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Abstract: An innovative two-photon microscope exploiting a line-shaped illumination has been
recently devised and then implemented. Such configuration allows to carry out a real-time detection
by means of standard CCD cameras and is able to maintain the same resolution as commonly used
point-scanning devices, thus overcoming what is usually regarded as the main limitation of line-
scanning microscopes. Here, we provide an overview of the applications in which this device has
been tested and has proved to be a flexible and efficient tool, namely imaging of biological samples,
in-depth sample reconstruction, two-photon spectra detection, and dye cross-section measurements.
These results demonstrate that the considered setup is promising for future developments in many
areas of research and applications.

Keywords: two-photon microscopy; two-photon absorption; imaging technique; experimental
technique; nonlinear spectra; dyes

1. Introduction

Nonlinear fluorescence microscopy is widely recognized as an important and consoli-
dated technique to investigate biological samples. In most cases, this approach relies on
two-photon excited fluorescence (TPEF), which exploits two-photon absorption (TPA) and
consequent fluorescence emission to obtain images, especially of biological samples [1].
This method has several advantages, such as great penetration depth, high longitudinal
resolution, suitability for three-dimensional image reconstruction, low phototoxicity, and
low photobleaching effects [2-5]. However, a specific drawback of this technique is that
generally, real-time imaging (at least 30 frames per second) is not available: the acquisition
of a two-dimensional image usually requires several seconds, so that the possible recon-
struction of a three-dimensional image from a stack of in-plane images may take minutes, a
time range which is too long for several applications [1]. Moreover, quite expensive and
tricky single-photon counters are often required as detectors, with the consequent need for
complex driving electronics [6,7]. Although many approaches have been devised to solve
this issue, up until now, no satisfying solutions have achieved the necessary reliability to
be exploited in commercial instruments [6]. In principle, the increase of the acquisition rate
can be obtained by exploiting a multifocal configuration, in which several focal points are
generated in the sample at a time. Line-shaped illumination is the most straightforward
configuration to obtain this multifocal pattern: the light beam emitted by the illuminating
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laser is first shaped by means of cylindrical lenses and is focused inside the sample with a
continuous line, as shown in Figure 1. The simultaneous excitation of several points in the
specimen is expected to reduce the acquisition time, as a two-dimensional image is obtained
by scanning the line along a single direction. As a consequence, a N x N-pixel image would
require a number of acquisitions reduced by a factor of N. The time for the reconstruction
of a three-dimensional image would then be strongly decreased as well. Nevertheless,
past experimental works showed that such an approach would strongly worsen the axial
resolution with respect to point-scanning microscopes. Namely, Guild et al. pointed out
that, contrarily to the TPEF in a point-scanning configuration, the total line-focused TPEF
increases logarithmically with the thickness of the sample, so that the additional spurious
fluorescence reaches twice the signal level generated in the focal volume for a thickness
of about 100 um [8]. On the other hand, Brakenhoff et al. evaluated the worsening of
the sectioning capability in comparison to point-focused TPEF as 5 um with respect to
1 pm [4,9]. Although some solutions have been devised to overcome this drawback, which
in principle could provide roughly the same resolution of a point-scanning system, none of
them have spread out among applications yet [10]. Particularly, in [10], a 1.5 pm resolution
has been obtained by means of temporal focusing.

Optical system —__

Light diffraction

Object plane

Figure 1. Adapted from [11]: ideal scheme of the considered problem.

In recent years, an innovative line-scanning TPEF microscopy configuration has been
proposed [12]. Actually, theoretical calculations have shown that a line-shaped illumination
is able to afford an axial resolution comparable to that obtained by a point-shaped illumina-
tion, provided that the optical elements are properly arranged [11]. Indeed, the proposed
setup exploits a relatively simple optical configuration, only using standard spherical and
cylindrical lenses, nonetheless obtaining an optimized performance in terms of resolution.
Such approach for a line-scanning two-photon microscope (LSTPM) allows us to obtain both
the acquisition of images at video rate and the suppression of the resolution degrada-
tion, which is usually found in line-scanning systems. A specific feature of the proposed
setup is the large flexibility in applications. Indeed, until now, it has been experimentally
demonstrated to be a good tool for measurements of two-photon absorption spectra and
cross-sections [13,14], as well as for imaging of several kinds of biological samples and for
their in-depth image reconstruction [14-17].

In this review paper, we first describe the proposed and experimentally realized
microscope setup, and then we provide an overview of the main results by discussing the
applications in which the technique has already been fruitfully validated.

