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Abstract—We present a prototype and verification of a multi-
channel laser system applicable to optogenetic research. In vivo
photostimulation of neural cells expressing photoconvertible phy-
tochromes or opsins requires enough light irradiation delivery to
the brain that cannot be supported by continues-wave (CW) light
sources. The use of ultra-short pulsed (USP) lasers operating in
the second near-infrared region (II-NIR) and allowing nonlinear
activation and deactivation of the photoactuators is a promising
method that allows to increase the penetration depth and provide
spatio-temporal localisation of radiation in tissues. This study
aimed to investigate the efficiency of USP light propagation in
the skin, skull, and brain of the mouse head, as well as to compare
it with the corresponding CW radiation propagation in the 750—
830 nm and 1086-1183 nm wavelength ranges. The experimental
results and computer modelling demonstrate that about 10—
12% of the initial laser radiation can reach the brain tissues.
These results prove that under certain conditions, the USP laser
radiation can reach a penetration depth with required power that
will be sufficient for non-linear activation of opsins/phytochromes
in the brain of living animals.

Index Terms—ultra-short pulsed laser light; mouse head; light
propagation; optical properties; penetration depth; transmit-
tance, fluence rate, optogenetics

I. INTRODUCTION

PTOGENETICS is a neuromodulation approach that

provides an opportunity to monitor and control the
activity of neural cells in areas of the brain where opsins or
phytochromes are expressed [1]. Neuronal cells that express
light-activating ion channels (opsins) or long-lasting signal
transducers (phytochromes) can be easily manipulated with
light [2], [3]. Opsins and phytochromes are highly accustomed
photoactuators that can easily be switched from resting to
signalling state by light illumination [4]-[8]. Since a wide
variety of opsins and phytochromes have been discovered and
genetically engineered, the absorption spectra of phytochromes
cover the wavelength range of 0.5-0.8 pm [6], while the

This work has been supported by the European Union’s Horizon 2020
research and innovation programme under grant agreement No.863214 —
NEUROPA project. D.G. gratefully acknowledges funding by the Return to
Research grant, Rank Prize. Authors thank Alex Rozhin for providing support
in spectrophotometry measurements. (Corresponding author: Viktor Dremin
and Diana Galiakhmetova)

D. Galiakhmetova, V. Dremin, A. Koviarov, D. Stoliarov, R. Chinnambedu
Murugesan, S. Sokolovski and E. Rafailov are with the College of
Engineering and Physical Sciences, Aston University, Birmingham,
UK  (e-mail: d.galiakhmetova@aston.ac.uk, v.dreminl @aston.ac.uk,
a.koviarov@aston.ac.uk, d.stoliarov @aston.ac.uk, r.chinnambedu-
murugesan @aston.ac.uk, s.sokolovsky @aston.ac.uk, e.rafailov@aston.ac.uk).

N. Ngum and R. Parri are with the College of Health and Life Sci-
ences, Aston University, Birmingham, UK (e-mail: n.ngum@aston.ac.uk,
h.r.parri @aston.ac.uk).

absorption spectra of opsins are found in almost the entire
spectrum of visible light [7], [8]. Under light illumination,
opsins expressed in neural cells, cause de- or hyperpolarization
of neuron membrane which leads to electrical response within
the network in a fraction of a second [9]. In the case of
phytochromes, the cell response can be reversed by continues
wave (CW) light red and far-red irradiation [5], [6], [10].
These light-sensitive proteins could potentially be used as
tools for the adjustment of long-term activity of neuronal
cells in brain circuits [11]. Opsins and phytochromes could
possibly be applied in the treatment of sensorineural hearing
loss [12], [13], mood disorders [14], drug addiction [15],
obsessive compulsive disorders [16], inherited retinal [17] and
Parkinson’s [18], [19] diseases.

