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Lasers have established their ubiquity across a broad spectrum of applications, ranging
from manufacturing and communication to entertainment, and the medical field is no exception.
However, biomedical applications place unique demands on laser parameters such as
operating mode, wavelength, and output power. Furthermore, the physical characteristics of
the laser must include reliable operating stability, high resistance to fluctuations of
environmental conditions, and compact size.

The requirements for these laser parameters strongly depend on the specific
application, as different laser modes, irradiation levels, and exposure durations cause diverse
effects on various tissue types. Therefore, a comprehensive understanding of light-tissue
interaction with the target tissues is essential before designing lasers for biomedical purposes.

This thesis provides experimental and computational research, shedding light on the
interaction of post-mortem mouse head tissues with continuous-wave light and ultrashort
pulses. The study reveals the tissue penetration depth of single- and multi-layers of skin, skull,
and brain in visible and near-infrared ranges, providing valuable information about their optical
properties and required laser parameters for non- or minimal invasive neurostimulation.

The dissertation is devoted to the improvement of neurostimulation methods, including
a comprehensive study of the optical properties of light-sensitive proteins applicable as
optogenetic tools and fluorescent biomarkers and the development of a compact ultrashort-
pulse high-peak-power laser system for optogenetic research on in vivo animal samples.

In addition, the work presents a developed tunable fibre laser operating at wavelengths
of 850 nm and 1700 nm that can be used as a versatile light source in the multimodal cancer
detection system.

The work presented in the dissertation includes the development of different laser
sources intended for applications in biomedical research, neurophotonics, and tumour
diagnostics.
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Chapter 1

Introduction

In the last centuries, life science research and medicine have seen remarkable improvements
through the integration of light sources in diagnosing and treating diseases. Optical techniques
have proven exceptionally versatile, extending beyond traditional physical examinations,
electrical or magnetic methods, pharmaceutical treatments, and surgical procedures. Most
examination and therapy procedures use light-based clinical techniques such as optical
coherence tomography (OCT), bioimaging, fluorescence, diffuse correlation, elastic, Raman,

and Brillouin scattering spectroscopy, phototherapy, and laser surgery.

The principal advantage of optical techniques in diagnostics is their non-invasive nature, which

minimises disruption to biological functions and mitigates impact on the surrounding areas [1].

Biomedical optical techniques use a variety of light sources, including lamps, diodes, gas,
liquid, and solid-state lasers. These sources may have various sizes, shapes, working physical
principles, and operating characteristics, including output power, operating modes, and
wavelengths. The most used laser types operating in the ultraviolet (UV), visible (VIS), and

near-infrared range (NIR) are shown in Figure 1.1 [1]-[13].

Ultraviolet range covers light wavelengths from 100 nm to 400 nm [4]. The primary laser
sources operating in that spectral region are excimer lasers, which consist of a mix of halogen
and noble gases [5]. These lasers are characterised by a high average power of hundreds of
watts and nanosecond pulse durations. The exceptionally high peak power offers their

application for vision correction procedures.

Another laser operating in UV and VIS wavelengths (325 nm, 442 nm) is the Helium Cadmium
(He-Cd) laser [13]. This gas laser usually emits coherent light caused by the gas discharge.
The other common examples of VIS gas lasers include Argon (Ar) ion (488-514 nm), Krypton
(Kr) ion (531-569 nm), and Helium-neon (He-Ne) (633 nm) lasers [6]. The first two find
application in ophthalmology, dermatology, and blood coagulation methods, while the He-Ne

laser is used for flow cytometry, gene sequencing and microscopy [1].
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Figure 1.1. Various laser source types used for biomedical applications.

As well as gas and liquid lasers, solid-state lasers can operate in the VIS range (400-700 nm).
For example, Neodymium:YAG (Nd:YAG) can be used to generate the second harmonic at
532 nm, while Ruby emits light at 694 nm wavelength. However, the majority of solid-state
lasers operate in NIR spectral range (700-2500 nm): Alexandrite, Titanium-sapphire (Ti:Sa),
Cr:Forsterite, and Holmium:YAG (Ho:YAG) [2], [7], [8], [14]. These lasers are actively used in
biomedicine: Ruby and Alexandrite lasers in cosmetology [15] and dermatology [16], [17],
Ti:Sa in multiphoton microscopy [18], ND:YAG in oncology and urology [19], while HO:YAG is
used in kidney stone removal [1] and dentistry [20]. Crystal-based solid-state lasers have high
peak power and exceptional beam quality; however, they are quite bulky and require expensive

cooling systems.

Fibre lasers are another subcategory of solid-state lasers based on silica doped with rear-earth
elements such as Erbium (Er), Thulium (Tm), Holmium (Ho), Ytterbium (Yb) or with Bismuth
(Bi) ions [9]. Their advantages are compactness, relatively cheap price, and various operating
modes. Depending on the wavelength, they have found applications in spectroscopy,

arthroscopy, urology, and microsurgery [3].

Another class of lasers with a solid medium that is categorised separately is semiconductor or
diode lasers. Their emission is generated through the recombination of charged pairs in a laser
medium [10]. (Galn)N, (AlGaln)P, (Galn)(NAs), and (Galn)(AsSb) cover the spectral range
from 400 nm to 2400 nm [11]. They are commonly used in OCT and confocal microscopy

because of their relatively small size, low cost, and broad operation spectrum [12].

Each laser category offers unique advantages. For example, excimer and crystal-based solid-
state laser systems provide high peak power, while fibre and semiconductor lasers are known
for their compactness and relatively low cost. These lasers have found their niche in specific

areas, trying to satisfy the main requirements of biomedical applications.
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The requirements can be based not only on the laser operating wavelength but also on other
parameters such as output power, irradiance, beam quality profile, and whether the laser

source operates in continuous-wave (CW) or pulsed mode.

In the case of pulsed lasers, the repetition rate and pulse duration ranging from femtoseconds
to nanoseconds become essential characteristics. Depending on the exposure time and
irradiated area, lasers can cause various effects, such as stimulation of tissues, photoablation,
thermal irradiation, tissue shrinking, evaporation or mechanical damage of different
biotissues [1], [3]. Therefore, it is essential to know how various laser source parameters

influence specific biological tissues for the effective use of lasers in biomedical applications.

To evaluate the effects of lasers on multilayer tissues, it is necessary to experimentally
determine the light-tissue interaction, understanding how much of the light is reflected,

scattered, and absorbed.

Considering that biological tissues have an uneven surface, granular structure or porosity, part
of the incident light is reflected from the surface of the material. In addition, light can experience
a scattering that occurs in all directions in tissue components such as proteins (collagen) and
lipids (fat) [21].

Moreover, epithelial, connective, muscle, and nervous tissues have different spectral
characteristics that depend on their components [22]. Various tissue substances, including
proteins, water, melanin, and haemoglobin, absorb light and prevent its penetration into the
deep tissues. Figure 1.2 shows the main components of biological tissues that absorb light

and their absorption coefficients as a function of wavelength [23].
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Figure 1.2. Absorption coefficients of various components of biotissues depending on the light
wavelength [23].
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The areas where the absorption of water, blood, melanin, and other proteins is relatively low
are named biological or tissue transparency windows. Four near-infrared biological windows
cover wavelength regions of 700-1000 nm (NIR-I), 1000-1350 nm (NIR-Il), 1550-1870 nm
(NIRIIN), and 2100-2300 nm (NIR-1V) [24], [25] that are highlighted in Figures 1.1 and 1.2.

It is worth noting that there are a limited nhumber of laser sources operating in these specific
biological windows (Fig. 1.1). Understanding how different laser modes and various output
parameters influence the light interaction with various biological tissues at these wavelengths
remains a topic of research and requires a detailed study to determine which laser systems

can be applied in the biomedical field.

Chapter 2 discusses the light-tissue interactions in skin, skull, and brain tissues. It includes a
detailed post-mortem study of different mouse head tissue types and their components
influencing light scattering and absorption. The second chapter consists of the demonstration
and discussion of experimental results obtained from spectroscopic measurements and
computer simulations, illustrating the penetration depth of various wavelengths. In addition,
Chapter 2 presents a developed laser prototype operating at continuous-wave and pulsed
modes in the NIR-I and NIR-Il spectral ranges. This laser system was used for the experimental
study to compare how CW light and femtosecond pulses interact with samples of single and

multiple layers of mouse head tissues.

Understanding laser interaction with complicated multilayer biological tissues enables the
development of laser systems designed to meet the specific requirements of diverse
biomedical applications, such as dermatology, cardiology, angiology, dentistry,
gastroenterology, ophthalmology, neurology, and oncology. Chapters 3 and 4 focus on
developing lasers for optogenetics, while Chapter 5 is devoted to designing the laser system

applicable to multimodal cancer diagnostics.

Chapter 3 focuses on neuroscience and manipulating neuron functionality using light. It
reviews various light-sensitive proteins, such as opsins and phytochromes, and their role as
optogenetic tools. In addition, the chapter demonstrates the potential improvement of current
neurostimulation techniques using light. More precise and deeper light delivery to the brain
cortex can be achieved by shifting the operating wavelength from the VIS to the NIR-II spectral

range.

The third chapter includes the development of laser systems designed for biological research
of the linear and nonlinear optical properties of light-sensitive proteins and the study of new
genetically engineered truncated dimeric and monomeric variants of bacterial phytochromes.
This study is the first demonstration of two-photon conversion and two-photon fluorescence in
these protein samples, shedding light on their unique characteristics and implementation as

optogenetic tools for improving neuroscience research.
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Chapter 4 is devoted to the development of a compact ultrashort pulsed laser system that can
be used for in vivo non- or minimal invasive neuronal stimulation of animals in biomedical and
clinical conditions. The chapter includes a detailed review of lasers operating in the second
tissue transparency window with a discussion of the optimal laser parameters required for
neurostimulation. The fourth chapter consists of a detailed description of the development of
the master oscillator (MO), preamplifier, and amplifier. The developed versatile, compact
(34x46x46 cm), and tunable (1064-1170 nm) Ytterbium-doped fibre laser (YDFL) system has
a reduced repetition rate of 608 kHz and reaches a pulse peak power of 82 kW at an average
power of 250 mW. This level of peak power should be sufficient for two-photon conversion of

light-sensitive proteins [26].

Chapter 5 presents the development of an ultrashort-pulse laser source operating in the NIR-I
and NIR-IIl spectral regions that can be used in oncology detection techniques. The chapter
overviews lasers operating in the third tissue transparency window, their advantages and
disadvantages for biomedical research and clinical studies. It also discusses nonlinear optical
effects in optical fibres that can be used to design a compact laser source operating in NIR-III.
The chapter shows the development of a sub-180 fs laser system with an Erbium-doped fibre
laser (EDFL) and amplifiers operating at wavelengths of 815-850 nm and 1625-1700 nm with
an average power of hundreds of milliwatts. The developed laser system, combining 1.70 um
operating wavelength and second harmonic generation at 0.85 uym, can be used as a laser

source for a versatile imaging technique for cancer detection and therapy monitoring.

Chapter 6 represents the overall discussion and conclusion of the studies presented in this

thesis and demonstrates future works.
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Chapter 2

Light-Tissue Interaction

2.1 Introduction

Understanding the optical properties of biological tissues is essential in advancing optical
methods and bioimaging technologies for the early detection and treatment of various
diseases. This knowledge is crucial in developing innovative approaches to minimise the

thermal impact and potential tissue damage during medical therapies and imaging procedures.

Developing optical laser systems for biomedical applications requires a comprehensive study
of light-tissue interactions. Although specific laser parameters may vary depending on the
needs of specific biomedical research, a detailed analysis of the optical properties of various

biotissues remains important.

To study how deeply light penetrates biological tissues, scientists mainly use spectroscopic
methods. However, the experimental results of various research groups have shown significant
differences between the values of the attenuation length. Figure 2.1 represents experimentally
measured values of attenuation length for skin (blue), skull (green), and brain tissues (red) of

mouse and rats depending on the wavelength [25], [27]-[32].

The agreement among experimental findings from different research groups is only in the
general observation that light penetrates head tissues more deeply within the near-infrared
transparency windows compared to the visible range. For skin, the average attenuation length
in the visible spectrum is about 0.20 mm, while in I-IV optical windows, it is 0.40 mm, 0.44 mm,

0.47 mm, and 0.41 mm, respectively [25].

However, reaching a definitive conclusion for the skull attenuation length is more challenging
due to variations in the measurements of skull optical properties across different studies. For
example, M. Cano-Velazquez et al. [29] measured the transmittance of ex vivo mouse samples
and demonstrated that the attenuation length of the skull bones varies from 0.20 mm (NIR-1V)

to 0.75 mm (NIR-Il and IIl). In contrast, measurements of the skull of 4-month-old rats by
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S. Golovynskyi et al. [25] show a maximum value of 0.23 mm in all four near-infrared

transparency windows.

Brain (S. Golovynskyi et al., 2018)
Brain (E. Genina et al., 2019)
Brain (M. Mesradi et al., 2013)
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Figure 2.1. Attenuation length of brain, skull, and skin samples measured by different research groups.

Light penetration depth in brain tissues also depends on the measurement methods. For
instance, M. Wang et al. [30] used a three-photon imaging technique with four pulsed
excitation sources at a wavelength of 1450—1700 nm to measure the light propagation through
the brain samples. The results demonstrated values of attenuation length varying from 173 pm
to 410 uym which is three times smaller than values measured by E. Genina et al. [32]
(0.6-1.1 mm) and S. Golovinskyi et al. [25] (0.8-1.55 mm) using a UV-3600 spectrophotometer
with an integrating sphere for optical measurements of brain slices of healthy rats at the same

wavelength range.

The explanation for the lack of agreement can include the diverse array of variations in the age
of animals used in experiments and discrepancies in the thickness and composition of the
tissue samples. Moreover, the contrasting experimental results reported in the literature may
be explained by the different laser modes used in these studies. While spectrophotometers
typically use standard halogen or deuterium lamps that emit continuous-wave light, three-
photon imaging techniques use ultrashort pulsed lasers. Therefore, conducting additional
research to understand how different laser modes and operating wavelengths influence the
light penetration depth is fundamental in developing laser systems for medical therapies and

imaging techniques to minimise heating and adverse effects on surrounding tissues.

According to studies [33]-[35], ultrashort pulse lasers penetrate deeper into biological tissues
and cause less tissue heating than continuous-wave light due to high instantaneous power

and prompt temperature distribution between pulses in tissues. For instance, the experimental
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results of J. Huang et al. [35] demonstrated that the femtosecond laser can deliver more
energy, causing less heating of the samples than the continuous-wave laser. To investigate
the thermal effect on freshly prepared pig skin samples, they used a 1035 nm ultrashort pulse

laser with a tunable pulse duration of 300 fs — 10 ps.

