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Abstract

Multiphoton microscopies are an invaluable tool in biomedical imaging given their inherent capabilities for label free
imaging, optical sectioning, chemical and structural specificity. They comprise various types of Coherent Raman
microscopies (CR), such as Coherent Anti-Stokes Raman Scattering (CARS), Stimulated Raman Loss (SRL) or Stimulated
Raman Gain, different kinds of Harmonic Generation imaging (HG) such as Second and Third Harmonic Generation (SHG
and THG respectively), and Multiphoton Autofluorescence imaging (MA) such as Two and Three Photon Excited
Autofluorescence (TPEAF and ThPEAF respectively). Despite their significant advantages, multiphoton microscopies,
comparably to all other types of optical microscopies, exhibit limited penetration depth in tissue due to absorption and
scattering.

In this work we explore the advantages of multiphoton microscopies in hard and soft deep tissue imaging when using
excitation wavelengths in the range of Short-Wavelength Infrared (SWIR) windows which occur between 1000 nm and
2500 nm. These spectral windows have notable merits including longer attenuation lengths and none or very low signal
absorption observed for almost all kinds of multiphoton microscopy. We show results of using excitations in the SWIR
windows, generated by standard as well as novel sources, such as a thulium fibre laser, in different types of multiphoton
microscopy on a variety of hard and soft tissue samples (bone, cartilage and other tissue types) and demonstrate the
advantages of using excitations in this wavelength range, including longer penetration depth and high resolution for deep
tissue imaging.
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1. INTRODUCTION

Over the last few decades the field of optical microscopy has been completely transformed due to the deployment of new
imaging concepts and the rapid advancement of laser and computer technologies. One of the new imaging concepts that
has seen tremendous development is that of multiphoton microscopy which comprises a suite of versatile imaging methods
based on the principles of nonlinear optics. Methods such as Coherent Raman®23, Harmonic Generation*>%7 and
Multiphoton Excited Autofluorescence®®1%11 constitute a multitude of nonlinear optical imaging techniques that can
recover three dimensional chemical and structural information from biological specimens.

In particular Harmonic Generation microscopy consists of mainly two techniques which are the Second and Third
Harmonic Generation (SHG and THG respectively) imaging. Both of these modalities are coherent, label free, and have
optical sectioning capabilities'>*, More specifically SHG has been used in imaging non-centrosymmetric structures either
extracellular such as collagen fibrils*, or intracellular such as cytoskeletal microtubules related to mitotic spindles and
axons'2, SHG has been used as a neuroimaging modality to investigate neurodegenerative disorders including Alzheimer’s
disease and glaucoma in which damage or breakdown of axonal microtubules is involved* %5, It has also been deployed
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in diseases and conditions such as pulmonary fibrosis in which disruption, alteration or damage of collagen fibrils is
implicated?®,

On the other hand, THG has proved extremely powerful in the detection of interfaces and inhomogeneities in cells and
tissue . THG enables image acquisition without photobleaching and, in addition allows quantitative image analysis*®. In
contrast to second harmonic generation THG can be applied to any structure independently of their symmetries'®. THG
microscopy has been applied in the imaging of cellular membranes, lipid droplets, calcified bone'®, breast cancer tissue??,
brain tissue?.

To date, most of the THG imaging has been performed using excitation wavelengths? 18 1° between 1000 and 1350 nm,
also known as NIR 1l optical window?!. However the range (1550 — 1850 nm) which is known?% 22 as NIR 111 optical
window has significant advantages regarding deep tissue imaging, such as longer attenuation length® 2% 22 and none or
very low THG signal absorption from tissue as the latter appears at longer wavelengths?'. However, biomedical imaging
is very little explored in this spectral range due to a sparsity of laser light sources at these wavelengths?. The available
laser sources for this wavelength range are the standard Optical Parametric Oscillators or Amplifiers® (OPO and OPA
respectively) which are expensive, complex, require high maintenance and a dedicated optical lab and have a large
footprint. Alternatively, the method of Raman Soliton self-frequency shift can be exploited for converting 1.5 um
femtosecond laser pulses, inside a photonic crystal fiber, to generate wavelengths in the NIR 111 range. Although cheaper
than the OPO or OPA systems, this method suffers from low conversion efficiency and poor energy and wavelength
stability as it is very sensitive to the coupling of the initial laser pulses in the photonic crystal fiber?* 2.