Nevertheless, the main hurdle of non-invasive treatment is
the delivery of sufficient power for photoconversion after light
passing through the skin, skull, and brain [20], [21]. These
biological tissues significantly absorb visible light, which can
lead to their heating and damage [22]. This effect can be mit-
igated if the exciting laser operates in the region of the tissue
transparency windows instead of the visible spectrum [23]-
[25]. L. Shi et al. [23] introduced optical windows of brain
tissues in near-infrared regions (NIR). They performed theoret-
ical and experimental studies of the transmission in 50-200 pm
rat brain slices in four NIR transparency windows: (I) ~650—
950 nm, (II) ~1100-1350 nm, (III) ~1600-1870 nm, and
(IV) ~2100-2300 nm. According to experimental results, the
average attenuation lengths of brain tissues in windows I,
I, I, and IV are 1924 pm, 259.4 pum, 289.7 pm, and
248.1 pm, respectively. The II and III NIR windows have
higher attenuation lengths in comparison with visible and I-
NIR window regions because the light scattering and absorp-
tion decrease according to the Rayleigh and Mie scattering
theories. S. Golovynskyi et al. [25] demonstrated that the
radiation in one of the transparency windows penetrates both
into the brain tissue and into the skin and skull at least
two times deeper than visible light. They measured light
transmission and absorption of head tissues of healthy 4-
month-old male rats and determined the values of attenuation
coefficient and attenuation length. The highest light perme-
ability through 1 mm skin, 0.9 mm cranial bone, and 1 mm
brain cortex samples in the II-NIR and III-NIR regions. In
the II-NIR window, the maximum attenuation length for the
skin, bone, and brain cortex samples were 0.44 mm, 0.22 mm,
and 1.35 mm, while, in visible range, the values were only
0.36 mm, 0.18 mm, and 0.7 mm, respectively. Since II-NIR
lasers can reach deeper layers of head tissues than lasers
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operating in the visible spectrum, their use can significantly
improve non-invasive neuronal stimulation.

The use of II-NIR lasers in optogenetics has been made pos-
sible by recent research demonstrating the nonlinear photocon-
version of photoactuators [26]-[29]. S. Sokolovski et al. [29]
first predicted and experimentally proved the non-linear pho-
toconversion of Deinococcus deserti bacteriophytochrome
(DdBPhy) that was irradiated by a tunable pulsed laser op-
erating at wavelengths of 1.1-1.3 pm. Two-photon absorption
can also switch opsins into the active state in this wavelength
range.. For example, modified proton-pumping rhodopsins
from Gloeobacter violaceus (GRr3) have a linear activat-
ing wavelength around 619 nm [7], while cyanorhodopsins
(CyR) have the maximum absorption peak at wavelength of
550 nm [30]. This may allow the actuation of opsins and
phytochromes by two-photon absorption in the wavelength
range of 1.1-1.3 pm [29], which is covered by the II-NIR
transparency window [23]-[25].

However, the in vivo use of II-NIR lasers for optogenetics
requires a detailed study of the tissue interaction with ultra-
short pulses (USP), since two-photon conversion of photoac-
tuators is possible only at high peak power [29].

In the literature, the optical properties of head tissues are
mainly studied with the use of CW lasers [23], [25], [31]-
[35]. However, the experimental results of attenuation length
values vary significantly in studies of different research groups.
The attenuation length of brain tissues can be in the range
of 0.24-1.54 mm depending on the measurement methods,
the age of rats, and the wavelength of a light source. For
skin tissues, the experimental results of the light propagation
are also different. C. Sabino et al. [33] investigated the light
interaction with the skin of 4-6 week-old healthy mice. Skin
samples included the epidermis, dermis, and adipose tissue.
The measured attenuation length was up to 3.5 mm, which
is 7 times higher than the experimental values obtained by
S. Golovynskyi et al. [25] and M. Ozturk et al. [34]. Here, the
attenuation length values for skin can also depend significantly
on the age of the animals, sample storage conditions, and
measurement approach used. The inconsistent experimental
results presented in the literature require additional research
to apply II-NIR Ilasers for optogenetics.

