibers are deposited around the epithelial cords/
ducts (arrowheads). Maximum intensity projection. Images were
obtained with 63X/1.40 NA oil immersion C-APOCHROMAT lens.
Bar = 100 pm. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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fuged. Supernatants were removed and the remaining
sperm pellet suspended in 1mL of pre-warmed media
[1 mg of bovine serum albumin (BSA) per 1 mL of Big-
gers, Whittens, and Whittingham (BWW)]. Since this
media is non-capacitating; therefore the sperm do not
achieve hyperactivity. To obtain sperm cells images
with reasonable signal/noise and minimize errors aris-
ing from cell movements, we used OTs to immobilize
them. Unstained sperm were head trapped under con-
stant power (460 mW) for a constant duration (90s).
During this time, sequentially TPEF, CARS and FLIM
images were collected with a small shift between
acquisitions. Nice autofluorescence signals were
obtained during 5 seconds using 890 nm of excitation
allowing the cells identification (head and tail were
well defined). Next, the pump laser at 790 nm and the
Stokes laser at 1018 nm were set to identify lipid-rich
structures with CARS modality. Interestingly, differ-
ent signals were detected between head and tail of the
sperm cells. Finally, FLIM acquisition was performed
approximately during 60 seconds using 890 nm of exci-
tation, which was optimal to excite two-photon fluores-
cence of FAD (Skala et al., 2007). Last year, Reinhardt
group’s shows that sperm metabolism can be charac-
terized using fluorescence lifetime imaging and that
variation in mean fluorescence lifetime may, therefore,
be used to compare sperm metabolic properties in
males and females (Reinhardt et al., 2015). Also, other
reports showed that FAD and reduced nicotinamide
adenine dinucleotide (NADH) have an important role
in cell metabolism, and their relative presence is used
to characterize the redox states of sperm (Miyata
et al., 2011; Ribou and Reinhardt, 2012). By using our
system, we were able to perform FLIM analysis of FAD
and NADH simultaneously. The autofluorescent mole-
cules FAD and NADH could be excited with 760-
780 nm wavelengths, emitting at 510-530 and 440-
470 nm, respectively. If both components are present,
intermediate emission peaks are expected. Under lon-
ger excitation wavelengths, a spectral shift towards

Fig. 6. (A) High resolution view of the interaction between collagen
fibers identified by SHG (purple) and smooth muscle cells (SMC)
(revealed immunohistochemistry against the smooth muscle myosin
heavy chain (MYH11) (yellow), showing the intimate contacts
between the two. The figure also reveals the blunt end of SMC differ-
entiation (arrows) around the epithelial structures in the center.
Bar = 100 pm. (B) Triple staining with antibodies anti-cytokeratin 19

(purple) and anti-SMC myosin heavy chain (red) and with the tomato
lectin (green). Optical sections of the gland, arrows point to the blunt
transition of SMC differentiation and its coincidence with the tip-cord
transition in the epithelium. Bar =200 pum. Images were obtained
with 63X/1.40 NA oil immersion C-APOCHROMAT lens. [Color figure
can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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Fig. 7. Goat sperm cells multimodal images. Unstained sperms
were head trapped under constant power (460 mW) for a constant
time window (90s). During this time, sequentially TPEF, CARS and
FLIM images were collected with a small shift between acquisitions.
Nice autofluorescence signals were obtained during 5 seconds by
using 890 nm of excitation, allowing the cells identification (head and
tail were well defined). Next, the pump laser at 790 nm and the
Stokes laser at 1018 nm were set to identify lipid-rich structures with
CARS modality. Interestingly, different signals were detected from
sperm cell’s head and tail. Finally, FLIM acquisition was performed
approximately during 60 seconds using 890 nm of excitation, which
was optimal to excite two-photon fluorescence of FAD. This signal can
be used to analyze sperm metabolism. Images were obtained with
40X/1.30 NA oil immersion C-APOCHROMAT lens. Scale bars = 20
um. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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longer emission maxima is then expected because of
the preferred excitation of flavins. NADH can no lon-
ger be excited at laser wavelengths above 800 nm
(Reinhardt et al., 2015). In our setup, using 780 nm of
excitation reflected signal could be detected using a fil-
ter cube with a PBS (479 + 40) nm and BP 445 =+ 45 fil-
ters collect NADH and BP 535+ 22 filters to detect
FAD (data not shown).

CONCLUSIONS

Multiphoton microscopy provides a flexible and
powerful tool for both in situ and in vitro studies of bio-
logical systems. Harmonic imaging microscopy is a rel-
atively new imaging technique that allows
visualization of biological structures with no need to
include exogenous dyes/probes; even though it is cur-
rently under development, it has already encountered
many applications. The simultaneous combination of
second and THG yields structural details otherwise
unattainable, such as those existing in multilayered
structures or changes in nonlinear properties.

During the last two decades, nonlinear imaging
techniques experienced an impressive growth in bio-
logical and biomedical imaging applications. New tech-
niques have been developed and applied to several
topics in modern biology and biomedical optics.
Because each modality possesses its own strength and
weakness in terms of detection sensitivity, molecular
specificity, field of view, and penetration depth; the
integration of two or more modalities on a single plat-
form offers a tremendous opportunity to collect rele-
vant information of processes occurring in the same
sample at the same time point or interval. Such inte-
gration is especially important for the study of complex
biological samples, in which multiple phenomena
derive from the same stimulus.