In contrast, T. Ando et al. [36] demonstrated that the transmittance of laser power through
mouse scalp and skull did not differ significantly for various laser pulse frequencies, which can

be likely due to the thinness of the samples.

The contradiction in research papers prompted J. Hashmi et al. [34] to review nine studies with
an experimental comparison of the tissue interaction with continuous-wave and pulsed light.
Six papers [37]-[42] demonstrated the benefits of the use of pulsed lasers, while two other
studies [43], [44] presented the opposite, and one work [45] did not show a difference between
the effect of pulsed and CW light on biological tissues. However, it was noted that the benefits

of one mode over another depend on the thickness and components of samples [46], [47].

The same outcomes were highlighted by R. Barbosa et al. [46], who compared light attenuation
in rat and pig skin samples using 830 nm continuous-wave and 904 nm nanosecond pulsed
lasers. The results of the experiments showed that in 1.17-1.63 mm thick rat samples, CW light

attenuated more than pulses, while in pig skin, the effect was the opposite.

The study of another research group also demonstrated that various tissues influence light
attenuation differently due to the individual composition and structure of the studied
samples [47]. They showed that under the same experimental conditions, the 5-fs pulsed
irradiation penetrated almost seven times deeper than continuous-wave light in chicken breast

and only five times deeper in beef rib samples.

Furthermore, some reported studies have high observational error, unclear outcomes or
different output characteristics for CW and pulsed lasers. Therefore, more precise
investigations are needed for a detailed understanding of the light interaction with fresh head
tissues. The study of CW and ultrashort pulsed light penetration through biological tissues has
a significant influence on the development of novel laser sources for various biomedical
applications, including in vivo multiphoton microscopy, cell manipulation, flow cytometry,

optogenetics, and label-free imaging.
2.2 Materials and Methods

2.2.1 Sample Preparation

To study the interaction of near-infrared light with mouse head tissues, skin, skull, and brain
samples from two healthy mice with background C57BL/6J were collected according to the
standard procedure [48]. The mice were euthanised by administering an overdose of isoflurane
followed by cervical dislocation. Local ethical review approved all experiments designed with

the principles of replacement, refinement, and reduction.

D. Galiakhmetova, PhD Thesis, Aston University, 2023 23



The area of the forehead was shaved, and a skin sample of 1.5x1.5 cm was cut. The skin
thickness was 0.5 mm, measured with a digital calliper. A 0.5 mm thick sample of the frontal
and interparietal bones was cut out in a square shape and carefully removed from the mouse

head to avoid brain damage. The brain sample was removed from the skull and cut into 1 mm

thick layers from the cortex to the medulla. The schematic view of samples is presented in
Figure 2.2 (a).
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Figure 2.2. (a) Mouse head samples used for optical measurements: 1 mm thick mouse brain slice,
0.5 mm thick skull, and 0.5 mm thick skin; Schematic views of spectrophotometer configurations to

measure (b) transmittance and (c) diffuse reflectance spectra.

All samples were kept on ice and used for optical experiments no later than 2 hours after

mouse sacrification.
2.2.2 Spectrophotometer Setup

The transmittance and diffuse reflectance spectra of fresh samples were measured with a
spectrophotometer (Lambda 1050+, PerkinElmer) with an integrating sphere. In the
300-2000 nm wavelength range, two different setups were used to measure spectra. In the
first one, the sample was positioned between the integrating sphere and the light source, as
shown in Figure 2.2 (b). The light transmitted through the sample was reflected by a reflectance
standard that covered the second window of the integrating sphere and collected by a
photodetector. In another configuration for diffuse reflectance measurements (Fig. 2.2 (c)), the

light was reflected by a sample located in the second window of the integrating sphere.

To avoid tissue stretching and leakage, skin and brain samples were fixed between two
microscopic glasses, which were glued on top and bottom and fastened with blu tack stoppers
of the same thickness. The schematic representations of a brain sample between glasses are
shown on the right side of Figure 2.2 (b) and the left side of Figure 2.2 (c) by pink spots

(samples) in blue rectangles (microscopic glasses).

Since placing two glasses in front of the spectrophotometer beam can lead to a Fabry-Perot
cavity, the conditions for the effect occurrence and its influence on the measurement results

were reviewed.

According to the criteria for the appearance of constructive interference between parallel

planes, a standing wave pattern can be formed by only specific wavelengths that satisfy the
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condition /1=2L/k, where L is the distance between parallel planes and k is the integer

number [49]. For the measuring brain samples, the distance L equals 1 mm, while for skin
samples, the distance L is 0.5 mm. Therefore, constructive interference can only occur at
wavelengths 320, 400, 500, 640, 800, 1000, 1250, 1600 and 2000 nm for spectrophotometric
measurements from 300 to 2000 nm with 2 nm step. That means that only in 9 of 851
experimental points, the effect can appear and affect the measurements. The resonator does

not perceive other wavelengths that do not meet this criterion.

Moreover, the Fabry-Perot effect appears only when a constant optical path length is
maintained between reflective surfaces. However, due to the heterogeneity of the thickness of
measuring biological samples, the glasses cannot be placed perfectly parallel to each other.
Secondly, tissue refractive index changes can result in different optical path lengths for other
sample regions, preventing the coherent superposition required for the Fabry-Perot effect.
Thirdly, the microscopic glasses may have surface roughness and imperfections that can

disrupt the continuity required for the interference effect.

Therefore, the Fabry-Perot effect can be neglected for the spectrophotometer measurements
of mouse brain slices and skin samples located between microscopic glasses. It is attributed
to the inherent complexities and optical characteristics of biological samples that contribute to
disrupting the conditions required for the Fabry-Perot cavity. The unique properties of tissues,
such as absorption, scattering, and surface irregularities, prevent possible distributions of the
transmittance and diffuse reflectance measurements using glasses for holding mouse head

tissues.
2.3 Theoretical and Experimental Results

The interaction of light with the mouse skin, skull and brain has been studied using
spectrophotometer and femtosecond pulsed laser setup that described in the following
Subsections 2.3.1-2.3.4.

The transmission and diffuse reflection spectra were measured by spectrophotometry
technique (Subsection 2.3.1). The calculated radiation transfer coefficients were used to
estimate the penetration depth for continuous-wave light (Subsection 2.3.2.1) and simulate the
fluence rate distribution of the ultrashort pulses in biological tissues using the Monte Carlo
Method in COMSOL Multiphysics Software (Subsection 2.3.2.2). Theoretical results were
confirmed by experimental studies of the transmission of pulsed light through the mouse head

tissues (Subsection 2.3.4).
2.3.1 Spectrophotometry

The transmittance and diffuse reflectance spectra of mouse skin (0.5 mm), skull (0.5 mm), and
brain slices (1 mm) were measured using a spectrophotometer with a wavelength range

of 350-2000 nm and 2 nm step. Figure 2.3 demonstrates (a) total transmittance and (b) diffuse
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reflectance spectra for mouse head samples. The total transmittance is the amount of light that

passes through a medium, including unscattered light.
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Figure 2.3. (a) Transmittance and (b) diffuse reflectance spectra of mouse skin (0.5 mm),

skull (0.5 mm), and brain slices (1 mm) measured with a spectrophotometer.

Figure 2.3 also includes three near-infrared tissue transparency windows: (I) 700-950 nm;
(1) 1000-1350 nm; (lll) 1550-1870 nm separated by blood and water absorption peaks.
Oxy- and deoxyhaemoglobin have high absorbance at wavelengths of ~420 nm and
~550 nm [50], while water molecules significantly absorb light at wavelengths of ~970 nm,
~1450 nm, and ~1950 nm [51].

The highest transmission is observed in samples of skull bones. In the first tissue transparency
window, the transmittance reaches 95%. The second and third windows are characterised by
a lower transmission level of 93% and 86%, respectively. The porous structure of the bones
and the specific chemical composition influence light propagation through the skull. The main
components that absorb light are HbO» (540 nm and 575 nm), collagen (1200 nm), and H>O
(1450 nm).

The maximum transmittance for skin is 62% (1110 nm). All three NIR windows have similar
transmittance levels of about 55% with a slight fluctuation in NIR-1l (48%). For skin, the main

transmittance troughs in spectra are associated with haemoglobin (550 nm), collagen
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(1200 nm), water (1200 nm, 1500 nm, and 1950 nm), and lipids (1500-1700 nm). In addition,

fat scattering also prevents the penetration of light into the skin tissues (Fig. 2.3 (b), blue).

Light penetrates brain samples worse than other samples due to a large number of blood
vessels and capillaries. The maximum transmittance values for biological windows are
45% (NIR-I), 47% (NIR-Il), and 31% (NIR-Ill). There is high light absorbance by
deoxyhaemoglobin (550 nm), water (1200 nm and 1500 nm), lipids (1700-2000 nm), and other
proteins (1500-1700 nm) (Fig. 2.3(a), red).

As can be seen from the transmission and diffuse reflectance spectra, visible light penetrates
biological tissues worse than near-infrared light due to the high reflection coefficient in the brain
and strong absorption by blood. These results highlight the benefits of using light sources

operating within NIR windows, which improve light penetration through biological tissues.
2.3.2 Calculation of Penetration Depth

The estimation of the penetration depth of continuous-wave light and ultrashort pulses within
biological tissues is possible through the application of transport coefficients derived from the

analysis of experimental spectra of mouse head tissues.
2.3.2.1 Continuous-Wave Light Propagation

Computer simulation of CW light propagation through biological tissues was performed using

the inverse adding-doubling (IAD) method coupled with the Monte-Carlo model.

In biomedical optics and photonics, the inverse adding-doubling method is a computer
approach used to calculate the optical characteristics of biological tissues, such as the
absorption and scattering coefficients [52]. In contrast to the "forward" adding-doubling
approach, which simulates the propagation of light through a known media, the "inverse"
adding-doubling method works backwards from the measured light to determine the optical
characteristics of the medium. The main advantages include high accuracy and the

requirement of only integrations over angle.

In tissue optics, the IAD method is commonly used to determine tissue’s absorption, scattering
coefficients and scattering anisotropy factor by measuring unscattered transmission, total
transmission, and diffuse reflectance of tissues [53]. However, measurements of light that does
not scatter passing through thin samples, such as mouse skin, skull, and brain slices, are
challenging to perform. Therefore, the transmittance T; and diffuse reflectance Ry can provide
information about the reduced albedo a’' and reduced optical thickness 71'. In that case, the
scattering anisotropy factor g remains constant value, while the reduced scattering factor g’
would be equal to zero. During the calculations, the scattering factor was set to 0.9 as it is the

most observed value for biological tissues at visible and near-infrared spectral wavelengths [1].
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The reduced albedo can be calculated with the use of Eq. (2.1) [53]:

1—4R, — T)\? R
—( 1_“’T t) ifl_dT <01
a = L, t (2.1)
4/1-R;—Tn\> Ry
——( ) if > 0.1.
9 1_Tf 1_Tt

The reduced optical thickness can be found by the formula shown in Eq. (2.2):

—InT;In(0.05) .
, —— ifR; <01
T = InR, (2.2)

21+5(Ra+Tr) if Rz > 0.1.

According to the definition, the reduced optical properties can be represented by Eq. (2.3),

where dimensionless albedo a and optical thickness 1 are (Eq. (2.4))

a(l1—g)
= 92 "= (1- 2.
=TT (1-agr, (2.3)
a=—t" = dutu), (2.4)
Us + Ug

where d is the thickness of sample.

Therefore, we can estimate absorption u, and reduced scattering u's coefficients with Eq. (2.5)

and Egs. (2.1-2.2), where u's= us(1-9):

. U
a = — B
Us+ Ug

T =dW'stuqa). (2.5)

Since a spectrophotometer with an integrating sphere did not collect all light loss at the
boundaries of samples, the Monte Carlo model was performed to make corrections of optical
properties until the changes of calculated scattering and absorption coefficient values were
less than 10 um™" between interactions. The accuracy of calculated parameters was controlled
by the Nelder-Mead method [54]:

|RZXP _ Réalcl |TtexP _ thalcl

exp exp
Rd Tt

< 0.0001, (2.6)

where RS¥ and R§*¢ are experimental and calculated diffuse reflectance, and T,*” and

Tf%“are experimental and calculated total transmittance.

The absorption coefficient is the length that a photon travels before it is absorbed by a
biological tissue (Fig. 2.4 (a)), and the reduced scattering coefficient is a parameter describing
the diffusion of a photon with a random step of 1/u’s in a turbid medium. The relation between
the light wavelength and the reduced scattering coefficient for skin, skull, and brain tissues is

presented in Figure 2.4 (b).
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Figure 2.4. (a) Absorption and (b) reduced scattering coefficients for mouse head tissues.

The absorption coefficient peaks are associated with the absorption of blood (370-480 nm,
490-630 nm) and water (1100-1270 nm, 1300-1670 nm). The NIR windows located between

them are highlighted by yellow, peach, and orange colours in Figure 2.4.

The penetration depth of mouse skin, skull, and brain samples was estimated using the
absorption and reduced scattering coefficients. This parameter describes a length at which the
radiation’s internal intensity is reduced to 1/e of its surface-level value. The Eq. (2.7) was used

to determine the penetration depth for different samples:

1

NETRORCTE

The penetration depth of CW light into mouse head tissues is demonstrated in Figure 2.5. The

5= 2.7)

calculated parameter 6 reaches the values of 2.8 mm, 3.6 mm, and 1.9 mm in NIR-I, 3.7 mm,
3.8 mm, and 1.9 mm in NIR-Il, and 1.9 mm, 2.3 mm, and 0.9 mm in NIR-III for skin, skull, and
brain, respectively. The maximum light penetration for all samples is in the first (750-830 nm)
and second (1080-1190 nm) near-infrared transparency windows. These regions with the
deepest tissue penetration were chosen to simulate a fluence rate distribution of ultrashort

pulses.
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Figure 2.5. Penetration depth of continuous-wave light into mouse head tissues.
2.3.2.2 Ultrashort Pulse Propagation

The fluence rate distribution of ultrashort pulses into mouse head tissues was simulated by
solving the radiative transfer equation with diffusion approximation. This approximation is well
suited to highly scattered media such as biological tissues. COMSOL Multiphysics Software
Environment was used to perform the simulation, where the sample geometry was divided into

finite elements. The Helmholtz representation of the diffusion equation is shown in Eq. 2.8 [55]:
—V(DVD) + u,® =S5, (2.8)

where @ is the fluence rate, S is the isotropic light source function depending on position vector

and time, and D is the diffusion coefficient represented in Eq. 2.9.

1

D= S ety (29)

A mouse head model with a three-layer system was used to evaluate the fluence rate. The
thickness of each layer of skin and skull was set to 0.5 mm based on experimentally measured

samples.

The sample optical properties were described by the determined absorption and reduced
scattering coefficients for each layer. The simulation was performed in the NIR-I (750-830 nm)
and NIR-Il (1080-1190 nm) regions, which are characterised by the most significant

penetration depth for all three layers (Fig. 2.5).