2. Description of the Experimental Setup

The idea behind the proposed microscope setup arises from an exhaustive review
of the scientific literature about line-scanning microscopes, in order to investigate the
worsening of the resolution in comparison to point-scanning systems in detail. The reason
is usually ascribed to the weak focusing, which occurs in only one of the two transverse
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directions rather than to the astigmatism due to the cylindrical optics used for beam shaping.
However, according to numerical simulations that we have performed, we have come to
the conclusion that the role of such astigmatism is severely underestimated. Indeed, if
the two focal volumes generated by the microscope objective both lie inside the sample,
two contributions of nonlinear fluorescence to the detected signal will be generated, at
two different depths, thus leading to a degradation of the axial resolution. Moreover, if
the separation between the two focal planes is small, the intensity of the excitation beam
can be high enough to generate nonlinear fluorescence in all the regions in between. The
microscope setup has then been designed so that the focal distance of one of the two planes
is made infinite by collimating the beam out of the microscope objective in one of the two
transverse directions. In such a way, the sectioning capability of the microscope is expected
to be preserved, notwithstanding the linear focusing. This is possible by means of a proper
arrangement of the lenses used in the optical system, which has not been considered in
previous works [12,13]. As for the excitation intensity along the focal line, a uniform light
distribution is highly desirable in order to yield a high in-plane resolution. In fact, if
the intensity varies along the line, the power level being necessary to excite a detectable
amount of nonlinear fluorescence in the low-intensity regions could possibly saturate the
nonlinear absorption in the high-intensity regions, thus worsening the transverse resolution.
As the beam emitted by a typical excitation laser source has a Gaussian shape, common
cylindrical lenses generate a bell-shaped intensity distribution along the focal line. In order
to avoid that, the most straightforward solution is the overfilling of the entrance pupil of
the objective, so that the apodization of the beam will limit the intensity variations. Besides
the residual unbalance in the intensity distribution, this approach would clearly suffer from
an inefficient use of the laser power. A more efficient and better-performing solution can
be obtained by means of a Powell lens, which is able to convert a Gaussian beam into a
flat-top rectangular intensity distribution by fanning out an input collimated beam in one
dimension. The design of the microscope turns out to be more complex, but the benefit in
terms of performance appears to be appealing.

The excitation light source employed in the development of the LSTPM setup is a
continuous-wave, mode-locked Ti:Sapphire laser (Tsunami, Spectra Physics), emitting
femtosecond pulses at the repetition rate of 82 MHz. The beam has a full-width half-
maximum diameter of 2 mm and is magnified by a factor of 1.5 by a Keplerian telescope
before entering the microscope setup, which is shown in Figure 2. As the beam profile is
Gaussian, a Powell lens with a fun angle of 20° is used in order to yield a flat-top profile
in one of the two transverse directions. In such direction, the beam turns out to be highly
divergent and it is subsequently recollimated by means of a 25 mm focal length cylindrical
lens, thus making up an effective Galilean expander.
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Figure 2. Microscope setup.
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The beam then impinges on a single-axis galvanometer scan mirror providing deflec-
tion along the perpendicular direction at a maximum angle of 25°. A pair of a 50 mm focal
length cylindrical lenses acting in the scan direction and a confocally arranged 100 mm
focal length spherical lens relay the linear beam, having the desired uniform intensity dis-
tribution, on the entrance pupil of the objective after reflection by a dichroic beam-splitter.
The microscope objective is confocally arranged with respect to the spherical lens, so that
the emerging beam is collimated in the direction perpendicular to the scan direction. In
such a way, the length of the line-shaped beam is kept fixed along the propagation inside
the sample, thus allowing a precise control of the intensity. This makes it possible to set the
input power to the proper level which is required to excite fluorescence just in the one focal
plane lying at a finite distance [13,14].

Different objectives are employed according to the specimen under investigation
and the associated required field of view. Usually, either a 60x or a 100x oil immersion
objective is employed. The overall loss of the microscope setup is about 24%, with the main
contribution arising from apodization of the beam after the Powell lens in order to trim the
two intensity peaks at the ends. The sample is mounted on a three-axis translation stage,
whose axial displacement is provided by a piezoelectric motor driven by a closed loop
control system with a 20 nm resolution. In the transverse plane manual, translation stages
provide a raw alignment of the sample with a resolution of 10 um. The TPEF radiation
is collected by the same objective, transmitted by the dichroic beam-splitter and a set
of high-pass filters, and finally imaged in real time on the CCD camera (CoolSNAP EZ,
Photometrics) by means of a tube lens (Figures 3 and 4a). The images are acquired by the
open-source pManager software, which is a valuable tool for their eventual processing.
Detailed information about pManager can be found in [18,19].
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Figure 3. Adapted from [13]. Details of the detection part of the microscope scheme reported in
Figure 2. Reproduced with permission from the authors, J. Opt.; published by IOP, 2016.