For the USP lasers, several independent studies demon-
strated that pulsed light allows a more efficient transfer of
energy and can generate less tissue heating compared with CW
light [36]-[41]. A. Barbora et al. [38] experimentally proved
that high-frequency pulsed wave irradiation penetrates deeper
than low-frequency pulsed and CW irradiations. They used
lasers of various modes operating at a wavelength of 808 nm
(CW laser: 165 mW; pused lasers: 50 fs, 500 Hz, 2.55 W and
5 fs, 71.4 MHz, 216 mW). For chicken breast samples, the
penetration depths were 1.13 = 0.21 mm, 3.24 + 0.48 mm, and
3.56 + 0.34 mm for CW, low-frequency, and high-frequency
pulsed lasers, respectively. However, there was a high mea-
surement uncertainty and a small difference between the depth
values for pulsed lasers. On the other hand, T. Ando et al. [42]
demonstrated that the transmittance of laser power through
mouse scalp and skull does not differ significantly on laser
pulse frequency. In the experiments, they used 810 nm CW

laser, 10 Hz and 100 Hz pulsed lasers and did not observe
a difference in transmitted power. Although this result can
be explained by the fact that mouse head samples are quite
thin and the optical properties do not differ significantly when
CW or microsecond pulsed lasers are used. According to
B. Shariati B. K. et al. [43] study, only if the pulse width is
shorter than 100 ps, the absorption and scattering coefficients
significantly drop with the reduction of the pulse duration.
This effect is observed due to the increase in the frequency
distribution width of the pulse and the decrease in the inter-
action of the pulse with the skin. However, whether it will
be observed at longer wavelengths (>850 nm) and whether
the experimental data of the head tissues will agree with the
computational model remains unexplored. Thus, the optical
properties of biological tissues with the use of USP lasers
are shown in [38]-[45], but the interaction of head tissues
with a USP laser applicable for two-photon optogenetics with
required wavelength and peak power has not yet been studied.

We have developed a tunable laser that can be a prototype
of laser technology applicable for optogenetic therapy. In
this paper, we investigate the light-tissue interaction by using
a tunable USP laser operating in the first two biological
windows. These wavelength ranges were chosen to cover
linear absorption spectra for phytochrome deactivation (750-
830 nm) [6], [10], [29] and two-photon absorption spectra for
phytochrome [29] and opsin [8], [30] activation (1.1-1.2 pum).
The research aims to assess the attenuation of light into brain
tissue, taking into account the absorption and scattering of
the skin, skull, and upper layers of the brain. We present the
results of the laser light transmittance through ex vivo samples
of the adolescent mouse head. The study is also supported by
spectrophotometric measurements and numerical modelling of
light propagation in mouse head samples.

II. MATERIAL AND METHODS
A. Sample preparation

All experiments were approved by local ethical review and
performed in accordance with the UK Animals Scientific Pro-
cedures Act of 1986 and current EU legislation. Experiments
were planned taking into account 3Rs, replacement, refine-
ment, and reduction. Fresh samples of skin, skull, and brain
tissues were taken from wild type mice of C57BL/6J genetic
background [46], kept on ice and used in the same day in all
experiments. Samples were obtained from two healthy male
adolescent mice (postnatal P43) using the standard protocol.
Mice were humanely killed by isoflurane overdose followed by
cervical dislocation. Heads were shaved to remove fur from
the skin-covered frontal and parietal bones. Small incisions
were made to cut a 15x15 mm square sample of the head
skin. The total thickness of this tissue was 0.5 mm. Fig. 1
shows a schematic illustration of mouse head tissues.

Before placing the skin sample between the cover glass
slides, two 0.5 mm thick restrictors were glued to the upper
and lower parts of the coated glass to avoid deformation of
the skin and brain sample. For the undamaged extraction of
the mouse brain, the cranial bone was dissected at the site
of the interfrontal and mendosal sutures. The part containing
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5 B. Spectrophotometry
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Fig. 1: Dimensions of the mouse head tissues samples prepared
for laser irradiation transmission measurements: shaved skin,
skull, and brain slice with thicknesses of 0.5 mm, 0.5 mm,
and 1 mm, respectively.