The selection of ultrashort pulse laser parameters was based on the characteristics of Ti:Sa
laser setup that was developed for the experimental measurements of light-tissue interactions.
The average power level of this laser system is 20 mW, laser irradiance values are 3.18 W/m?
and 2.41 W/m?, and beam diameters are measured as 200 um and 230 um for the NIR-I and
NIR-II wavelength ranges, respectively. The laser system for experimental study will be

separately discussed in Subsection 2.3.3.
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Figure 2.6 shows how the irradiance of ultrashort pulses decreases depending on the depth of
the three-layer mouse head model. When 780 nm (NIR-I) light passes through a 0.5 mm skin
sample, 28% of initial irradiation transmits the tissue. In the case of 1190 nm (NIR-II), the

transmittance value is higher and reaches 34%.

However, for the two-layer system, including 0.5 mm skin and 0.5 mm skull bone, only 9% of
the initial level of 780 nm irradiance is retained, whereas 12% of 1190 nm light effectively

reaches the brain cortex, as shown in Figure 2.6 (b).

At a depth of 1.5 mm, including three layers (0.5 mm skin, 0.5 mm skull, and 0.5 mm brain),
there are a 6% initial irradiance of 780 nm light and a 9% light retention at a wavelength of
1190 nm.
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Figure 2.6. Fluence rate distribution of ultrashort pulses in mouse head tissues: (a) depending on the

wavelength; (b) depending on the penetration depth for wavelengths of 780 nm and 1190 nm.

For the visual representation of ultrashort pulsed light attenuation in mouse head tissues, the
visual demonstration was performed in COMSOL Software. Figure 2.7. demonstrates the
fluence rate of ultrashort pulses in a mouse head model for a wavelength of 1190 nm. The
modelled propagation of ultrashort pulses through only the brain is shown in Figure 2.7 (a),
while the light penetration through the skin, skull, and brain tissues is demonstrated in
Figure 2.7 (b).
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The simulation confirms that sufficient laser irradiance (0.4 W/m?) reaches the brain tissue
passing through mouse skin and skull bone (Fig. 2.7 (b)). These results prove that the
ultrashort pulse lasers operating in the near-infrared range efficiently deliver high power to the
brain cortex through the skin and skull without overheating and damage. The computer
simulation results were confirmed by the experiments on the laser light transmittance through

fresh post-mortem mouse head tissues (Subsection 2.3.4).
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Figure 2.7. Ultrashort pulse fluence rate distribution into (a) mouse brain; (b) 0.5 mm thick skin,

0.5 mm thick skull, and brain for a wavelength of 1190 nm.

For simplicity, the demonstrated computer model was based on the assumption that the
studied biological samples are isotropic. However, the skin, skull and brain are complex
structures consisting of various elements, cells, and tissues with different optical properties.
To gain a deeper understanding of the structure or pathology of a sample, a more detailed

exploration of the scattering anisotropy in biological tissues is essential.

For example, M. Borovkova et al. [56] investigated the non-invasive detection of Alzheimer’s
disease using Mueller imaging polarimetry to identify amyloid-beta plaques, crucial
pathological markers. The study revealed that structural changes primarily occurring in the
grey matter and hippocampi can be detected by analysing the polarimetric properties of the
brain. The presence of AR plaques with parallel alignment fibrils is associated with higher
anisotropy of scattering in brain tissue and increased inhomogeneity of refractive index. This
information provides valuable insights into the structural changes associated with Alzheimer’s
disease, demonstrating the potential of polarimetry for non-invasive detection and

characterisation of pathological features in complex biological tissues.
2.3.3 Development of Laser System for Light-Tissue Interaction Study

The spectrophotometry method provided information about the interaction of continuous-wave

light with biological samples. The absorption and reduced scattering coefficients extracted from
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the spectroscopic studies were used for the computer simulation of pulsed light propagation
through mouse head tissues. However, experimental research is essential to ensure the
correctness of the modelling method and to compare mouse head tissue interaction with

continuous-wave light and ultrashort pulses.

The primary criteria for a laser setup applicable to a comprehensive study of how ultrashort
pulses and CW light propagate through head tissues involve operating within the first and
second biological windows and ensuring uniform parameters for both ultrashort pulsed and

continuous-wave laser modes.

The laser system includes three main blocks operating in the first and second near-infrared
regions: a 750-830 nm pulsed laser and 1086-1183 nm CW and pulsed lasers (Fig. 2.8).
Block 1 consists of a tunable Ti:Sa laser (Sprite XT, M Squared) operating in 750-830 nm for
measuring tissue transmittance in the first biological window. The pulse width of 130 fs and the
repetition rate of 78 MHz are stable over the NIR-I region. The laser light is attenuated by a
neutral-density (ND) filter until 20 m\W average power. The beam is collimated by a system of
optical lenses and has a diameter of 200 um. Simultaneous monitoring and control of the
incident and transmitted light are facilitated by splitting the beam using a plane parallel plate
and utilising both a S121C Thorlabs photodiode power sensor and a S145C Thorlabs

integrating sphere photodiode sensor shown schematically in Figure 2.8 in the blue area.
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Figure 2.8. Schematic diagram of the developed experimental setup to measure transmission spectra
of biological tissues in the first and second near-infrared ranges: (Block 1) 130 fs pulsed laser
operating at a wavelength range of 750-830 nm; (Block 2) 300 fs pulsed laser with a wavelength range
of 1086-1183 nm; (Block 3) CW laser tunable in the wavelength of 1086-1183 nm.

The integrating sphere photodiode sensor can be used for the transmission measurements of
biological tissues that tightly cover the sensor window. Figure 2.9 (a) shows the integrating
sphere with a brain sample fixed between microscopic glasses. As it was discussed before

(Subsection 2.2.2), the effect of the plane-parallel Fabry-Perot cavity between two glasses can
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be neglected because the distance between glasses is 0.5 mm (skin sample) or 1 mm (brain
slice), and only a wavelength of 800 nm can have a standing wave pattern between the
glasses. Other wavelengths of 750-830 nm and 1086-1183 nm regions have reflected waves
that interfere destructively because their phase difference is not equal to even integer multiples

of 1 radians [49].

However, even at a wavelength of 800 nm, the probability of a Fabry-Perot cavity effect
occurring is low since biological samples are characterized by inhomogeneous structures with
different reflectance indices and tissue thicknesses, which can lead to the non-parallel
arrangement of microscopic glasses and different optical path lengths for various areas of the
sample, which prevents coherent superposition required for the Fabry-Perot effect. Therefore,
placing the sample between the glasses should not affect the experimental results of light
transmission measurements. The schematic representation of the direction of transmitted light

inside the integrating sphere photodiode power sensor is illustrated in Figure 2.9 (b).

(a) (b) |

\

Photodetector

Sample

Figure 2.9. (a) Brain sample fixed between glasses; (b) schematic view of transmitted light distribution

inside the integrating sphere photodiode power sensor.

The integrating sphere photodiode sensor and the sample can be moved from Block 1 to
Block 2 to measure transmittance in the second biological window. A blue rectangle and a
black box on the right side of Block 1 (Fig. 2.8) is a schematic representation of the sample
and detector, respectively. Moving the detector system with the glued sample between Blocks
is possible by saving the position of the target sample point for the corresponding repetition of
the measurement conditions in the first and second biological windows. The small black arrow
between Block 1 and Block 2 (upper right part in Fig. 2.8) shows the possible horizontal
movement of the integrating sphere and sample between Blocks.

Block 2 comprises a Ti:Sa laser emitting light within the 750-830 nm wavelength range.
However, in contrast to Block 1, this light passes through an optical parametric oscillator (OPO)
and is transformed into 300 fs pulses within the 1086-1183 nm range (Fig. 2.8, yellow area).
The ND filter attenuates the average power to 20 mW. The lens (f=165 mm) focuses the laser

beam onto the sample with a spot diameter of 230 ym.

Block 3 has been designed to compare how tissues interact with pulsed and continuous-wave

laser modes. The main light source used in this block is the Innolume gain-modules CW fibre
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laser with a central wavelength of 1140 nm. The grating can tune the light between 1086 nm
and 1183 nm wavelengths. The 1200 lines/mm grating is located on the rotation stage, the
changing angle of which allows the gradual shift of an operating wavelength of the laser. This

block is visually highlighted in Figure 2.8 in red colour.

A fundamental principle of laser system design is ensuring identical beam direction and
diameter for both pulsed and continuous-wave lasers operating in NIR-II (Blocks 2 and 3). The
beams are co-directed using a polarising beam splitter cube, focused on the sample, and
detected by integrating sphere photodiode sensor moved from Block 1 to Block 2 (black
rectangle and grey box in the right part of Block 2, Fig. 2.8). The adjustment process of
collimating two beams was monitored using a digital beam profiling camera (UCD12,
WinCamD).

The developed experimental setup enables the measurement of tissue transmittance using
continuous-wave and ultrashort pulse lasers that operate in the first and second near-infrared

regions.
2.3.4 Transmission Measurements with CW and Ultrashort Pulsed Lasers

The study includes a comparison of how continuous-wave and ultrashort pulsed light penetrate
post-mortem mouse head samples and light transmission measurements of one-, two-, and

three-layer samples in NIR-I and NIR-II.

A developed laser source was used to compare the penetration of continuous-wave and pulsed
light into 0.5 mm skin, 0.5 mm skull bone, and 1 mm brain slices. The incident beams were
carefully adjusted to ensure equal parameters between the two laser modes, operating within

the 1086-1183 nm wavelength spectrum (Fig. 2.8).

The tissue temperature was controlled during the experiments and did not increase more than
2 °C. Each measurement was repeated three times in different parts of the freshly prepared

tissues.

Figure 2.10 shows the transmittance spectra of post-mortem mouse head tissues in the second
near-infrared window. The solid line represents the CW light transmission results, while the

dotted line depicts the transmittance of mouse head tissues irradiated with a pulsed laser.

In experiments of skin tissues, evaluation of the penetration efficiency between continuous and
pulsed light sources gave uncertain results. The skin transmission of the CW light
demonstrates a relatively constant value of 45% (Fig. 2.10, blue solid line). For the pulsed light,
the transmission values fluctuate between 42% and 48% depending on the wavelength
(Fig. 2.10, blue dashed line). The demonstration of similar transmission efficiency in the skin
for both laser modes is due to the small sample thickness, which leads to reduced transmission
length and infrequency of scattering events. However, it is worth noting that the error bar

associated with continuous-wave laser transmittance overlaps with the transmitted power
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values of the pulsed laser, making it inconclusive to determine whether CW irradiation leads

to higher tissue transmission values.
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Figure 2.10. Transmittance of post-mortem mouse head samples (0.5 mm thick skin, 0.5 mm thick

skull, and 1 mm thick brain) irradiated by continuous-wave and ultrashort pulse lasers.

In the brain tissue measurements (Fig. 2.10, red lines), both laser modes demonstrate similar
transmission levels. There are only a few percentage differences between pulsed (20.5%) and

CW (19%) light irradiations passed through a 1 mm brain sample.

However, in skull bone samples, pulsed light exhibits significantly higher transmission than
continuous-wave light. The gap between CW and pulsed light transmittance is visible in
Figure 2.10 (green solid and dashed lines, respectively). The maximum transmittance value of
59% is observed for ultrashort pulses, while the transmittance of CW light in the skull varies
from 50% to 54%.

The results demonstrate that ultrashort pulses penetrate deeper into biological tissues than
continuous-wave light in skull bone because the high photon density and short pulses create
an instantaneous transparent area for photons to pass through and cause less tissue
interaction. However, this difference is insignificant for studied samples of skin and brain. Since
all samples are relatively thin, the absorption and scattering coefficients (Fig. 2.4) obtained
from spectrophotometric measurements can be used for modulation of pulse generation in

narrow layers of tissues with quite high accuracy (Fig. 2.6).

To estimate the impact of the intricate curvatures in the different layers of head tissues and
complex bends between them on photon migration, additional measurements of pulsed light
transmittance of freshly prepared mouse head tissues consisting of two and three layers were
performed. For this purpose, a developed laser system operated in the mode of ultrashort

pulses in the first (750-830 nm) and second (1086-1183 nm) near-infrared windows.
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A freshly prepared two-layer head sample was 1 mm thick and included undivided skin and
skull tissues. A 2.5 mm thick three-layer system consisted of unseparated layers of skin
(0.5 mm), skull bone (0.5 mm), and brain slice (1.5 mm). The thickness of layers was

determined only after completing optical experiments.

Figure 2.11 shows the transmittance of single-, two-, and three-layer mouse head tissues with

the use of the femtosecond pulsed lasers operating in the NIR-I and NIR-Il ranges.
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Figure 2.11. Transmittance of post-mortem one-, two-, and three-layers of mouse head samples

irradiated by ultrashort pulse lasers.

Experimental results demonstrate that the skull bone (green line) has the highest transmittance
compared to other samples. Transmission of laser light through skull bone varies from 50% to
57% in the NIR-I region and from 55% to 59% in the NIR-Il window. Skin tissue (blue line) is
characterised by a lower transmittance level of 41-47%. Both samples have a gradual increase
of transmittance in the wavelength range of 770-830 nm, which is higher than in the NIR-II
region (1080-1180 nm). This behaviour is due to light absorption by water components, which

are present in large quantities in fresh skin and skull bone samples.

A similar approach is noted in the two-layer sample of skin and skull. In both near-infrared
windows, 10-12% of the initial irradiation of ultrashort pulse laser passes through the two-layer

system in near-infrared windows.

The one- and three-layer systems that include brain slices are characterised by reversed
behaviour regarding the comparison of transmittance in NIR-I and NIR-Il. Since brain tissues
contains many blood vessels and capillaries, and blood absorbs light significantly at
wavelengths up to 1 ym, the transmittance values in NIR-I are slightly lower than in NIR-II.
Light transmission through one layer of the 1 mm thick brain varies from 14% to 21%. In
comparison, the results of three-layer sample measurements show transmittance values in the

range of 2-3% with a maximum at a wavelength of 1080 nm.
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In the first near-infrared window, all measured samples demonstrate a growth in transmittance
with increasing wavelength due to reduced blood absorption. On the contrary, in the NIR-II,
the transmittance values decrease slightly in the wavelength range of 1160—-1180 nm because

the influence of water absorption begins at those wavelengths.

The computer simulation and experimental results of ultrashort pulses passing through two-
and three-layer samples are consistent. This fact confirms the high accuracy of the simulation
method. Both methods show that 10-12% of the initial ultrashort-pulse radiation reaches the

upper layers of the brain cortex, passing through the skin and skull without overheating them.