Particularly, the deconvolution with the spread function of the imaging system
(Figure 4) is well-known to improve contrast and sharpness [1,11]. As in our microscope
setup the illumination is shaped as a line, the so-called line-spread function is required. In
the literature, the computation of such function is commonly performed by treating the
line as an array of points. First, the point-spread function of each element of the array is
evaluated by means of Bessel functions, and then an integration of the results along the
direction of the line is performed, leading to the estimation of the line-spread function. As
this computation is usually time-consuming because of the use of Bessel functions, we have
proposed and validated a novel method which is based on the separate evaluation of the
beam propagation along the two transverse directions. Indeed, the line-shaped beam will
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diffract in the direction perpendicular to the line, but not in the direction of the line itself. It
is thus possible to study the propagation under the Fresnel approximation in the former
direction and under the Fraunhofer approximation in the latter, and finally to combine
the results in order to obtain the line-spread function of the whole system. We have thus
named this technique the transversal direction decoupling method. A detailed explanation can
be found in [11].
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Figure 4. Adapted from [13]. (a) Two-photon fluorescence emission generated by illumination lines
at 765 (A) and 770 nm (B). (b) Two-photon fluorescence emission profile in y direction generated
by 765 (A) and 770 nm (B) excitation wavelengths: measured intensity (blue crosses) and relative
Gaussian fit (pink lines). In both panels, each pixel corresponds to 0.214 um. Reproduced with
permission from the authors, J. Microsc.; published by Wiley, 2018.

3. Overview of Applications

The LSTPM has been used for different purposes, demonstrating the reliability of the
proposed experimental approach in different fields of research. As mentioned above, the
technique has been tested for the characterization of dyes, namely two-photon spectral and
cross-section measurements, and for imaging, namely investigation of biological samples
and in-depth sample image reconstruction. Here, we provide an overview of such works.

3.1. Two-Photon Spectral Measurements

Several procedures have been devised for the measurement of TPA spectra. The
technique exploiting the LSTPM setup belongs to the class of the so-called indirect meth-
ods [7,20]. The use of a line-shaped excitation light beam enables to obtain a high signal
level, which is usually very difficult to obtain in two-photon fluorescence measurements
(Sutherland2003). Here, we recall the basic steps of the proposed technique, while details
of TPA spectra measurements by LSTPM are listed and discussed in [13]. The nonlinear
fluorescence emission is measured for different values of the excitation wavelength. The
TPEF optical power, Pr(A), as a function of the illumination wavelength, A, is given by [1,2]:

P« S (1), <1>

Tpfp

where 0(A) is the TPA cross-section, 7, is the pulse duration, ), is the laser repetition rate,
NA is the numerical aperture of the optical system focusing the laser beam on the sample
(e.g., a microscope objective), i is the Planck constant, c is the speed of light in the vacuum,
while Iy = Liw(x, y) is the time-averaged illumination intensity distribution in the focal
plane. If Ir = Ir (x, y) is the fluorescence intensity distribution in the sample and A is the
fluorescing area, the fluorescence emission, Pr, will be written as:

Pr = /A Ir (x, y)dxdy )
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The use of the LSTPM in order to measure TPA spectra is based on the calculation
of the fluorescence response, Pr = Pr (A), as provided by Equation (2). In our approach,
the fluorescence emission pattern Ir = Ir (x, y) is detected by a CCD camera. Pr can
then be retrieved from the geometry of the optical setup. Finally, o(A) is obtained, except
for a numerical constant, so that a relative TPA spectrum is obtained. Great care has to
be taken about the spectral behavior of the optical components of the setup in order to
minimize errors arising from wavelength-dependent properties. The spectral response
of each element has thus been systematically tested by means of an optical spectrum
analyzer (Ando AQ-6315). The response has proven to be flat for the wavelength range
of the measurements with an error of 0.5%. Actually, this technique has been validated
with dyes whose TPA spectra are available in the literature, i.e., fluorescein isothiocyanate
(FITC) and Alexa 488 [13,14]. Comparisons between the spectra measured by LSTPM and
those reported in the literature are shown in Figures 5 and 6, highlighting the very good
performance of our novel technique in providing relative measurements.
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Figure 5. Adapted from [13]. Comparison between the two-photon absorption spectrum of FITC
dextran from measurements (blue curve) and from the literature (fuchsia curve). Reproduced with
permission from the authors, J. Microsc.; published by Wiley, 2018.
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Figure 6. Adapted from [14]. Comparison between the two-photon absorption spectrum of Alexa 488
from measurements (green curve) and from the literature (violet curve). Reproduced with permission
from the authors, J. Biophotonics.; published by Wiley, 2020.