frontal, parietal, and interparietal bones was used for optical
measurements. Parietal bone thickness ranged from 0.48 to
0.52 mm for different mouse samples. The thickness of the
skull bone was determined with a digital micrometer with a
resolution of 0.001 mm. The brain was cut into three slides
from the cortex. The thickness of each sample was 1 mm. To
prevent the brain from leaking or drying out, the sample and
1 mm inserts were placed between cover glass slides. Fig. 2a,b
shows the brain cortex located between the glasses and the
integrating sphere with photodiode detector, which is used to
measure the transmission of pulsed laser light.
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Fig. 2: (a) Principal scheme of the pulsed laser light transmit-
tance measurement; (b) schematic view of the directionality of
the transmitted light in an integrating sphere photodiode power
sensor. Different operational modes of the spectrophotometer
integrating sphere for (c) total transmittance and (d) diffuse
reflectance measurements.

integrating sphere. The sphere has two baffles that shield the
sample beam target area from the detector field-of-view. This
avoids collecting specularly reflected light from the sample.
The measurements were performed in a broad wavelength
range of 350—-1800 nm. All measurements were made at room
temperature (20°C).

For each sample, two types of spectrophotometer configura-
tions were used (Fig. 2c,d). In the first configuration, a sample
was located between the integrating sphere and the light
source. The additional window in the sphere was closed by
a reflectance standard. The transmitted light passing through
biological tissue and re-reflected from the walls of the sphere
was collected by a photodetector. The second operating mode
allows to measure diffuse reflectance spectra of mouse head
tissues. A light beam passed unhindered through the first
window in the integrating sphere and was then reflected by
a sample, which closed the second window.

To process the experimental results and determine the trans-
port coefficients, a combination of the inverse adding—doubling
(IAD) method with a corrective Monte Carlo (MC) calculation
was used [47]. These methods are widely employed in tissue
optics to process the data obtained by integrating sphere-
enabled spectrophotometry [48], [49] and used realisation
takes into account all the interactions of a sample sandwiched
between glass slides. The IAD method allows one to deter-
mine the tissue absorption and scattering coefficients using
the values of the diffuse reflectance and total transmission
coefficients. The anisotropy factor g for brain tissues for the
considered wavelength range is between 0.7 and 0.9 [32],
[50]. For the TAD calculations, an anisotropy factor of 0.9
was chosen, which most closely characterises the wavelength
range in which the experimental system operates.

As the initial values of p, and p,, we used the solutions to
the system of the following equations:

1—4Rd_Tt 2 . Rd
M 1‘(1_@)’ T
atis |, 4 (1-Ra-T\’ |
fia + o T (e L R T T L B
9 1-T; 1-T;
(D
mTIn005) oo
(Ha + p)l = InRy 7 T o
21+5(Rd+Tt)’ if Rg > 0.1

where Ry is the measured value of diffuse reflectance, T} is
the measured value of total transmission, and [ is the thickness
of the tissue.

The MC method was used to correct for the light loss at the
sample edges, which is not collected by the integrating sphere.
The calculated lost light for a given set of optical properties
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was taken into account within the subsequent iteration of the
calculation using the adding—doubling method. This process
was repeated as long as the optical properties were not
stable, that is, until the changes in the calculated scattering
and absorption values were less than 0.01 mm~' between
iterations. As an iterative procedure, the Nelder-Mead simplex
method was used [51]. As a criterion for the completion of
the iterative procedure, we used the condition:

‘ Rleixp _ R(cialc |
R

| 75" — T3 |
5

< 0.0001, 3)

where RSP, RSM¢, Ty™, and RSM¢ are the experimentally
determined and theoretically calculated diffuse reflectance and
total transmission, respectively.

C. Tunable ultra-short pulsed laser system

Transmission measurements of mouse head tissues were
performed using pulsed and CW lasers operating in the
second biological window. For an accurate comparison of
the techniques, collimated beams of CW and pulsed lasers
were directed to the same spot of sampling material. The
experimental setup included three blocks (Fig. 3). The first
block was a pulsed laser operating at a wavelength of 750—
830 nm (1st range in further text), while two others were 1086—
1183 nm (2nd range in further text) CW and pulsed lasers.