The extent of overheating and skin damage can be assessed by measuring radiant exposure
and dose. According to the experimental study of different research groups, the minimum
visible skin lesion can be observed at the radiant exposure of 20-179 J/cm? [57]-[61]. The wide
range of values is due to the significant dependence of lesion on wavelength, average power,
laser mode, and exposure time. Table 2.1 shows the radiant exposure values for the minimum
damage of various samples, such as human, porcine, and Yucatan miniature pig skins,

experimentally found by multiple research groups [57]-[61].

Table 2.1. Values of radiant exposure for a minimum visible skin lesion.

Sample Type | Wavelength, | Power, Laser Beam Time, Radiant
nm W Mode Diameter, cm s Exposure, J/cm?
Human 1060 200 CW 1.05 1 20-80, Ref. [57]
Yucatan 1070 8.5 CW 1.9 10 112, Ref. [58]
miniature pigs
Yucatan 1070 4.3 Ccw 1.1 10 179, Ref. [58]
miniature pigs
Porcine 1314 0.2 Pulsed, 0.07 1 99-111,
350 us Ref. [59]
Yucatan 1319 1 CW 0.61 10 62, Ref. [60]
miniature pigs
Porcine 1319 15.4 Ccw 0.98 1 40.8, Ref. [61]

The significant differences in outcomes prompt quantifying radiation exposure and dose for
mouse skin lesions when the developed prototype laser irradiates samples. For these
purposes, the average power of the Ti:Sa laser with OPO was increased to 50 mW. The

parameters of the laser system for measuring skin damage are given in Table 2.2.

Minimum visible skin damage was observed only after almost three minutes of laser exposure
(dose of 24062 J/cm?), characterized by a gradual increase in light transmission through the

post-mortem samples.
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Table 2.2. Radiant exposure and dose for a minimum visible mouse skin lesion under 1080-1180 nm

radiation of developed prototype laser.

Average Pulse Repetition Beam Energy Radiant | Exposure | Dose,

Power, | Duration, Rate, Diameter, | Fluence, | Exposure, | Time, s J/icm?
W fs MHz cm ud/cm? Jlem?

0.05 300 78 0.03 1.8 141.5 170 24062

The light irradiation of the developed prototype laser system with an average power of 20 mW
and beam diameter of 230 uym that was used in the transmittance measurements
(Fig. 2.10-2.11), has an energy fluence of 1.2 pJ/cm? and a radiant exposure of 96.3 J/cm?.
The minimum visible skin lesion can appear only after 4 minutes of continuous laser irradiation
in the same focused spot of the size of 1 pixel. However, modern optical imaging has a
scanning speed of 1 pixel per few milliseconds or even femtoseconds [62], [63]. Therefore, this
level of laser exposure is much lower than the tissue damage threshold, and the developed

prototype laser can be safely used for ex vivo and in vivo experiments.
2.4 Conclusions

Light-tissue interactions for various mouse head tissues have been evaluated to develop laser
systems for potential biomedical research applications, such as brain imaging and therapy. A
comprehensive analysis of transmittance and diffuse reflectance spectral measurements was
performed in a broad spectral range from 350 to 2000 nm, demonstrating three tissue
transparency windows. The light-tissue interaction studies demonstrate the deepest

penetration through head tissues in the first and second NIR windows.

The optical transport coefficients have been calculated for all examined head tissues, including
skin, skull bone, and brain. These coefficients were subsequently used in computer simulations
to model the propagation of continuous-wave and pulsed laser light within biological tissues.
The theoretical calculations reveal that, for the 780 nm laser light, approximately 9% of initial
irradiation penetrates through the skin and skull, while for the 1190 nm wavelength, about 12%

of the incident ultrashort pulsed light reaches the brain cortex.

These findings are confirmed through experimental investigations of the light transmittance
characteristics of head tissues, demonstrating the high accuracy of the simulation model.
Furthermore, the experimental results illustrate the superior transmittance of ultrashort pulses
compared to continuous-wave light, indicating potential higher efficiency in thicker tissue

samples of other animals.

A prototype laser system operating within the first and second NIR regions has been
demonstrated to explore the effectiveness of light propagation within mouse head tissues. This

system holds promise for potential applications in a wide range of biomedical research areas,
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including optical imaging, blood flow monitoring, photodynamic therapy, and optogenetic

studies.
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Chapter 3

Optical Properties of Optogenetic Tools

[Pages 41-64 redacted from open access version including Figures 3.1, 3.2, 3.3,
3.4, 3.5, 3.6, 3.7, 3.8, 3.9, 3.10, 3.11, 3.12, 3.13, 3.14.]
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Chapter 4

Laser System for Optogenetics

4.1 Motivation

Optogenetics allows the monitoring and controlling of neuronal activity using genetically
engineered light-sensitive proteins expressed in neurons that can be modulated by light
sources, enabling the stimulation or inhibition of neurotransmitters [75]. However, modern
optogenetics approaches usually need the skull drilling and inserting an optical fibre into the
brain tissues to transmit light to certain parts of the brain cortex [142]. Figure 4.1 demonstrates

the stimulation of the neuronal activity in the mouse brain that leads to animal locomotion.

(b)

Iight-sensitive{ N
proteins —-\ =

W

Figure 4.1. Schematic representation of optogenetic neurostimulation. (a) Mouse before optogenetic
processing; (b) implementation of a cannula and injection of viral vectors or plasmids encoding
photosensitive proteins; (c) activation of neurons with light delivered via optical fibre; (d) termination of

neuronal stimulation.

The optogenetics process includes several stages, such as preparing the animal for the
optogenetics procedure, including anaesthesia and insertion of a cannula into the brain
cortex [143] (Fig. 4.1 (a)).

Depending on the type of disease, various genetic constructs express opsin/phytochromes
and deliver them to specific types of neuronal cells. This step includes the modification of
genetic constructs and introduction of viral vectors or plasmids into the animal body [144].
Usually, the genetically modified photosensitive proteins are expressed in neuronal cells
through peripheral exposure (Fig. 4.1 (b)).
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After three weeks, required for full expression of opsin/phytochromes within neuronal
cells [145], neurostimulation experiments continue with the delivery of light to the cortex via
cannula and optical fibres (Fig. 4.1 (c)) and stimulation or termination of neurons (Fig. 4.1 (d)).
The interaction of photons with the photoactuators induces conformational changes through
photoisomerisation, which result in the opening of channels or activation of pumps, influencing
the membrane potential of the neuronal cells [146]. Stimulated neurons initiate communication
with each other through neurotransmitters activating the functionality of specific brain areas.
The process of activation and termination can be repeated several times depending on the

type of photosensitive proteins.

Non-invasive optogenetics could be a breakthrough in the treatment of neurological diseases.
This method that does not require invasive surgical intervention can prevent tissue damage

and inflammation that exist in modern optogenetics.

One of the methods to realise the non-invasive optogenetics is using ultrashort pulse lasers
with a high peak power operating in the second near-infrared window (1100-1350 nm). The
light-tissue interaction study presented in Chapter 2, has shown that between 10% and 12%
of ultrashort pulse radiation can be delivered to the mouse brain cortex by passing through the
skin and skull (Fig. 2.11). Ultrashort pulses of this power should be enough to stimulate

neurons without damaging the surrounding areas [26].

Moreover, the demonstration of two-photon conversion of phytochrome in Chapter 3 (Fig. 3.7)
supports the potential use of light-sensitive proteins in optogenetics to treat various
neurological diseases using near-infrared laser sources. Therefore, a possible non- or minimal
invasive neurostimulation method involves using a NIR-Il femtosecond laser and phytochrome

as a light-sensitive protein expressed in neuronal cells (Fig. 4.2 (a)).

Phytochrome can be converted from the Pr to the Pfr state by linear light absorption in the
wavelength range of 630-690 nm and two-photon absorption at 1180-1360 nm
wavelength [26]. Passing through the skin and skull, 1180-1360 nm light of ultrashort pulsed
laser excites the phytochrome molecules, causing large-scale conformational changes in the
structure and switching the D-ring of biliverdin from cis to trans configuration due to two-photon
absorption (Fig. 4.2 (b)). The Pfr phytochrome connected to the neuron helps positively
charged ions enter the cell, which leads to signalling between neurons. Stimulation of neurons
could be stopped by returning the phytochrome molecule to the Pr state (Fig. 4.2 (c)). This is
possible when the phytochrome is illuminated with 740-780 nm light for a fraction of a
minute [130]. As this light operates in the first near-infrared window (700-1000 nm), it can

penetrate deeply through biological tissues.

Alternatively, the phytochrome could be converted to its original cis configuration by relaxation
in the dark after 8-15 hours. These cycles of phytochrome photoconversion (Fig. 4.2 (a-c))

could be repeated hundreds of times [96].
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The developed prototype of the laser designed for two-photon activation of phytochromes
(Fig. 3.4) demonstrates remarkable results, making it a promising laser prototype for non-
invasive optogenetics applications. The study of light-tissue interactions has revealed that
sufficient light irradiance can penetrate the skin and skull and reach the brain cortex, where

photoactuators can be expressed (Fig. 2.11).

However, the current laser setup, comprising a Ti:Sa laser combined with an OPA and
complicated cooling system, has a relatively high price, bulky design, numerous free-space
optical elements necessitating initial adjustments. Also, the system is sensitivity to humidity,
temperature changes and fluctuation of other environmental conditions. These factors prevent
the practical use of solid-state laser sources for potential biomedical and clinical applications

outside photonics laboratories.

neurons phytochrome biliverdin

Cis configuration

Figure 4.2. Schematic representation of phytochrome molecules expressed in neuronal cells and
photoconversion mechanism: (a) in dark conditions, (b) under 1180-1360 nm, and (c) 750-820 nm light

illumination.

For clinical applications, achieving non-invasive optogenetics demands compact, high-peak-
power laser systems operating at a wavelength between 1180 nm and 1360 nm. Such systems
should prioritise robustness, affordability relative to solid-state lasers, and long-term
effectiveness and stability while offering a user-friendly interface. A brief overview of potential

pulsed laser sources that meet these criteria is presented in the next section.
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4.2. Review of NIR-Il Pulsed Laser Sources

Laser sources operating within the NIR-II region are in great demand for applications in the
field of biomedicine. Various laser types have been developed to produce pulses within this

specific wavelength range.

As an illustration, semiconductor lasers utilising materials like GaAs and InAs have expanded
their coverage to encompass the entire second tissue transparency window [11]. Nevertheless,
apart from their cost-effectiveness and compactness, these lasers are characterised by their
sensitivity to elevated temperatures, electrical noise, restricted output power, and a shortened
operational lifespan attributable to material degradation. All these limitations result in

significant drawbacks for potential clinical applications.

Other sources like gas [2] or chemical [147], [148] lasers are characterised by narrow
wavelength tunability. In contrast to them, solid-state lasers can cover a wide range of
operating wavelengths, especially when they are combined with optical parametric oscillators
or amplifiers. However, crystal-based solid-state lasers such as Cr:forsterite [7], Nd: YAG [14],
or Ti:Sa [8] are very complex and expensive systems, primarily due to the need for cooling
systems and free-space optical components. These lasers are excellent tools for studying
biological samples in photonics laboratories but may not be suitable for use in hospitals or
clinical settings due to their bulkiness and cost. Figure 4.3 shows the laser sources operating
at the second tissue transparency window [2], [7], [8], [11], [14], [149]-[153].

Second Tissue Transparency Window

Diode (Galn)(AsP) M.-C. Amann, 2005
(Galn)(NAs) M.-C. Amann, 2005
Gas He-Neon | M. weber, 1909
Chemical lodine S.J. Davis et al,, 2023 |
. Cr:Forsterite C. Chudoba et al., 2001
Solid-State | 4. vaG Y. troon et i, 2012
(Crystal) Ti:Sapphire | J Suic, H. Jelinkova, 2013 ]
Pr-doped M.A. Saifi, 2001
Solid-State Bi-doped :lY- Wang et al. 2023] LA. Bufetov et al., 2010 [w.hiparapu etat, 2017
(Fibre) Er-doped+NLF frcasssfames stat, 201 [H.-Y. Wang et al., 2015] [ H Luoetal, 2017 |
Yb-doped+NLF D.A. Sidorov-Biryukov et al., 2010
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Figure 4.3. Review of pulsed laser sources, including fibre lasers with nonlinear fibres (NLFs),

operating at second tissue transparency window.

Finally, another category of solid-state lasers which is based on optical fibres doped with rare
ions instead of crystals as the gain medium, operates in NIR-Il. Compared to crystal-based
solid-state lasers, fibre lasers are much more economical, compact, and reliable since they do

not include many free space components and consequently do not require additional alignment
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of the optical elements. However, their development is also challenging due to the lack of

conventional rare earth-doped fibres for the wavelength range of 1100-1350 nm.

Fibre lasers and amplifiers have gained popularity, especially using Praseodymium, Bismuth,
Erbium, or Ytterbium-doped fibres, as these systems generate pulses in NIR-II due to nonlinear
phenomena in the optical fibres. This is possible through the integration of nonlinear elements
that enable wavelength shifting from primary rare-earth element emission wavelengths to
1100-1350 nm (Fig. 4.3, Section Doped Fibre) [149]-[154].

In 1994, M.J. Guy et al. [155] demonstrated the first 1302 nm ultra-short pulse laser based on
Pr-doped fibre (PDF). In their study, the PDF laser generated 620 fs pulses with an output
power of about 4 mW. However, the laser was not all-fibre and required a lot of space since
the PDF laser built with a figure-eight architecture was pumped by a laser source based on

Ti:Sa laser.

Y. Song et al. [156] demonstrated a ring subpicosecond fibre laser operating at a wavelength
of 1300 nm with a repetition rate of 3.18 MHz. They used a Pr-doped fibre as a gain medium
and carbon nanotubes (CNTs) as a saturable absorber (SA). The disadvantage of their system
is that CNT-saturable absorbers limit the maximum output power of lasers (1.67 mW) due to
their low thermal threshold [157]. This poses a significant issue since optogenetic applications

necessitate high-peak power to stimulate neurons by a two-photon absorption mechanism.

Another example is the multiwavelength Brillouin Praseodymium fibre laser [158], which
combines Pr-doped fluoride and a Brillouin gain media. The laser emission is generated
through stimulated Brillouin scattering (SBS). SBS is a nonlinear optical effect occurring in Kerr
medium, such as single-mode fibres (SMFs) [159]. When an intense pulse propagates through
this medium, the electric field itself can generate acoustic waves due to electrostriction, locally
changing the refractive index as it propagates through the medium. The light interacts with
these acoustic waves, causing a significant portion of its power to be reflected with an
additional frequency shift (about 10 GHz in quartz fibres). H. Ahmad et al. [158] built a tunable
laser source with a linewidth of 500 kHz and a power of 8 dBm as the Brillouin pump. When
the double-spaced multiwavelength signal started to be generated, a laser ring cavity was
disconnected by a micro-air gap, which attenuated Odd-Stokes due to Fresnel reflection,
resulting in the generation of 36 Stokes lines in 0.16 nm increments at a central wavelength of
1300 nm.