In this work we perform concurrent THG and SHG imaging by using non — standard wavelengths in the NIR 111 and NIR
Il optical windows respectively. For THG imaging we have deployed a novel Thulium Fiber Laser. We explore the
performance of these imaging methods regarding their axial scanning capabilities, and we observe large penetration depths
on two different types of bone samples.

2. METHODS

For the purpose of THG imaging in the NIR 111 optical window we have used as a light source a novel Thulium Fiber laser
(Figure 1). A detailed description and performance analysis have been given elsewhere?® and here only a very brief
description of this light source will be presented. The Thulium fiber laser consists of the following parts: a fiber laser
cavity, a stretcher, a 1% fiber amplifier, a 2" fiber amplifier and a compressor. The fiber laser cavity has a length of a
Thulium Doped Fiber (TDF) as the gain medium which is pumped by a laser diode (LD) at 1560 nm through a wavelength
division multiplexer (WDM). In order to ensure a unidirectional oscillation in the cavity a semiconductor saturable
absorber mirror (SESAM) was attached at the fiber end of a a polarization dependent circulator (PD circulator). A length
of a dispersion compensation fiber (DCF) has been added in order to compensate for the anomalous dispersion in the cavity
resulting in a net normal dispersion which is required for the dissipative soliton mode — locking operation. Two polarization
controllers (PC) are used to control the polarization state of the intra — cavity pulses. The laser output is extracted through
a 50% output coupler (OC) and delivered through an isolator (ISO) to a stretcher. The pulses are positively chirped in the
stretcher to an appropriate pulse width for chirped pulse amplification. After the stretcher the pulses enter the 1% fiber
amplifier which is comprised by a length of TDF pumped by an Erbium doped fiber laser (EDFL) through a WDM. After
this stage and through an isolator the pulses enter the 2" fiber amplifier which consists of the same kind of parts as the 1%
one but has different fiber parameters. At the output of this amplification stage the output beam is collimated and through
an isolator is delivered to a compressor consisted of two gratings and a roof mirror. The output of the compressor consists
of 416 fs pulses at 1840 nm with a repetition rate of 16 MHz and a maximum average power around 1 W.

The SHG imaging is performed by using a commercial Ytterbium fiber laser (Emerald Engine, APE Berlin), which outputs
2 ps pulses at 1031 nm with a repetition rate of 80 MHz. The available maximum average power for SHG imaging was
around 1 W.

The two beams are set colinear through a short pass dichroic beam splitter (Figure 2) for concurrent imaging. A custom-
built inverted microscope based on a Nikon Ti Eclipse frame, which is equipped with a pair of galvanometer mirrors for
laser scanning is used for imaging. The two colinear beams are coupled into the scanner, and after passing through a pair



of lenses (scan lens and tube lens) they are reflected by a short-pass
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Figure 1 Schematic of the Thulium Fibre Laser. a) the mode-locked oscillator, stretcher and 1% fiber amplifier, b) the 2 fiber
amplifier and the compressor. Abbreviations: WDM: wavelength-division multiplexer; TDF: thulium doped fiber; OC: output
coupler; SMF: single mode fiber; PC: polarization controller; PD-Circulator: polarization dependant circulator; DCF:
dispersion compensate fiber; LD: laser diode; PMF: polarization maintaining fiber, I1SO: isolator, EDFL.: erbium dopped fiber
laser, HWP: half — wave plate.