Block 1 was designed to measure tissue transmittance in the
first tissue transparency window. The 130 fs pulsed titanium-
sapphire (Ti:Sa) laser (M squared Sprite XT), tunable in the
750-830 nm wavelength range, was attenuated to 20 mW av-
erage power. The repetition rate was 78 MHz. The collimated
laser beam with a diameter of 200 um was directed by a
system of optical lenses. In the experiments, the beam was split
by a plane-parallel plate to control the incident and transmitted
power. An integrating sphere InGaAs photodiode sensor (Thor-
labs S145C) was attached to the measuring sample to detect
passing light. A schematic view of the reflection of transmitted
light in an integrating sphere photodiode power sensor is
shown in Fig. 2a. Block 2 of the experimental setup included
a synchronously pumped optical parametric oscillator (OPO).
The Ti:Sa laser was tuned to emit a certain wavelength in the
range of 750-830 nm which, after passing through the OPO,
allowed us to obtain laser radiation with the corresponding
wavelength in the range of 1086—1183 nm. The average optical
power passed to the sample was 20 mW, while the pulse
duration was about 300 fs. The laser beam was collimated and
focused into a spot with a diameter of 230 ym. To compare
the transmittance of mouse head tissues irradiated with pulsed
and CW lasers, we developed a tunable CW laser operating
at a wavelength of 1086—1183 nm. Block 3 is composed of a
system of optical lenses and mirrors, a fibre coupled gain chip
(Innolume GM-1140-120) and a 1200 lines/mm diffraction
grating that allowed us to change the wavelength with a step
equivalent to the step value of the pulsed laser in block 2. The
optical system was established in such a way that the beam
directions and spot sizes were the same for pulsed and CW
lasers. The profile and beam diameter were controlled by a
laser beam profiling camera.

D. Fluence rate distribution

To calculate the penetration depth of pulsed radiation into
head tissues and the corresponding attenuation, the fluence
rate was calculated. We used the diffusion approximation
to the radiative transfer equation. The diffusion equation is
valid when the scattering is large compared to the absorption
and when studying diffuse light propagation, i.e. at sufficient
distances from any light source. The analytical solution of the
diffusion equation is classic [52]. In this work, we solve the
diffusion equation numerically using a COMSOL Multiphysics
software solution. The numerical solution is based on the
Finite Element Method (FEM), in which the geometry studied
is divided into a finite element mesh [53]. One of the main
motivations for applying FEM to solve light propagation
problems is the ability to use arbitrary geometries.

The diffusion equation is given in Eq. 4:

OD(7,t)
ot
where ® is the fluence rate; ¢’ is the speed of light in the tissue,
as determined by the relative refractive index; D denotes
the diffusion coefficient; u, is the absorption coefficient; .S
describes the light source.
The diffusion coefficient is defined as

+ pa®(7 t) = V- [DVO(F,t)] = S(7,t), (4)

1
P Sy ©
where p!, is the reduced scattering coefficient.

In COMSOL Multiphysics, the Helmholtz representation of
Eq. 4 is used. A translation of the diffusion equation can
be found in Ref. [54]. The Helmholtz representation of the
diffusion equation is given by

V(—cVu) + au = f, (6)

where c = D, u=®,a=p,, f=5.

A three-layer tissue model (skin, skull bone, and brain tis-
sue) was used to assess the fluence rate. The thicknesses of the
layers corresponded to the thicknesses of the experimentally
measured samples. The absorption and scattering coefficients
of each layer used in the current stage of the study were
obtained from the results of spectrophotometric measurements.
We have simulated the interaction of pulsed radiation with
mouse head tissues in two wavelength ranges that correspond
to experimental measurements. The parameters of the laser
radiation also coincided with the parameters of the USP laser
used.