However, the Brillouin Praseodymium fibre lasers are complex systems that require careful
design and optimisation to achieve the necessary output parameters with a low repetition rate

and high peak power.

Bi-doped fibre is used in lasers that operate at various luminescence windows, namely
1050-1120 nm, 1150-1270 nm, 1250-1310 nm, 1300-1350 nm, and 1500-1800 nm. The

operating wavelength strongly depends on the rare earth element concentration and the type

D. Galiakhmetova, PhD Thesis, Aston University, 2023 69



of silicate present in the fibre core [152], [160]. Aluminosilicate, germanosilicate, and

phosphosilicate fibres are used for lasers operating in a wavelength range of 1100-1350 nm.

The example of a laser with a Bi-doped aluminosilicate fibre was demonstrated by
I.A. Bufetov et al. [161]. Two Ytterbium-doped fibre lasers operating at wavelengths of
1058 nm and 1085 nm were used as pump sources. Fibre laser with 12 m long Bismuth-doped
fibore (BDF) emitted an output power of 1 W at a wavelength of 1160 nm. They also
demonstrated another continuous-wave laser based on Bismuth-doped
germanophosphorosilicate fibre operating at a wavelength of 1318 nm [161]. In this work, the
BDF laser was pumped by the 1230 nm co-propagating Raman, providing an output power of
10 W with an efficiency of 37%. The same doped fibre with a length of 39 m was used in a
picosecond laser with a central wavelength of 1322 nm [162]. This pulsed laser was designed
with a linear cavity, including a semiconductor saturable absorber mirror (SESAM) and a
chirped fibre Bragg grating (FBG). The developed Bismuth-doped fibre laser (BDFL) generates

2.51 ps pulses with a repetition rate of 2.49 MHz and an average power of 0.3 mW.

In another all-fibre scheme, the mode-locked laser contained 25 m of a highly Bi-doped
phosphosilicate fibre as a gain medium [163]. The laser built on a ring cavity configuration was
pumped by a 1270 nm laser diode. At a pump power of 335 mW, the laser generates 3 ns
pulses with a repetition rate of 6.3 MHz. The central wavelength was 1340 nm, while the
maximum output power was about 3 mW. To increase the average power, the output was
connected to an amplifier with 100 m of Bi-doped fibre. The maximum average power after

amplification reached a value of 18 mW with a pulse duration of 2.5 ns.

Although Bismuth-doped fibres are a promising medium for fibre lasers and amplifiers, there
are still several challenges associated with low Bismuth concentration and high losses in long
fibres [152].

Er-doped fibres are commonly used in lasers operating at 1550 nm due to the high emission
peak at this wavelength. However, it has also been shown that Erbium-doped fibre (EDF) can
be used as a gain medium for lasers operating at a central wavelength of 1100-1300 nm if they

are combined with highly nonlinear fibres (HNLFs).

In 2015, H.-Y. Wang et al. [164] developed an EDF ring cavity seed laser and an EDF amplifier
with HNLF operating at a wavelength of 1190 nm. The all-fibre seed laser included two PCs,
polarisation-dependent isolator (ISO), and a 0.75 m long EDF pumped by a 980 nm laser
diode. This seed source generated 300 fs pulses with a repetition rate of 52 MHz, and an
average power of 170 mW at a central wavelength of 1550 nm. This signal was amplified in a
1.4 m EDF, followed by a 2.1 m single mode fibre, and compressed in a 1 m dispersion
compensating fibre (DCF). In the final stage, HNLF of about 20 cm allowed to shift the
operating wavelength from 1550 nm to 1190 nm, resulting in 125 fs pulses with a peak power

of 8.56 kW and an average power of 103 mW.
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Another example of a 29 fs Erbium-doped fibre laser with HNLF operating at a wavelength of
1315 nm was demonstrated by H. Luo et al. [153]. The oscillator source was a ring cavity laser
with a 1.4 m Er-doped fibre, a polarisation-dependent ISO, and PCs, ensuring a mode-locking
mechanism through nonlinear polarization rotation. Then, 95% of output power was
compressed into a 1.1 m long SMF. Following compression, the resultant parameters for
pulses were a duration of 82 fs, a central wavelength of 1593 nm with a bandwidth of 72 nm
and a fundamental frequency of 42.4 MHz. In the final stage, the compressed pulses moved
along a 24 cm long HNLF, where they underwent high-order soliton compression due to the
combined effects of self-phase modulation and anomalous dispersion (82<0), following which
the higher-order solitons were perturbed by higher-order dispersion and fission, emitting
dispersive waves in normal dispersion wavelength window. Fission followed by soliton self-
frequency shift (SSFS) caused the central wavelength to shift to 1315 nm, with a decrease in
output pulse duration to 29 fs and an average power of 2.6 mW. The central wavelength can

be shifted even to 1249 nm depending on the input power.

In 2019, Y. Qin et al. [165] developed a high-power femtosecond fibre laser at 1300 nm. They
used a ring cavity EDFL with a CNT-saturable absorber as an oscillator. The oscillator emitted
sub-picosecond pulses with a repetition rate of 53.48 MHz and an average power of 1.5 m\W.
As a result of the first amplification by EDFA, the output power was increased to 100 mW,
while the spectrum broadened to 38 nm due to the self-modulation process. Then, the pulse
generation was divided into two main parts: 90% of power for the signal seed and 10% for the
pump of the optical parametric chirped-pulse amplifier. The primary part of power (90 mW)
propagated through a 180 cm long SMF to compensate pulse duration to 80 fs and through a
5 cm long HNLF to generate a supercontinuum (SC) centred at a wavelength of 1300 nm which
was used as a signal seed source. With only 10% of power, the second arm was necessary to
amplify the 1543 nm pulse generation. This arm included a 5 nm bandpass filter, 1.6 km long
SMF, delay line, and second EDFA. The SMF was needed to generate down-chirp pulses,
while the delay line was required to synchronise both generation parts before the main
amplification stage. In the final step, combined pump and signal seed pulses were directed to
the Er/Yb doped double-clad amplifier in which 1543 nm pulse generation from the second arm
amplified the 1300 nm signal. After passing through a dispersion-shifted fibre (DSF), which
reduced the overall dispersion, the output signal at 1300 nm had a pulse duration of 306 fs, a

peak power of 37 kW, and an average power of 1.1 W.

Erbium-doped fibre lasers exhibit high optical conversion efficiency, stability, and reliability.
However, non-invasive optogenetics needs a laser source with a low average power and a
high peak power of up to a hundred kilowatts, which is possible in fibre lasers with low repetition
rates (1-10 MHz).

Ytterbium-doped fibre lasers are characterised by high efficiency, a broad emission spectrum

of 1030-1070 nm [154], and can provide high output powers to tens of kilowatts. One of the
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examples is the 100 ps YDFL with an average power of 22 W, demonstrated by P. Muniz-
Cénovas et al. [166]. Their laser had a Fabry-Perot cavity with 100% and 10% reflection fibre
Bragg grating-couplers and a 15 m long Ytterbium-doped fibre (YDF) pumped by 976 nm laser
diodes. The system was designed to generate pulses at a wavelength of 1061 nm with a
narrow bandwidth of 2 pm. However, the average power is too high to implement this laser

system for biomedical purposes.

Another possible method for generating mode-locked pulses in Yb-doped fibre lasers is using
a nonlinearly amplified loop mirror (NALM) [167], [168]. A.F.J. Runge et al. [167] demonstrated
a figure-eight laser that included a nonlinear amplifying loop mirror and a unidirectional ring
(UR) loop. Yb-doped fibres of different lengths in both loops compensated for cavity losses
and provided nonlinear transmission. The loops were made of PM SMFs and PM YDFs
pumped by 980 nm laser diodes through wavelength division multiplexers (WDMs). The UR
also included an isolator, a bandpass filter, and an output coupler. The laser system generated
120 fs pulses with a peak power of 7.5 kW and a repetition rate of 1.7 MHz at a central
wavelength of 1030 nm. This all-polarisation-maintaining fibre laser can be used as a master

oscillator for a laser system with an operating wavelength of 1100-1350 nm.

One way to shift the operating wavelength from 1030-1070 nm to the region of the second
tissue transparency window is using a soliton self-frequency shift. D.A. Sidorov-
Biryukov et al. [154] demonstrated a highly nonlinear photonic crystal fibre (PCF), which could
shift the operating wavelength from 1058 nm to 1400 nm. A 30 cm long PCF and a solid-state
Ytterbium mode-locked laser were used to produce 100 fs pulses with a peak power of around
1 kW and a repetition rate of 70 MHz.

Despite notable progress in laser technology, studies of NIR-II fibre lasers generating
femtosecond pulses at a low repetition rate are still ongoing. Therefore, it becomes essential
to innovate and create new sources of high-peak-power ultrashort pulse lasers to attain

robustness, stability, and effortless self-starting within the desired wavelength range.
4.3 Development of Compact High-Peak Power Fibre Laser

4.3.1 Master Oscillator

The primary conditions for a fibre laser operating at a second tissue transparency window are
high stability, minimal noise propagation, and a low repetition rate of the master oscillator to

achieve high peak power after the amplification stages.

The figure-eight master oscillator configuration is highly versatile and suitable for
accommodating various operational conditions. Seed lasers based on intracavity birefringent
elements, saturable absorbers, or reflectors have drawbacks such as the need for constant
polarisation control [169], laser power limitation due to low-temperature thresholds of saturable

absorbers [157], and optical spectrum modulation due to broadened reflections or a modeless
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behaviour [170]. Passive mode locking without these elements can be achieved within the
cavity by using a unidirectional loop together with a nonlinear amplifying loop mirror. There are
notable advantages to using this setup because the noise generated in the NALM can be
controlled by manipulating the dispersion within the laser cavity [171]. By changing the total
group delay dispersion, the amplitude of the noise can be reduced, improving the signal-to-
noise ratio [172]. This is beneficial for the precise tuning of the required laser parameters since
the overall dispersion response of the resonator can be easily controlled by adjusting the length

of the resonator or integrating dispersion-compensating fibres.

Figure-eight lasers with YDF NALMs feature self-mode locking, long-term stability, and an
operational central wavelength ranging from 1030 to 1070 nm [168]. This wavelength can be

transitioned into the 1200 nm range due to gain-managed nonlinearity effects.

Polarisation-maintaining fibres significantly contribute to the stability of the master oscillator by
reducing the laser sensitivity to polarisation changes due to bending, twisting, or environmental
stress on the fibre. PM lasers maintain the quality of the signal output parameters and
effectively balance the nonlinear phase shifts between polarisation modes. The schematic view
of the PM Yb-doped fibre laser with NALM and UR loop is shown in Figure 4.4.

PM 980 >0
I—
WDM UR BPF
NALM Coupler
70:30
Pump diode Coupler ISO
60:40 —
YDF

Figure 4.4. Schematic diagram of figure-eight Ytterbium master oscillator.

The nonlinear amplifying loop mirror includes a 2 m long 6/125 polarisation-maintaining
Ytterbium-doped fibre (Nufern, PM-YSF-HI-HP) pumped by a 976 nm butterfly laser diode
(UM96Z2440-76) via a polarisation-maintaining WDM. The NALM is connected to the
unidirectional loop by a 70:30 coupler with a PM980 fibre.

The UR loop includes an isolator, a bandpass filter (BPF), and an output coupler (60:40). The
isolator blocks the backward propagating light that causes destructive interference, while
bandpass filter selects a centre wavelength of 1064 nm, reducing noise, suppressing

spontaneous emission, and enhancing the resonant response of the loop cavity.

The NALM includes an additional 13 metres of PM980 fibre to achieve a low repetition rate
required for the laser application for two-photon conversion of light-sensitive proteins. The

developed laser exhibits excellent stability, operating with a repetition rate of 9.1 MHz.
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The repetition rate of the MO system can be further decreased up to 1 MHz by adding hundreds
of PM980 fibre, because pulses propagating through long resonators have a lower repetition
rate [150]. However, it leads to laser instabilities due to the influence of optical nonlinear
phenomena such as self-phase modulation (SPM) and stimulated Raman scattering (SRS)

inside long fibre cavities with normal dispersion.
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Figure 4.5. Laser characteristics of the master oscillator: (a) the optical spectrum with a central

wavelength at 1064 nm; (b) autocorrelation trace with a pulse duration of 3.6 ps.

The full width half maximum (FWHM) of the MO optical spectrum is 2 nm (Fig. 4.5 (a)), while
a pulse duration is about 3.6 ps (Fig. 4.5 (b)). The average power of the master oscillator is
1.4 mW. The output coupler is combined with an isolator to prevent the back reflection from

the amplifier stages.

A compact, environmentally stable mode-locked all-polarisation maintaining fibre laser with a
NALM and single pump module is developed for further amplification and wavelength shifting
from 1064 nm to the NIR-Il range. The following section will describe subsequent laser

amplifier and wavelength shifting stages.
4.3.2 Amplification and Wavelength Shifting Stages

To increase the average power of the master oscillator, following preamplifier and amplifier
stages are required in the laser system. A schematic representation of these stages is shown
in Figure 4.6.

In the preamplifier stage, to selectively amplify a specific wavelength while reducing the gain
of unwanted noise, a bandpass filter is installed after the master oscillator. The main element
of this pre-amplification step is a 6/125 PM Yb-doped optical fibre pumped by a 980 nm laser
diode. An optical isolator is included in the scheme to prevent back reflections from the
following amplification stages, which could damage vulnerable optical components in the pre-

amplification segment. The 99:1 optical coupler is used as a controller tool to measure the
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output power and optical spectrum of a femtosecond laser operating at a wavelength of

1064 nm after preamplifier stage.

Master Oscillator Preamplifier Amplifier, Wavelength Shifter
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Figure 4.6. Schematic diagram of 1170 nm fibre laser.

Increasing the pump power significantly affects the laser output power, amplifying it
approximately 43 times. The correlation between the input pump power and the output power

of the preamplifier is shown graphically in Figure 4.7.
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Figure 4.7. Dependence of the output power of the preamplifier on 980 nm laser diode pump power.

The increase of the 980 nm laser diode pump power from 60 mW to 255 mW correspondingly
enhances the output power of the 1064 nm fibre laser from 1.4 mW to 61 mW. As a result, the

pulse energy grows to 6.7 nJ, and the peak power reaches a value of 1.75 kW.