dichroic (excitation dichroic) beam splitter and focused on the samples through an infinity corrected objective. The SHG
and THG signals are collected in the back-scattering (epi-detection) geometry from the same objective and delivered
ultimately to a long pass dichroic beam splitter in the detection branch where they are spectrally separated (Figure 2). Then
the two separated signals are delivered through the appropriate narrow band-pass filters to two photomultiplier tube
(PMT) detectors. The scanner and the detectors are interfaced with a DAQ-PCI16110 to a desktop computer. The laser
scanning and the acquisition are controlled with Scanimage 6.1 (Vidrio Technologies). All the image acquisitions were
performed with a 20x objective lens with a numerical aperture (NA) of 0.75. The pixel resolution of each image was
512x512 which, for the objective and the scanning settings that we have used, corresponded to a field of view of 250 um
x 250 pum, while the pixel dwell time was 16 ps. Finally, all of the acquired images were processed with Fiji (ImageJ).

3. RESULTS AND DISCUSSION

Two types of samples were imaged via the means of THG and SHG microscopy. The one sample is a cortical section of
an antler and the images are presented in Figure 3. As the purpose of this image acquisition was to demonstrate the
performance of the THG and SHG in the NIR Il and NIR 111 optical windows there would be no attempt of thorough
anatomical identification of the features present in the acquired images, but only a brief description of the images and in



some cases a simple evaluation of the possible nature of the observed features. Only representative images at different
depths are presented to illustrate the variation with THG and SHG in the sample with depth.
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Figure 2 Schematic of the imaging setup.

In Figure 3 THG and SHG images of a cortical antler section are shown at depths of 0, 10, 20, and 70 um. The THG image
at 0 um shows a lamellar structure which seems to persist for a few microns below the surface. On the other hand, the
respective SHG images show some fibrillar formations that exhibit long straight and parallel segments, and it is very likely
that they are collagen fibers. At a depth of 10 um the texture of the THG image changes completely showing fibrillar
formations which are different than ones observed in the SHG images as they seem to be thinner and shorter with relatively
short straight parts. In both cases (THG and SHG images) the observed fibres appear to be well embedded in the bone
matrix. Similar features at higher depths down to 70 um for the THG images and 40 um for the SHG images. Below these
depths all features faded rapidly and there was not anything distinguishable.

The second sample that was imaged was a thin slice of human rib cage normal bone biopsy section (Amsbio, USA). THG
and SHG images of this sample are shown in Figure 4 at depths of 0, 10, 20, and 30 um. At the surface (0 um) a granular
structure in the bone marrow compartment and a part of the surrounding inorganic matrix deposit can be distinguished
with high contrast in the corresponding THG image. The respective SHG image shows the collagen matrix while it exhibits
a complete lack of signal in the bone marrow compartment. Similar features can be observed in the respective THG and
SHG images at 10 um depth. At this depth an empty area close to the centre of the bone marrow compartment can be
observed in the THG image, while collagen fibers can be distinguished in the SHG image. Further at 20 um depth the THG
image demonstrates the soft tissue compartment where various features such as vascular canals and blood vessels can be
seen. In addition, potentially erythrocytes, large dots in the blood vessels can be distinguished. Surrounding the bone
marrow compartment, the bone mineral matrix can be seen in the same image. Similarly in the SHG image for this depth,
the surrounding collagen matrix can be observed. Finally at the depth of 30 um another texture of the area around the bone
marrow compartment is revealed in the THG image while the SHG image is similar to that of the previous depth and
appears to have faded. The reduction in the image contrast is observed for both channels (THG and SHG) down to 40 pm
depth after which no distinguishable features could be observed.
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Figure 3 THG left and SHG right images of an antler cortical section at depths of 0, 10, 20 and 70 um.
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Figure 4 THG left and SHG right images of a section of human bone in depths of 0, 10, 20, and 30 pm.



4. CONCLUSIONS

In conclusion we have demonstrated that the NIR 111 optical window can be exploited for deep tissue THG imaging with
high contrast and resolution. A novel Thulium laser was deployed successfully as a light source for THG imaging. SHG
imaging using a commercial light source was concurrently performed with THG imaging. Penetration depths of
approximately 70 pm on antler and 40 pm on a human rib cage bone sample were achieved for THG microscopy under
the current imaging conditions
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