We note that this method has the advantage of the intrinsic high selectivity on the TPA
signal, which is a specific feature of the fluorescence-exploiting techniques. Moreover, a
line-shaped beam allows to excite a large volume of the specimen, thus generating a strong
two-photon fluorescence signal, which does not require a photon counter device to be
recorded. Therefore, we can conclude that this approach has the advantage of employing an
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experimental setup which is easier in comparison to other methods used for the estimation
of nonlinear fluorescence.

3.2. Two-Photon Cross-Sections

The above-described technique exploiting LSTPM to measure nonlinear fluorescence
spectra of dyes has been extended to obtain absolute measurements of the two-photon
cross-section as a function of wavelength. In a pioneering work, two dyes which are
commonly used for staining in standard white-light microscopy, eosin and hematoxylin,
have been investigated [14]. First, their relative TPA spectra have been measured following
the procedure described in the previous section. They are compared to the corresponding
one-photon absorption spectra in Figure 7.
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Figure 7. Adapted from [14]. (a) Comparison between the one-photon absorption spectrum (OPA,
black) from the literature and the measured two-photon absorption spectrum (TPA, red) for eosin.
(b) Comparison between the one-photon absorption spectrum (OPA, black) from the literature and the
measured two-photon absorption spectrum (TPA, red) for hematoxylin. Reproduced with permission
from the authors, J. Microsc.; published by Wiley, 2018.

The absolute values of the cross-sections provided in GM units were then evaluated by
comparison to a dye with a known cross-section, following the procedure detailed in [14].
The TPA spectrum of Alexa 488 displayed in Figure 6 and the corresponding numerical
values of the cross-section, which are available in the literature [21], are assumed as the
reference data. Particularly, the cross-section of eosin was estimated from the ratio of the
values of the measured fluorescence intensity. The data were rescaled by the ratio of the
quantum yields and concentrations of the two dyes, which were assumed to be equal for the
one-photon and the two-photon processes [22]. On the other hand, as far as hematoxylin
is considered, its specific quantum yield is not known, so the same procedure provides
the values of the so-called action cross-section [23]. The final results are shown in Figure 8,
where the absolute TPA cross-sections of eosin and hematoxylin are displayed at several
wavelengths and concentrations in water solution.

These data demonstrate the reliability of the LSTPM setup to suitably assess the TPA
properties of a given sample. Particularly, the proposed technique is able to overcome
the low signal-to-noise ratio of TPA measurements, which is often regarded as one of the
main issues of such a kind of measurements [7]. This makes the proposed method very
promising for the development of relatively easy and cheap setups for nonlinear absorption
characterization.
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Figure 8. Adapted from [14]. Measured two-photon absorption cross-section of (a) eosin in water
solution at 1% (red), 0.5% (green), and 0.25% (blue) concentrations, and (b) hematoxylin in water
solution at 0.1% (red), 0.05% (green), and 0.025% (blue) concentrations. Reproduced with permission
from the authors, J. Microsc.; published by Wiley, 2018.

3.3. Imaging of Biological Samples

As far as imaging is concerned, the performance of the microscope setup has been
tested with several biological samples. As a first example, we report results about murine
macrophage-like RAW 264.7 cells incubated with lipoprotein(a), whose related morpho-
logical changes are studied. As lipoprotein(a) is well-known to be a genetic risk factor for
atherosclerotic diseases, but its pathogenic mechanism is not completely clear, it is very
interesting to highlight its internalization by cells. For this investigation, we have employed
a 60x objective with a 1.4 numerical aperture so that the field of view is 150 x 112 pm?.
The excitation wavelength was 830 nm and the average power impinging on the sample
was 60 mW. The cells were stained with Nile red and they generated no fluorescence
signal when they were not treated. On the other hand, a strong signal upon two-photon
excitation could be easily detected following incubation, as the image in Figure 9 clearly
shows. Interestingly, we observed that lipids tended to accumulate throughout the cells,
and especially in the middle part.