ITI. RESULTS AND DISCUSSION
A. Spectrophotometry

The optical properties of freshly prepared tissue samples
(0.5 mm skin, 0.5 mm skull bone, and 1 mm brain) were
measured using UV/Vis/NIR spectrophotometer. Fig. 4 shows
transmittance and diffuse reflectance spectra with three tis-
sue transparency windows separated by oxy- and deoxyhe-
moglobin absorbance (~400-700 nm) and water absorption
peaks (~1450 nm, ~1950 nm). Transmittance spectra clearly
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Fig. 3: Flowchart of the developed experimental setup to measure the light transmittance through mouse head tissues. Block 1:
a sample was irradiated with a pulsed laser operating at a wavelength of 750-830 nm. Block 2: the tissue samples irradiated
with pulsed laser operating at 1086—1183 nm wavelength range. Block 3: the tissue samples irradiated with CW laser (1086—

1183 nm) at the same point as pulsed laser in the block 2.

demonstrate three biological windows in the NIR region
(Fig. 4a). The first (I) one covers a wavelength region of
~700-970 nm, while the second (II) and third (III) windows
can be identified in ~1000-1350 nm, ~1550-1870 nm, re-
spectively.

The skull bone demonstrated the highest transmission in
the wavelength range of 890-910 nm (95%). However, the
difference between the highest transmission values of skull
tissue in the first and second windows does not exceed 3%
(Fig. 4a). For both the skin and brain samples, the maximum
transmittance is in the second tissue transparency window. The
highest transmission for skin is 62%, while for brain it is
47%. In this region, all spectra have a conspicuous region
at the wavelength of around 1195 nm that is characterised
by the light absorption of water [55]. In addition to this
region, water absorption can be observed at wavelengths of
~975 nm and ~1450 nm. Absorption by tissue proteins results
in slight deviations of the spectra in the wavelength regions
of 805-1100 nm and 1420-1540 nm. The third NIR region
demonstrates the lowest transmittance for all biotissue samples
(Fig. 4b). This ratio can depend on the specific type of tissue
samples, animal age and the sample preparation method.

The irradiation transport coefficients of the tissue were
calculated from the transmission and diffuse reflectance values
obtained experimentally. Therefore, using IAD method-based
modelling, the absorption and scattering coefficient spectra
were reconstructed (see Fig. 5).

In the absorption coefficient spectra (Fig. 5a), the absorption
bands of blood deoxyhemoglobin (~420 and ~550 nm) and

This work is licensed under a Creative Commons Attribution 4.0 License

water (~1450 nm) mostly dominate the spectral range. The
absorption bands of water at ~975 and ~1195 nm were
considerably lower. The scattering spectra of the tissue sam-
ples gradually decreased towards longer wavelengths, which
were generally consistent with the character of the spectral
behaviour of the scattering coefficient of biotissue samples.
Fig. 5b shows approximations of the wavelength dependence
of the reduced scattering coefficient by simple power func-
tions.

The main transmittance regions in the spectra are associated
with absorption of blood, water, collagen, other proteins and
lipids depending what tissues samples were examined. In the
second NIR region, the influence of these components on
tissue transmittance is significantly lower. It is quite important
to note that there is a significant decrease in scattering in this
area. Therefore, the advantages of using the second biological
window compared to the first one, are undoubted. Lasers
operating at 1.1-1.35 pm wavelength can potentially be used
for non-linear conversion because of less absorption in this
wavelength region.

Furthermore, we evaluated the penetration depth of radiation
into head tissues (§). The evaluation of penetration depth,
defined as the depth for which the intensity of a light beam
is attenuated 2.7 times, was performed using the following
equation:

1

—— N
3pta(fa + 1)

The result of the calculated tissue penetration depth is

. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Journal of Selected Topics in Quantum Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSTQE.2022.3214788

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. XX, NO. X, XXXXXX 2022 6

—— Skin —— Skull bone —— Brain

100+

Transmittance (%)
B [o)] o]
o o o

N
o
1

800

600 1000

400

1200
Wavelength (nm)

1400 1600 1800

—— Skin

Skull bone— Brain

a
o
L

N
o
1

N
o
L

Diffuse reflectance (%)
3 8

800

o

400 600 1000 1200

Wavelength (nm)

1400 1600 1800

(b)

Fig. 4: (a) Total transmittance and (b) diffuse reflectance
spectra of mouse head tissues measured with UV/Vis/NIR
spectrophotometer. The thicknesses of mouse skin, skull bone,
and brain are 0.5 mm, 0.5 mm, and 1 mm, respectively.
Three tissue transparency windows were identified: (I) ~700-
950 nm, (II) ~1000-1350 nm, (IIT) ~1550-1870 nm.

shown in Fig. 6.