By using a commercially standard confocal micro-
scope, we have demonstrated how it can be adapted to
integrate a multimodal workstation that comprises lin-
ear and nonlinear microscopic capabilities. The system
offers the possibility to obtain brightfield, TPEF, SHG,
THG, CARS, FLIM images and also to perform optical
trapping. This is achieved by using components that
can be readily inserted, attached, or appended exter-
nally to the confocal microscope, making the whole sys-
tem very flexible to the user’s needs. However, as
mentioned above, only some techniques may be simul-
taneously accomplished. CARS can be only combined
with SHG; and FLIM images needs to be done before
or after the other techniques. This fact limits that
some techniques can be carried out together in real
time. However, our setup can perform brightfield
imaging using forward scattered excitation light,
allowing simultaneous brightfield and multiphoton
images. Since both picture sets are generated from the
same scanning process, there is a direct one to one cor-
respondence between the brightfield and SHG/TPEF
images and also a perfect superposition of these two/
three imaging modalities is obtained. This helps a
great deal in precisely locating the origin of SHG/
TPEF in the biological specimen.

The current system has great potential and large
room for prospective improvements. The THG signals
could be more easily detected if longer wavelengths for
excitation are used. This can be performed with new
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laser sources, such InSight DeepSee introduced for
Spectra-Physics. This new light source provides auto-
mated wavelength tuning through the entire relative
transparency window of tissue (680-1300 nm) in vivo,
delivers short femtosecond pulse width and integrates
dispersion compensation in one easy-to-use package.
Also, the laser can be configured with a second output,
delivering femtosecond pulses at 1040 nm with an
average power of 500 mW. Because both pulse trains
are synchronized in time, they can be combined in a
femtosecond CARS imaging setup to image, for exam-
ple, lipids droplets via the CH, stretch vibrations at
about 2840 cm .

Our CARS configuration with two synchronized ps
lasers, allows good spectral resolution, exhibiting
excellent sensitivity and using less peak power at the
focus compared with femtosecond’s configuration [The
photodamage in CARS microscopy increases with
shorter wavelengths (Fu et al., 2006)]; however, it has
the disadvantage of the cost and the need day-to-day
alignment of temporal overlapping of the two beams.
One alternative solution could be considered by using
femtosecond OPO system to implement CARS because
this can offers several advantages: all the pulses are
inherently synchronized, which eliminates the align-
ment requirement; all the wavelengths are in the near
IR region, and third, the fs pulses allow efficient gener-
ation of TPF, SHG, and THG signals.

Other aspect that we are planning to improve is the
software compatibility. Presently, the software that
operates the multiphoton systems, OTs and setup
acquisition for FLIM options are independent and run-
ning in different computers. In the near future the
software can be brought together into one single plat-
form. One possibility that we are exploring to perform
this, is using free software such as p-Manager (the
open source microscopy software). u-Manager works
with microscopes from all four major manufacturers
(Leica, Nikon, Olympus and Zeiss), most scientific-
grade cameras and many peripherals (stages, filter
wheels, shutters, etc.) used in microscope imaging.
This software has a simple and clean user interface,
allowing execute common microscope image acquisi-
tion tasks such as time-lapses, multi-channel imaging,
z-stacks, and combinations thereof. Together with the
image processing application Imaged, nManager pro-
vides a comprehensive, freely available, imaging solu-
tion for this kind of automation in multidimensional
microscopy. This implementation would provide better
synchrony and coherence among the systems, espe-
cially when it comes to defining a common region of
interest, time lapse imaging, etc.

Although the data presented here demonstrate only
a small subset of the capabilities of our platform for
studies in reproductive biology, numerous other appli-
cations combined linear and NLO techniques do exist.
In this article, we presented some practical applica-
tions of the developed platform in the field of prostate
development, analysis of sperm cells, and ovary and
breast cancer pathology. In cancer diagnosis, there is a
need for development of a multimodal imaging-based
diagnostic tool, to objectively evaluate morphological
features with subcellular resolution and molecular
compositions that are closely associated with tumor
malignancy. Multi-modal microscopy can provide a
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powerful tool for investigating the dynamics of struc-
ture—function relationships at the molecular and sub-
cellular levels. In combination with sophisticated
animal models and computer-assisted data analysis,
NLO microscopy techniques and image processing
methods are opening new doors to the study of tumor
biology, and facilitating the development of new strat-
egies for early tumor diagnosis and treatment. Today,
the application of multimodal nonlinear imaging is rec-
ognized in basic research in the biological and biomedi-
cal sciences, however regular applications in clinics
are still rare, mainly because of their high cost and big
size of the principal components. Therefore, especially
technological improvements are required for miniatur-
ization, improvement of the ease of handling and auto-
mated data processing and extraction of relevant
information. An important step toward this goal is the
modification of standard clinical endoscopes for multi-
modal nonlinear imaging suited for in vivo applica-
tions. The development of nonlinear optical endoscopy,
which allows imaging under conditions in which a con-
ventional nonlinear optical microscope cannot be used,
will be the primary goal to extend applications of non-
linear optical microscopy toward clinical ones. There
are several key challenges involved in the pursuit of in
vivo nonlinear optical endoscopy. Between them, can
be mentioned the necessity of obtain efficient ultra-
short pulse laser liberations into a remote place, the
need to enhance scan rates for monitoring biological
processes and also, the miniaturization of the laser-
scanning mechanisms to the millimeter scale. Finally,
the design of a nonlinear optical endoscope based on
micro-optics with great flexibility, and compact enough
to be incorporated into endoscopes, will become an evo-
lution of these microscopy approaches.

In summary, multimodal platforms like the one
described here, are highly flexible and versatile, pro-
viding solutions for a large number of problems in the
evolving area of bioimaging and will certainly contrib-
ute to the understanding of the reproductive system,
in particular, and biomedicine, in general.
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