Figure 9. Adapted from [17]. Green fire and blue coloring of Nile red-stained cells: the picture under-
lines high-density accumulation (fire-green zones) versus low-density accumulation of fluorescence.

As a second example, we present images of mouse ovarian follicles stained with
eosin and hematoxylin. Several samples have been sectioned from the same tissue and
differently prepared to investigate the role of each dye and their mutual interactions. The
experimental parameters were the same except for the average excitation power, which
was set at 100 mW. In Figure 10, images from the following specimens are presented:
eosin-stained (A), hematoxylin-stained (B), first eosin- and then hematoxylin-stained (C),
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and first hematoxylin- and then eosin-stained (D). When drawing a comparison between
the images of the two samples stained with either of the two dyes, it was clear that the
eosin-stained sample provided a much higher two-photon fluorescence level than the
hematoxylin-stained sample, as it was to be expected based on the different values of the
cross-sections presented in the previous section. More interestingly, when the different
regions from which the signal was generated were analyzed, it could be seen that eosin
bound mostly to the nucleus and the follicle epithelium, while hematoxylin bound mostly
to the zona pellucida.

Figure 10. Adapted from [14]. Pictures of mouse ovary cells stained with either eosin or hematoxylin.
(A) Sample stained with eosin only, (B) sample stained with hematoxylin only, (C) sample stained
first with eosin and then with hematoxylin, and (D) sample stained first with hematoxylin and then
with eosin. Reproduced with permission from the authors, J. Microsc.; published by Wiley, 2018.

The two images of the counterstained specimens thus provided greater detail (see
Figure 10). The reduced signal level with respect to the eosin-stained sample is an indication
of quenching phenomena arising from the interaction of the two chromophores. The almost
identical images suggest that the order in which the specimens are stained with the two
dyes does not play any major role.

The maximum speed of imaging that we could achieve was 96 frames/s, correspond-
ing to the limit of the camera used in the described measurements. However, preliminary
tests carried out with faster devices have demonstrated frame rates up to 350 frames/s. The
improvement with respect to two-photon point-scanning microscopes which can acquire
no more than a few images per second is clear, and appears to be very promising for the
investigation of dynamic processes in biology and life sciences.

3.4. In-Depth Sample Reconstruction

One of the key features of two-photon microscopy is the capability of imaging at deep
positions inside highly scattering media, which is the case when investigating biological
samples. In this regard, the performance of our LSTPM setup has been tested. An example
is provided in Figure 11, which shows the three-dimensional reconstruction of a 100 pm-
thick sample of a nevus obtained by a stack of 70 two-dimensional images which have not
been processed. Additionally, for this investigation, we have employed a 60x objective
with a 1.4 numerical aperture. The excitation wavelength was 800 nm and the average
power impinging on the sample was 50 mW. The very good quality of such raw image
even down to several tens of micrometers is clear proof not only of the penetration depth
of our microscope setup, but also of its axial resolution, which turned out to be comparable
to the resolution of point-scanning systems. The measured axial resolution was 1.2 pm for
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such experimental parameters. By drawing a comparison with the results reported in [10],
we note that our LSTPM yields a better resolution with no need for control of the temporal
profile of the excitation pulse.

Figure 11. Adapted from [16]. Three-dimensional reconstruction of a nevus. Reproduced with
permission from the authors, proceedings of International Conference on BioPhotonics; published by
IEEE, 2019.

4. Conclusions

In this paper, we have provided a brief overview of the applications of an innovative
line-scanning two-photon microscope setup. By means of a properly optimized optical design,
the usual drawbacks of such a kind of configuration were basically overcome, yielding a
performance comparable to standard point-scanning microscopes. The optical setup has
been experimentally demonstrated to be able to efficiently investigate spectral features and
cross-sections of dyes, to accomplish imaging of biological tissues and in-depth sample
reconstruction. A very good performance was recorded in every case, confirming the great
flexibility and good reliability of the proposed approach. We thus believe that further
developments can turn out to be successful for future applications in the field of nonlinear
microscopy. Particularly, we are currently investigating the use of our setup for in vivo
investigation of cancers.

5. Patents

Several concepts of the described microscopy apparatus are reported in the European
Patent application of [12].
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