To meet the demands of biomedical applications requiring a high peak power while maintaining
low average power, the pulse repetition rate of the laser was decreased by incorporating a
pulse picker at the final stage. Despite the notable energy losses, worsening the signal-to-
noise ratio, and increased system complexity, an acousto-optic modulator (AOM) used as a
pulse picker in an amplifier offers the benefit of a tunable pulse repetition rate from tens of MHz
to hundreds of kHz.
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The AOM operating at 150 MHz (1060 nm) with a Gooch & Housego driver, a pulse picker
board (Evolase), and a photodetector (Hamamatsu) were integrated into the laser system. The
driver generates a short radio frequency signal that creates an acoustic wave within the
modulator crystal to deflect pulses in a specific direction. Selected pulses subsequently pass
through an aperture designed to block unwanted ones. The system offers real-time monitoring
and control of the laser repetition rate by periodically triggering the AOM. This pulse picker tool
effectively reduces the repetition rate of the fibre laser from 9.1 MHz to 608 kHz. The RF
spectra of input and output signal of pulse picker is shown in Figure 4.8 (a), while in
Figure 4.8 (b), the fundamental frequency (608 kHz) of the RF spectrum after pulse picker is
depicted.
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Figure 4.8. (a) RF spectra of the YDFL before and after pulse picker (PP); (b) fundamental
frequency (608 kHz) of the YDFL after pulse picker.

The final step includes the wavelength shift from 1064 nm to the second near-infrared region
required for two-photon phytochrome conversion. However, this process is challenging for an

all-normal dispersion mode locked YDF laser operating in a dissipative soliton regime.

The difficulty arises from the restricted availability of optical fibres with large core diameters
and anomalous dispersion characteristics within this wavelength range. For example, the
wavelength shifts through nonlinear mechanisms in fibres, such as soliton self-frequency shift,
result in a relatively small output pulse energy because the low damage threshold of the
available fibres limits the increase of pump power. However, the generation of redshifted high
peak power pulses is possible by generating short noise-like pulses (NLPs) based on a method

of cascaded Raman scattering.

Noise-like pulses typically occur as nanosecond-scale waveforms comprising an inner
structure with picosecond pulses characterised by irregular amplitudes and durations. A
nonlinear amplifier can be used to increase their emission energy and shift the spectrum
towards longer wavelengths. These simultaneous amplification and spectral broadening are
possible in Yb-doped fibres, where rare-earth dopants amplify the 1064 nm signal, while the

interaction of high-intensive light with dielectric medium results in nonlinear effects such as
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Raman scattering [159]. This phenomenon is characterised by the transfer of energy from input
photon to lower-energy photon (first-order Stokes wave), whose frequency difference is equal
to the vibrational excitation modes of the medium. For silica fibres, this frequency difference

typically does not exceed 13.1 THz.

When the first-order Stokes wave reaches a sufficiently high intensity, it has the potential to
trigger additional Raman scattering, giving rise to a second-order Stokes wave that is shifted
by the same frequency difference [173]. The energy transfer process and the generation of
higher-order Stokes wave can be iterated multiple times, continuing until the pump power has
a sufficient level to surpass a Raman threshold in the fibre. This phenomenon of cascaded
Raman scattering for the n th Stokes wave depends on the interaction between Raman gain
coming from (n-1) th Stokes wave and losses occurring due to the energy transfer to the
(n+1) th Stokes wave [174].

The amplifier and wavelength-shifting stage includes a 3 m long double-clad large mode area
Yb-doped PM fibre (PLMA-YDF-10/125-VIII, Coherent) pumped by a 10-W 976 nm laser diode
through a high-power combiner. The stimulated Raman scattering effect in the 10/125 Yb-DCF
fibre is noticeable with the increase of the pump power. Once the pump power surpasses 1 W,
a Raman threshold is passed, and pump energy converts to the Stokes wave energy, resulting
in the first-order Stokes wave appearing at a wavelength of 1114 nm. Further power increase
until 1.7 W leads to the growth of the amplitude of the first-order Raman component. A pump
power of 1.7 W stimulates the energy transfer to the appearing second-order Stokes wave
(1170 nm). At a pump power of 2.3 W, the second-order Raman component reaches maximum

intensity at a central wavelength of 1170 nm with a bandwidth of 80 nm (Fig. 4.9 (a), black

curve).
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Figure 4.9. Laser characteristics of 1170 nm fibre laser: (a) the optical spectrum before and after

1150 nm long pass filter (LPF); (b) autocorrelation trace.

The transition from optical fibre to free-space light propagation using a collimator allows the

laser output parameters to be preserved since the pulses can be modified and evolve during
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propagation in the fibre due to dispersion and nonlinear effects. An 1150 nm long pass filter is

added to neglect shorter wavelength components of NLPs (Fig. 4.9 (a), red curve).

The developed laser system based on YDFL and YDFA is a versatile source with a tunable
operating wavelength from 1064 nm to 1170 nm and a repetition rate from 0.6 MHz to 9.1 MHz.
Figure 4.9 (b) illustrates an autocorrelation trace featuring a distinctive noise-like pulse, where
a narrow spike is superimposed on a 5-ps baseline pedestal. The laser's average power is

250 mW, which relates to a pulse energy of 411 nJ and a peak power of 82 kW.
4.3.3 Laser Size Miniaturisation

One of the main benefits of fibre lasers is their remarkable compactness, allowing them to be
conveniently folded and occupy minimal space. The developed laser system, operating at a
wavelength of 1170 nm, is efficiently housed in a multi-tier shelving system inside a compact
box measuring just 34 cm x 46 cm x 46 cm. Figure 4.10 demonstrates the developed NIR-II

laser in its robust metallic case.

Figure 4.10. Compact laser source operating at a wavelength of 1170 nm.

This small and portable laser system can be easily relocated to biological laboratories or
medical research institutes, where it finds applications in exploring light-sensitive proteins or

conducting in vivo optogenetics studies on animal samples.

4.4 Conclusion

The developed fibre laser is a robust, compact, and tunable source, offering versatile utility
across biological and medical applications such as coherent tomography, low speckle, and
multiphoton imaging in which light penetration into biological tissues is essential. Its operational
wavelength can range from 1064 nm to 1170 nm, covering part of the second tissue
transparency window. The laser system effectively competes with Ti:Sa laser and OPO/OPA
systems regarding laser output performance in the NIR-Il range and outperforms crystal-based
solid-state lasers in compactness and cost-effectiveness. Moreover, the fibre laser is superior

to gas and liquid lasers due to a tunable range of operating wavelengths and to semiconductor
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lasers due to reliability and robustness to changing environmental conditions such as

vibrations or temperature fluctuations.

The compactness (34x46x46 cm) and portability of the system ensure that it can be effortlessly
transported without concerns of potential damage. Its design, which minimises the need for
optical adjustments through the reduced use of free-space optical elements, and its user-
friendly interface for controlling the laser pump diodes via a laptop application establish the
developed EDFL as the ultimate laser source choice for medical and clinical studies of

biological samples or animals.

The tunable repetition rate can extend to lower values (608 kHz), resulting in the generation of
high-peak pulses with minimal average power. The significance of maintaining a low average
power is necessary to prevent tissue overheating, damage, or shrinking [3]. High peak power
is essential for facilitating two-photon processes, which enable precise stimulation,

manipulation, or control of specific target cells.

As shown in Chapter 3 (Subsection 3.5), the minimum laser energy fluence required for the
two-photon conversion of Deinococcus radiodurans phytochrome is 41 mdJ/cm?. The
preliminary estimations show that the developed laser with an average power of 250 mW
focused through a lens (F=50 mm) should deliver the required energy fluence to brain tissues
through the skin and skull without overheating. Since the laser beam will be focused on the
brain cortex, the beam diameter on the skin surface will be around 840 um. With the average
power of 250 mW, the energy fluence of light onto the skin will be 0.15 mJ/cm?. Figure 4.11

shows how a focused laser beam can pass through the skin and skull.
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Figure 4.11. Schematic representation of light propagation through biological tissues and reaching a

brain cortex.

The transmittance measurements of skin samples demonstrated that only 41% of initial
average power passes through 0.5 mm mouse skin samples (Subsection 2.3.4). As a result,
an average power of 102 mW will reach the mouse skull. At the same time, the beam diameter

will experience a decrease to 450 um, leading to an energy fluence of 0.21 mJ/cm?.
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After propagating through the skin and skull, only 12% of initial power (~30 mW) will reach the
brain cortex. Since a focused beam spot will be small enough (D~18 um), the energy fluence
can get the required value (41 mJ/cm?) for potential non-invasive neurostimulation by two-

photon conversion of phytochrome.

As shown in Subsection 2.3.4, minimal tissue damage begins at laser radiation doses greater
than 24062 J/cm?. If the exposure time is less than 1 s, laser light can be delivered to the brain
cortex through the skin and skull without adverse effects such as heating or damage. In this
case, the dose to the skin and skull will be no more than 90 J/cm? and 128 J/cm?, respectively.
For the brain cortex, due to the small diameter of the beam, the dose can reach 23590 J/cm?,

which is still less than the tissue damage threshold but close to the initiating lesion.

This effect can be mitigated by reducing the average power lever, which is possible by using
two or more laser beams that will pass through the skin and skull at different points and focus
on the same place in the brain cortex or deeper layers of the brain. Besides minimally invasive
neurostimulation, which involves cutting the skin and passing light only through the skull,
another method is to increase the transmission of light through the skin. This is possible
through tissue clearing using special chemical techniques that make biological samples

“transparent” [29].

The laser system opens the potential for advancements in biomedicine, particularly in non- or
minimally invasive therapies for neurological disorders. The laser operating wavelength is well-
matched for the two-photon activation of a range of photoactuators (Fig. 3.1), including VChR1,
NpHR, ReaChR, Jaws, and PhyB, which can require less laser energy fluence for the
stimulation of two-photon conversion process and, therefore, less average power. For
example, Deinococcus deserti phytochrome needs twice smaller laser energy fluence

(18 mJ/cm?) to begin 2P conversion from the Pr to the Pfr state [26].

Applications of the developed laser encompass various uses, such as exploring the nonlinear
optical characteristics of novel optical materials, studying two- or three-photon conversion, and
analysing fluorescence emissions of proteins applying as biosensors, markers, or optogenetic

tools.
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Chapter 5

Laser Source for Multimodal Cancer Diagnostic

5.1 Motivation

According to the World Health Organisation, more than ten million people die due to cancer
every year in the world [175]. This term includes a large group of diseases that influence
different parts of the body. The most prevalent types are breast, lung, colorectal, prostate,

stomach, and brain cancers.

A common characteristic among various types of cancer is their tendency to present higher
probability rates with a person’s age [176]. In age groups under 20 years old, only one of 4000
examined people has a cancer diagnosis [177]. The risk factor significantly increases for
people who are older than 60 years. In this case, every hundredth respondent has a cancer
diagnosis. As global life expectancy continues to rise, having reached an average of 73 years
in 2023 [68], the challenge of managing an increasing population of individuals with cancer

tumours has emerged as a significant healthcare concern on a global scale.

The early detection of diseases can play a pivotal role in addressing this issue, as any delay
in initiating cancer treatment, even as short as 12 weeks, noticeably impacts the likelihood of

a patient’s survival and consequently influences the global prognosis [178].

One of the most widely used methods for determining pathology is the optical one [179]. The
presence of cancer affects changes in tissue morphology and metabolic activity that can be
recognised by biocimaging [180]-[182]. Compared to traditional methods such as screening
tests, biopsy and blood tests, modern imaging studies based on laser sources have
advantages such as non-invasive detection and high resolution of the biological tissues and
tumours. These benefits lead to the popularisation of the development of the laser as a light

source in cancer detective devices.

Laser sources operating within the biological windows show significant potential as imaging

tools for biological tissues. These near-infrared tissue transparency windows possess
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remarkable attributes, facilitating the deep penetration of laser radiation for effective cancer
visualisation applications. In these wavelength regions, the light absorption by water, oxy-,

deoxygenated blood, and fat is minimal [24].

The first window of this spectral region covers 700-950 nm wavelength. Experimental and
computational results confirm that lasers operating in the NIR-I achieve imaging depths greater

than those possible in the visible range (Fig. 2.3) [183].

Currently, this is the most common optical window for imaging and photodynamic therapy
applications due to the availability of high-power laser sources such as Cr:forsterite, Ti:Sa,

operating at these wavelengths (Fig. 1.1).

Furthermore, these wavelengths enable the excitation of a diverse array of biomarkers.
Various fluorophores, including nanoparticles engineered to fluoresce under near-infrared
light, are widely employed in applications such as bioimaging and photodynamic
therapy [184], [185]. Additionally, the utilisation of fluorescent proteins (Fig. 3.1) activated
through two-photon excitation permits precise targeting imaging at tissue focal points,
effectively mitigating the risk of photodamage and photobleaching in the surrounding
areas [133].

Three- and multiphoton excitation of naturally occurring fluorescent molecules like flavins
enables the realisation of fluorescence imaging without the need for additional contrast
agents [186]. This advancement facilitates the ability to visualise multiple cellular structures or

molecules with distinct excitation wavelengths within a single experiment [187].

Femtosecond pulsed lasers operating in the first tissue transparency window find application
in various biomedical fields, including microscopy and optical coherence tomography. They
have emerged as a non-invasive and painless approach for conducting tissue studies, both

ex vivo and in vivo.

The second biological window is located between blood and water absorption peaks
(1100-1350 nm). OCT systems utilising 1300 nm laser sources showcase 2D and 3D imaging
of the mouse brain with depths exceeding 1 mm [188], [189].

The third near-infrared tissue transparency window is located between two high water
absorption peaks and covers a wavelength range from 1550 nm to 1870 nm. Laser sources
operating at these wavelengths can effectively penetrate biological tissues, such as cancer
tumours, and can be applied in morphological tissue imaging using three-photon fluorescence

of naturally existing fluorophores such as collagen, keratin, and lipofuscin [190].

Moreover, the third tissue transparency window offers higher contrast images compared to the
second window, because longer wavelengths have reduced Rayleigh and Mie
scatterings [111], [191]. For instance, at a penetration depth of 1.1 mm, the signal-to-noise
ratio is approximately 5 dB at 1700 nm, while it is 0 dB at 1300 nm [189]. This implies that the
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longer wavelength provides an improvement in image quality, resulting in enhanced contrast.
Laser sources operating at a wavelength range of 1550-1870 nm can be used in various

promising optical techniques applicable for medical purposes.

The second advantage of using a pulsed laser with a 1550-1870 nm wavelength is the
possibility of doubling the frequency of laser radiation to operate in the first biological window.
An ultrashort pulsed laser operating at a wavelength range between 800 nm and 935 nm can
offer fluorescence imaging of metabolic activity indicators [192]. Understanding tissue
metabolism and molecular fingerprinting at the cellular level can aid in early detection, therapy

monitoring, and pathology characterisation.

The multimodal imaging technique based on the NIR-Ill laser and second harmonic generation
at the NIR-I spectral region could be used for cancer diagnosis and therapy monitoring since
light can penetrate deeply into the tissues due to low water absorption and optical scattering

at these wavelength regions [193].
5.2 Review of NIR-IIl Pulsed Laser Sources

[Section 5.2, pages 83-91 incl. Figure 5.1 redacted from open access version]
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5.3 Development of Compact 1700 nm Laser Source

In comparison to solid-state lasers, fibre lasers operating at a NIR-Ill wavelength range are
preferable sources for biomedical applications. They satisfy main requirements such as

robustness, stability, compactness, and minimal realignment.

The development of a fibre laser source operating at a wavelength of 1700 nm and doubling
frequency at a wavelength of 850 nm divides into four main parts: development of master
oscillator, power amplifier, soliton self-frequency shift stage, and second harmonic generation
(SHG) stage (Fig. 5.2).

All-PM Erbium Soliton Self- Second Harmonic
Power

Fibre Master |= Amplifier (PA) =| Frequency Shift |= Generation
Oscillator (MO) P (SSFS) Stage (SHG) Stage

Figure 5.2. Schematic diagram of main stages of 1700 nm fibre laser with SHG stage.
5.3.1 Master Oscillator

To develop a 1700 nm fibre laser, it is important to focus on creating a master oscillator that
possesses two essential characteristics: self-starting capability and high pulse stability. The
most promising candidate that satisfies both requirements is a figure-eight all-polarisation-
maintaining Er-doped fibre laser with a NALM. This choice is motivated by the fact that fibre
lasers with NALM exhibit a higher stability level than fibre lasers based on saturable absorbers.
Traditional saturable absorbers like SESAMs, as well as alternative options such as CNTs,
graphene, black phosphorus, and topological insulators, have inherent limitations in terms of
their intracavity power capacity, primarily due to their relatively low damage thresholds [157].
An all-PM Er-doped fibre laser without SAs is a robust system capable of sustaining higher
intracavity power levels. It provides environmentally stable mode-locked laser operation

insensitive to thermal and mechanical stress.

Figure 5.3 shows the all-PM fibre laser that has been developed using a nonlinear amplifier

loop mirror scheme.

Pump diode Pump diode

PM 1550 DCF

Coupler
60:40

BPF (Coupler ISO
EDF 90:10

Figure 5.3. Schematic diagram of figure-eight master oscillator.
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The advancement of NALM-based pulsed lasers offers notable advantages, primarily because
the mode-locking technique does not need any specialised components within the cavity. The
nonlinear amplifier loop mirror consists of a 60 cmlong PM EDF (ER80 4/125 HD PM),
pumped at 980 nm wavelength by a laser diode through a WDM. The WDM has a blocked fast
axis of polarisation. The optical field from the NALM is launched into the unidirectional loop via
the coupler with a splitting ratio of 60:40 and blocked fast axis of polarisation. The UR loop part
has the twice shorter PM EDF than in NALM. The second laser diode at 980 nm combined
with a fused WDM was used to pump the EDF added in the UR to provide gain. The purpose
of the PM isolator within the UR is to ensure the propagation of radiation in a unidirectional
manner. Additionally, a bandpass filter is implemented in the UR loop to filter the spectrum,
while a coupler with a ratio of 90:10 is used to extract a fraction of the power circulating within
the cavity. To reduce the repetition rate to 10.94 MHz, a 5 m long PM 1550 fibre is incorporated
into UR. The total net dispersion of about 0.1 ps? is achieved using 3 m of dispersion
compensating fibre (PM2000D, Coherent) in both the NALM and UR loop sectors of the
system.

The self-starting process of the seed laser begins when the pump power reaches 350 mW in
the main laser diode and 350 mW in the NALM loop laser diode. Once initiated, the pump
power is gradually reduced to 75 mW in the main loop and 100 mW in the NALM loop,
establishing a pulse regime characterised by enhanced stability. In this configuration, the

average output power is 1.5 mW.

The radio frequency (RF) spectra from the laser output were measured by the RF spectrum
photodetector and analyser Rohde & Schwarz FSP. The fundamental repetition rate is
10.94 MHz. Figure 5.4 (a) shows the RF measurement with a span of 850 Hz and a resolution
bandwidth (RBW) of 10 Hz, while Figure 5.4 (b) depicts the RF spectrum with a span of
0.5 GHz and a resolution of 100 kHz. A clean, noise-free RF spectrum proves the quality of

the developed all-PM figure-eight master oscillator.
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Figure 5.4. Radio frequency spectra with following parameters: (a) span: 850 Hz, RBW: 10 Hz and
(b) span: 0.5 GHz, RBW: 100 kHz.
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The optical spectrum of MO with a FWHM of approximately 6 nm centred at a wavelength of

1550 nm is shown in Figure 5.5 (a). The autocorrelation trace after MO is shown by black line
in Figure 5.5 (b).

The autocorrelation trace after the master oscillator stage is approximately 1.7 ps. However,
to mitigate the potential nonlinear effects that may arise in the preamplifier and amplifier
stages, the pulse is stretched in a 60 m long PM dispersion-tailored fibre (Coherent,
PM2000D). Implementing the fibre for pulse stretching increases the pulse duration to 21 ps.

In Figure 5.5 (b), the red line shows the autocorrelation trace after pulse stretching in
dispersion-tailored fibre.
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Figure 5.5. Laser characteristics of MO: (a) spectral FWHM of 6 nm; (b) autocorrelation traces of initial

pulses of MO (black) and pulses stretched by 12 times (red).

To prevent back reflection and protect the seed laser from the generation of further amplifying
stages, a PM isolator is installed in the output of the scheme. Moreover, an additional bandpass
filter centred at 1550 nm was implemented to cut long tails of the pulse and avoid the

amplification of spontaneous emission. A schematic diagram of the modified master oscillator
is shown in Figure 5.6.

Pump diode Pump diode

PM 1550 DCF
UR

Coupler 90:10

EDF
Coupler

60:40

EDF Pulse

Stretcher

BPF

Figure 5.6. Schematic diagram of modified MO with output pulses stretched by 12 times.
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5.3.2 Preamplifier and Amplifier

The following two stages are the Er-doped fibre preamplifier and amplifier. The preamplifier
consists of 2 m long Er-doped fibre (Er30-4/125) pumped by the third 980 nm laser diode with
a maximum output power of 450 mW. Figure 5.7 depicts a schematic view of the developed
preamplifier and amplifier. When the pump power reaches the value of 250 mW, the average

output power is 40 mW.

Preamplifier Amoplifier

Pulse
compressor

Coupler

Figure 5.7. Schematic diagram of preamplifier and amplifier stages.

After preamplification, the pulses pass through BPF and isolator with a blocked fast
polarisation axis. The bandpass filter helps to avoid amplification of noises, while the isolator
prevents back reflection from the amplifier. The amplifier comprises a 2 m long, polarisation-
maintaining double-clad Erbium/Ytterbium fibre (PM-EYDF-10/125, Coherent) that is pumped
by a high-power 980 nm laser diode, capable of delivering a maximum output power of 10 W.

Pre-amplified generation and 980 nm light are combined in a high-power PM combiner.

1.2
(a) (b)-151 Aom
/t |" v‘
1.0 1 -20- A N
_ ° W
—~-25- f
20381 E A %
5 @ -30 / \
g = N A
306 2-35- " \\
- 2 e 1
S04/ g4 N W
=454 | \
o p \
0.2 504 | \
| \
554 [V
O-O_ T T T T T T T T ’/I\/ T T T l\.“
0o 1 2 3 4 5 6 7 8 1540 1545 1550 1555 1560

Pump power (W) Wavelength (nm)

Figure 5.8. (a) Output power dependence on pump power; (b) the optical spectrum of pulse generation
amplified until 1.1 W.

In the amplifier stage, the input power of the laser diode does not exceed the value of 8 W to

avoid damage to the PM combiner. At this pump power level, the amplifier achieves a
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maximum average output power of 1.1 W, which scales linearly with pump power, indicating
the potential for amplification up to the highest possible value. The dependency of the output
power from the main amplifier on the pump power is illustrated in Figure 5.8 (a). The optical

spectrum of pulse generation after two stages of amplification is shown in Figure 5.8 (b).
5.3.3 Pulse Compression

Following the amplification stage, the pulses undergo further processing to achieve pulse
compression. The amplified pulses pass through a half-wave plate (HWP), a pair of
transmission gratings with a density of 1200 lines per millimetre, and a roof mirror (RM). HWP
is used to rotate linearly polarised light and reduce grating pair losses that depend on light

polarisation. The schematic diagram of the pulse compressor stage is shown in Figure 5.9.
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Figure 5.9. Schematic diagram of 1700 nm femtosecond laser with second harmonic generation at a

wavelength of 850 nm.

To compensate for the temporal broadening experienced by a pulse as it propagates metres
of fibre with normal dispersion and to counteract the distortion arising from the time delay
among various spectral components travelling at varying speeds, a pair of gratings is
introduced into the setup. These gratings diffract the pulses, affording precise control over their

temporal characteristics.

A Treacy configuration induces negative dispersion by using a difference between the length
of optical ways for various wavelengths. Initially, the first grating disperses incident light into
various wavelengths, each following a distinct path to address the variation in their propagation
speeds. Shorter wavelengths pass shorter paths, whereas longer wavelengths travel longer
optical paths [244].

The light passing through the second grating results in a spatially incoherent beam. A roof
mirror is integrated into the system to manipulate spectral components further. This mirror
reflects the dispersed spectrum, doubling the optical path difference among the components.
This scheme effectively compensates for the pulse broadening and resulting in a narrower

pulse width. As a result of this process, the pulse duration is significantly reduced from 35 ps
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to 660 fs (Fig. 5.10 (a)), leading to a highly compact and intense pulse output with an average
power of 920 mW and a repetition rate of 10.94 MHz.
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Figure 5.10. (a) Autocorrelation trace of the compressed pulse corresponding to the average output

power of amplifier ~ 1 W; (b) optical spectrum at the output of PCF LMA with launched 660 fs pulses.
5.3.4 Soliton Self-Frequency Shift Stage

The next step is to shift the central wavelength of the laser system. Various methods, based
on the nonlinear effects exhibited by optical fibres, are available to achieve a redshift of the
wavelength from 1550 nm to the range of 1630-1700 nm. For example, in a soliton self-
frequency shift, during propagation through a fibre, a soliton undergoes a change in its central

frequency due to intrapulse Raman scattering.

However, standard SMF has a relatively high nonlinearity, which is a barrier to reaching output
energy in the nanojoule scale required for bioimaging applications [245]. The desired pulse
energy level and wavelength shift of a hundred nanometres can be achieved by carefully

selecting fibre properties, including nonlinearity and dispersion coefficients.

For the SSFS effect, a large mode area photonic crystal fibre (PCF LMA-20, NKT Photonics)
was chosen with dispersion coefficients B,=-37 ps?/km and B3=0.15 ps’/km at 1550 nm. The
distinguishing feature of large-mode-area fibres is their low nonlinearity, which allows the
generation of pulses with high energy [245]. In addition, PCF LMA offers the advantages of

low bending losses and substantial tuning of the wavelength shift [246].

Since the wavelength shift caused by SSFS in PCF LMA requires a sufficient level of pulse
energy, which depends on the polarization of the light [247], a QWP was added to the laser
setup before the PCF LMA fibre. QWP creates elliptical polarization, which allows the
generation of a higher power in the fibre than linear polarization at the same wavelength. The

schematic representation of the optical components in the SSFS stage is shown in Figure 5.9.

Pulses with a central wavelength of 1550 nm and a duration of 660 fs are launched into the
LMA fibre through a collimator. High-order solitons, propagating through PCF LMA, experience
perturbation inside the fibre, which leads to the soliton fission phenomenon [231]. High-order

solitons decay into fundamental solitons of different widths with initially a central wavelength
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of 1550 nm. Intrapulse Raman scattering leads to the SSFS effect, shifting the highest-order
fundamental soliton central wavelength to up to 1700 nm. The spectrum at the output of PCF
LMA with launched 660 fs pulse with the peak power of 24 kW is shown in Figure 5.10 (b).

Using a 1600 nm LPF filters the optical spectrum, reducing the peak at 1550 nm. The optical
spectra of soliton self-frequency shift in a 1 m long of LMA-20 fibre, as a function of the input
power, are shown in Figure 5.11 (a). At an average pump power of 221 mW, the central
wavelength of the output spectrum is at 1625 nm with a soliton duration of 165 fs and an

average power of 55 mW (Fig. 5.11(a), button figure).
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Figure 5.11. Optical spectra after (a) the SSFS stage and (b) the corresponding SHG stage with the

indication of pulse duration, pump, and output power.

Notably, with anomalous dispersion, the SSFS effect is more significant for the shortest
solitons, expanding the pulse spectrum to the red side. The increase in pump power influences
the SSFS, causing a gradual reduction of the pulse duration and shifting towards longer
wavelengths. Increasing the pump power to 321 mW, the central wavelength is shifted to
1700 nm, accompanied by an average output power of 107 mW, while the pulse duration
reduces to 91 fs. The relationship between the laser pulse duration, the output power, and the

operating wavelength in the SSFS stage is shown in Figure 5.12.
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Figure 5.12. Relation between soliton central wavelength, soliton duration and output power in the
SSFS stage.

5.3.5 Second Harmonic Generation Stage

The final stage of the laser is the second harmonic generation. SHG is a nonlinear
phenomenon of frequency doubling, which occurs when two incident light photons pass
through an optical medium with second-order nonlinearity, combine their energy, and generate
a new photon with double frequency [248]. This process can be used in materials where the

refractive index changes as the light propagates at different frequencies.

If a crystal has no constant phase matching between the incoming and generated photons,
they can destructively interfere with each other, limiting the number of output photons as shown
in Figure 5.13 (a).

(a) (b)

Generated Photons

1675 nm

Nonlinear crystal PPLN crystal

Figure 5.13. Second harmonic generation in (a) no phase matching nonlinear crystal, (b) quasi-phase

matching PPLN crystal.

To address this issue, phase matching is achieved in a periodically poled lithium niobate
crystal, an engineered quasi-phase-matched material [249], [250]. This crystal features
periodic poles with opposite electric dipole moments. When incident photons pass through
these poles, they generate new photons with a 180° phase shift. This arrangement ensures a
consistent phase match between the incident and generated photons. By selecting an

appropriate poling period for the crystal, tailored to a specific wavelength, it becomes possible
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to maximise the production of non-interfering generated photons, thereby optimising the

efficiency of the nonlinear second harmonic generation process (Fig. 5.13 (b)).

This stage includes free-space optical elements such as collimation lenses, a long-pass filter,
quarter- and half-wave plates, PPLN crystal, and dichroic mirrors. A schematic diagram of the

SHG stage is illustrated in Figure 5.9 (SHG stage section).

The filter operates by selectively attenuating the intensity of wavelengths below 1600 nm. In
combination, the QWP and HWP transform elliptical polarisation into linear polarisation and
adjust its orientation, aligning the polarisation axis of the incident light with the dipole moment
of the PPLN crystal. This alignment is crucial for effectively using the nonlinear characteristics
of the PPLN crystal.

The main element in the frequency doubling stage is the PPLN crystal that uses the second-
order nonlinear effect to efficiently double the frequency of incident light. The crystal’s periodic
poling structure, with alternating regions of opposite polarisation, creates the phase-matching
condition necessary for the conversion of two photons from the fundamental frequency into

one photon at double frequency.

The 0.3 mm long PPLN crystal with a poling period of 20.6-23.3 um is designed to efficiently
convert a fundamental wavelength of 1700 nm to second harmonic generation, resulting in a
wavelength of 850 nm. The optical spectra of the fundamental frequency with a central
wavelength from 1625 nm to 1700 nm and the corresponding spectra of SHG (812-850 nm)

are shown in Figure 5.11 (a) and (b), respectively.

The developed SHG stage enables the generation of sub-180 femtosecond pulses within the
wavelength range of 812-850 nm and an average output power of 18-56 mW, respectively.
The relation between pulse duration, wavelength, and output power of the SHG stage is shown

in Figure 5.14.
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Figure 5.14. Relation between soliton central wavelength, soliton duration and output power in the
SHG stage.
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The developed system, operating at the wavelength of 835 nm, was tested on the pulse
stability for 5 hours. Figure 5.15 demonstrates the long-term stability of the femtosecond

generation with an output power of 50.3£1.0 mW.
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Figure 5.15. Time-dependence of the output power of the developed laser operating at 835 nm

wavelength.

The laser system operates within the first and third biological windows with a repetition rate of
10.94 MHz and an average power of up to 56 m\W (at 845 nm) and up to 107 mW (at 1700 nm).

5.4 Conclusion

The developed fibre laser system demonstrates a stable sub-170 fs pulse generation with an
average power of 107 mW within the third biological window. The use of a soliton self-
frequency shift technique provides a spectral tuning range from 1625 nm to 1700 nm with a

pulse energy of up to 10 nJ at a repetition rate of 10.94 MHz.

Moreover, the use of a PPLN crystal in the process of second harmonic generation has
exhibited a conversion efficiency of 54% and achieved an output power of up to 56 mW. The
laser system, operating in the spectral tunability range of 815-850 nm, has a pulse duration of
less than 180 fs.

These advances pave the way for advanced cancer diagnostics based on multimodal imaging,
where the developed laser system plays a crucial role. This laser system offers the necessary
1700 nm and 850 nm wavelengths for the biomedical applications in the third and first tissue

transparency windows, respectively.

An accurate and comprehensive multiphoton imaging technique of fluorophores requires a
peak power density level of MW/cm? [251]-[253], which can be achieved by focusing the laser
beam into a spot with a diameter of 0.26 mm, assuming that the average power of the

developed laser is 0.5 mW, a pulse repetition rate is 10.94 MHz, and a pulse duration of 170 fs.
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However, the exposure time should be no more than a few seconds to avoid fluorophore
bleaching. This condition is driven by an estimated dose that can be delivered to the sample
in 5s (9.4 J/cm?) since the bleaching threshold of most fluorophores is in the dose range of
18-200 J/cm?. For example, eGFP experiences photobleaching at a dose of 200 J/cm? when
irradiated by a 488 nm light [254], while cyanine dye loses 50% of the fluorescence emission
intensity under a dose of 135 J/cm? which was observed after 30 minutes of irradiation by
661 nm light with a power density of 75 mW/cm? [255]. According to D. Vivo et al. [256],
collagen can experience fluorescence photobleaching by 30% when irradiated for 6 minutes
with a 532 nm laser with a pulse energy of 15 mJ (dose of 18 J/cm?). However, since scanning
multiphoton images typically takes microseconds or milliseconds per pixel, such laser

irradiation does not cause bleaching of the fluorophore [257].

The femtosecond fibre laser has several advantages over traditional crystal-based solid-state
lasers. Its compactness and light weight make it a promising lighting system for various
biological and medical applications where space and weight constraints are essential. The
system’s environmental robustness, cost-effectiveness, and ease of triggering mode-locking
without complex element adjustment make it the most attractive laser source operating at
1700 nm. This makes it very suitable for mass production and integration into optical

instruments for hospital applications, for example, for detecting early-stage bladder cancer.

The laser source exhibits exceptional stability and performance, consistently generating stable
femtosecond pulses for a prolonged duration of at least 5 hours. These remarkable
achievements confirm its suitability for clinical applications in the field of early diagnosis of

cancer.
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Chapter 6

Overall Discussion, Conclusions and Future Works

6.1 Discussion and Conclusions

Laser methods and technologies are widely used in biomedical research, clinical diagnostics,
and therapy. Its versatile application extends to various fields, including medical research,

dentistry, dermatology, angiology, ophthalmology, neuroscience, and oncology.

This thesis presents the studies of complex dynamics of light-tissue interactions and the optical
characteristics of light-sensitive proteins suitable for use as optogenetic tools and biomarkers.
In addition, the work includes the development of laser systems designed to facilitate biological

research, neuronal stimulation, and cancer diagnostics.

The design of laser systems and photonic instruments highly depends on the specific
requirements of biomedical applications. Many issues need to be addressed before the
practical development of optical sources for diagnostic or therapeutic instruments. That
includes the determination of the optimal operating wavelength, laser modes and output
parameters; the impact of the laser on biological tissues and surrounding areas, considering
how it can be changed with various exposure times. Moreover, the laser source should be
designed with the understanding that the end user is a medical specialist with average
knowledge in optics and photonics working in the biological laboratory or clinics. Therefore,
the system should be user-friendly and stable under environmental conditions such as
temperature, humidity, and vibration fluctuations. It is necessary to evaluate the convenience
of the design and physical dimensions of the laser system and the need to replace and adjust
optical elements. These critical considerations form the basis for developing laser systems for

biomedical applications.

Before developing the compact laser sources for neurostimulation, detailed studies of light
interaction with post-mortem mouse head tissues were performed. The spectrophotometry
technique was used to measure transmittance and diffuse reflectance spectra of mouse skin,

skull, and brain samples and to discover their light propagation coefficients for the following
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computer modelling. The simulated penetration depths of all studied samples reached the
maximum values in the second tissue transparency window. There are 3.7 mm, 3.8 mm, and

1.9 mm for the mouse skin, skull, and brain, respectively.

A NIR-II optical system with aligned CW and pulsed laser beams was developed to
experimentally compare the propagation of continuous-wave light and femtosecond pulses
through biological tissues. This study showed that laser irradiation in the femtosecond pulsed
mode exhibited better propagation through the brain and skull, showing improvements of 1.5%
and 4% compared with the CW mode. In the wavelength range 1080-1180 nm, the pulse
transmittance through single-layer skin, skull and brain pulses reaches 47%, 59% and 21%,
while in the case of a two-layer skin-skull system, the maximum value is 12%. Therefore, 12%
of the original laser irradiation can pass through the 1 mm tissues, reaching a brain cortex non-
invasively. The three-layer system, consisting of 0.5 mm thick skin, 0.5 mm thick skull, and
1.5 mm thick brain, transmits 2-3% of incident pulsed radiation due to high light absorption by
water, haemoglobin and scattering in collagen components. The application of clearing
techniques can enhance the light transmittance of tissues and can be used for non- or

minimally invasive methods for biomedical diagnostics and treatments [29].

The study outcomes were implemented into developing a compact laser system for
neurostimulation. Optogenetic activation of neuronal cells can be achieved through the delivery
and expression of light-sensitive proteins such as opsins and phytochromes. Modern
optogenetic methods provide remarkable results in the precise activation of specific
neurons [258]. However, these methods require surgical procedures including the insertion of
a cannula and an optical fibre into the brain to deliver light to light-sensitive proteins distributed
among neurons. To improve this approach and reduce the need for surgical intervention, an
optical system based on the NIR-II ultrashort laser can be used. The shift of light wavelength
from the visible to the second tissue transparency window can increase the penetration depth
and deliver the required light energy through the skin and skull to the brain cortex. One of the
main goals of this study was to explore the nonlinear properties of photosensitive proteins at

the NIR-II wavelength range to develop a non/minimally invasive tool for optogenetics.

In this work, two experimental systems based on a Ti:Sa laser were developed to study the
optical properties of light-sensitive proteins. One of the systems was designed for two-photon
activation, while another was created to examine two-photon fluorescence characteristics of
photosensitive proteins. For genetically engineered truncated Deinococcus radiodurans
bacterial phytochromes, two-photon Pr—Pfr conversion was successfully achieved in the
wavelength range of 1180-1360 nm. The dimeric sample showed the highest conversion
efficiency at 1280 nm (53%), while the monomeric sample displayed the best result of two-
photon conversion to the Pfr yield under 1250 nm laser irradiation (62%). The efficiency was
increased to 55% and 72% by applying a high peak power of 301 mJ/cm? and 339 mJ/cm? for

dimer and monomer samples, respectively.
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Moreover, both samples exhibited two-photon fluorescence at 720 nm, excited by a near-
infrared laser operating at 810 nm. Notably, the fluorescence emission grows significantly
under higher temperature conditions. Increasing the solution temperature from 19°C to 37°C
improved the emission yield by 40% and 81% for dimeric and monomeric phytochromes,
respectively. This outcome implies that delivering these phytochromes to the animal or human
brain cortex with a 36-38°C temperature will enhance two-photon fluorescence emission.
Consequently, these phytochrome samples can be used as biomarkers and optogenetic tools
to monitor their proper expression among neurons and modulate brain functionality through

two-photon conversion.

The outcomes, demonstrating the required peak power level for two-photon conversions, were
used to define the essential parameters of a compact laser system designed for in vivo

neurostimulation.

The need for a compact size limited the available laser options operating at NIR-Il wavelengths
and excluded crystal-based solid-state lasers from the list of possible laser solutions. Since
semiconductor lasers are sensitive to the potential temperature fluctuations that can occur in

biomedical or clinical laboratories, a fibre laser was selected as a compact laser source.

The main challenge in developing a fibre laser operating in the NIR-Il wavelength range is the
inability of conventional doped fibres to emit light in this wavelength range. To overcome this
obstacle, a Yb-doped fibre laser system was developed using Yb-DCF, which effectively
shifted the operating wavelength from 1064 nm to 1170 nm. A requirement of high peak power
of 82 kW was achieved by reducing the pulse repetition rate from 9.1 MHz to 608 kHz using a
pulse picker and increasing an average power to 250 mW by a system of Yb-doped fibre

amplifiers.

The compact dimensions of the laser system (34x46x46 cm) make it suitable for use in
biological laboratories and medical institutions. As part of future work, the study of non-invasive
or minimally invasive in vivo optogenetics should be conducted using the developed versatile

compact fibre laser system.

The thesis also includes the development of a laser source operating in the NIR-I and NIR-III
wavelength ranges, which can potentially be used in a multimodal cancer detector. The
compact laser source was developed using an Er-doped fibre laser and EDFAs. However,
since Er ions emit light at a wavelength of 1550 nm, the desired operating wavelength required
moving to longer wavelengths (1600-1700 nm). This shift was achieved by introducing a PCF
LMA fibre in which the nonlinear SSFS effect was induced by high light intensity (=30 kW).

The developed femtosecond laser can operate over a wide range of wavelengths from
1625 nm to 1700 nm, providing an output power of up to 107 mW at a repetition rate of
10.94 MHz. The NIR-IIl range, with its significant depth of tissue penetration, can be used for

morphological imaging of tissues, exciting three-photon fluorescence of fluorophores such as
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collagen, porphyrin, elastin, and others [190]. While the frequency doubling of the 1625-1700
nm in the PPLN crystal generates sub-180 fs pulses at wavelength range of 812-850 nm.
These wavelengths are within the NIR-I range and can be used for autofluorescence imaging
of metabolic biomarkers. The system operating in the combined NIR-I and NIR-Ill spectral
regions can be implemented as a laser source for the multimodal imaging tool. Potentially, the
integration of these laser beams into an endoscopic system can be used to detect early-stage

bladder cancer.

These studies demonstrate a comprehensive analysis of light-tissue interaction and the
development of lasers for biological research, non- or minimally invasive optogenetics and
cancer detection, promising significant improvement of the modern optical methods and

techniques in biomedicine.
6.2 Future Works

Research on light tissue interactions, as described in this thesis, has been limited to the study
of post-mortem mouse head tissues. The extension of this study to in vivo samples,
incorporating the complexities introduced by blood circulation and the brain activities, can offer

invaluable insights into the dynamics of light propagation within living biological tissues.

Understanding the penetration depth of light, especially concerning polarisation, becomes a
crucial determinant in various scientific and medical applications. In neuroscience, for instance,
the interaction of polarised light with the brain cells can provide vital information about neural
activity and connectivity. This knowledge could potentially enhance the understanding and
detection of neurological diseases such as Alzheimer's [56] and contribute to developing novel

diagnostic and therapeutic approaches.

Furthermore, in medical imaging, particularly in techniques such as optical coherence
tomography and diffuse optical imaging, a comprehensive understanding of light-tissue
interaction can significantly improve the accuracy and resolution of imaging methods. This has
implications for early disease detection, treatment monitoring, and the overall advancement of

medical diagnostics.

The translational applicability of the study's findings to human subjects, with a meticulous
examination of how light interacts with human skin, skull, and brain tissues, is pivotal for

integrating these insights into clinical practice.

Similar problems exist in optogenetic studies because modern experiments for activating
neuronal cells were implemented only on rodents [81]-[84]. Although optogenetics has made
significant advances in these models, transferring it to larger, more complex brain structures
remains challenging. Future studies should explore and adapt optogenetic methods in larger
animal models, including non-human primates, to cover the gap between preclinical studies

and potential clinical applications.
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Moreover, a primary goal to improve optogenetics is to selectively target individual cell types
in complex neural networks which often involve viral vectors to deliver genes. This may raise
concerns regarding long-term biocompatibility and potential immune responses. Future
research should focus on developing enhanced genetic targeting strategies and new
optogenetic actuators to enable precise and exclusive modulation of desired neuronal

populations, avoiding adverse effects on healthy neighbouring cells.

The investigation of the optical properties of phytochrome presented in this thesis holds
promising potential to contribute significantly to developing new tools and strategies for further

investigations in the optogenetic field.

At the same time, the developed laser systems for optogenetic study and multimodal cancer
diagnostics are prospective to advance current research and overcome challenges related to
the compactness of sources, reliable cost, and laser output stabilities. The laser sources have
been designed considering the requirements of the fields and the safety of studied tissues and

fluorescent proteins.

In future work, implementing the developed laser systems for in vivo studies can help enhance
existing knowledge, develop more accurate diagnostic and therapeutic techniques, and

improve the translational applicability of findings for clinical use.
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