Fig. 6 clearly represents that, depending on the wavelength
of the probing radiation, the depth of its penetration into brain
tissue varies significantly. The maximum effect is observed
in the spectral regions ~700-900 nm and ~1050-1150 nm,
where the radiation penetrates to a depth of about 2 mm. It
is important to note that these spectral regions correspond to
the wavelengths of the experimental system considered in this
work.

B. Transmission measurements with CW and pulsed lasers

We further investigated ex vivo mouse samples using CW
and pulsed lasers operating in the second biological window
and compared the results with transmittance in the first NIR
region. Since phytochromes can be activated by absorbing low-
intensity light in the far-red and NIR regions [29], [56], we
have used a femtosecond pulsed laser in the wavelength range
of 750-830 nm that is covered by the first tissue transparency
window [57]. This wavelength region is important for the pho-
toconversion of the phytochrome to the inactive state by linear
absorption [6], [10], [29]. The investigation of the second
biological window is attractive for bioimaging [58]-[60] and
two-photon absorption of opsins and phytochromes [29], [61],
[62]. Transmittance measurements in the second transparency
window were performed using CW and pulsed lasers oper-
ating in the wavelength range of 10861183 nm. To make a
comparison, the parameters of incident beams were matched
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Fig. 5: (a) The absorption coefficient and (b) the reduced
scattering coefficient of the freshly harvested mouse brain
cortex, skull bone, and head skin. In (b), approximations of
the experimental data using the presented formulas are shown.
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Fig. 6: The depth of light penetration into the mouse head

tissue.

for both types of lasers. Each measurement was carried out
in less than 5 seconds. During the experiments, the tissue
temperature did not increase by more than 1.5 °C that was
controlled by a thermocouple. For each sample of the skin,
skull, and brain, transmittance measurements were repeated
three times in different parts of the tissue. Fig. 7 shows the
average transmittance values depending on the wavelength of
the laser. The results of measurements using a CW laser are
presented as a solid line, while the transmittance of mouse
head tissues irradiated with a pulsed laser is depicted by a
dotted line.

Based on the experimental results, the transmittance of
the skin irradiated with the pulsed laser increases by 7% in
the wavelength range of 750-830 nm. In the 10861183 nm
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Fig. 7: Transmittance of freshly prepared one-layer mouse
head tissues (0.5 mm skin, 0.5 mm skull, and 1 mm brain)
irradiated with CW and pulsed lasers at the same point.

region, the value is slightly lower than in the first tissue
transparency window (43% at 1086 nm and 47% at 830 nm)
due to the gradual increase in light absorption by water [63].
The transmittance spectra of the skull bone and brain cortex
are coloured green and red, respectively. In the case of pulsed
laser irradiation, both curves demonstrate the growth of light
transmittance with increasing wavelength. The reason is a
lower absorption of haemoglobin at wavelengths of ~1000-
1350 nm [57]. This leads to less light absorption by oxy-
genated and deoxygenated blood. Since the proportion of red
blood cells in the vessels of skull bone and brain cortex
changed significantly after 8 hours [64], the optical properties
of the samples were measured no later than one hour after
sample preparation. Due to the higher concentration of blood
cells in the brain than in the skull, haemoglobin absorption
has a more significant effect on brain transmittance spectra.
The transmittance of skull bone is about 56%, while the
transmittance of 1 mm brain slice is 20%.

Measurements of average power passed through biological
tissues irradiated with CW (solid line) and pulsed (dotted
line) lasers show that the transmitted power is slightly higher
for pulsed irradiation than for CW irradiation in the 2nd
wavelength range. The effect is noticeable for the skull bone
measurements. For a pulsed laser, the transmittance values
vary from 55% to 59%, which is 5 units higher than for a CW
laser. For brain tissues, the difference is only up to 1.5 units
between pulsed and CW irradiation. Measurements for the skin
in experiments with a CW laser have a fairly high uncertainty.
This error bar overlaps the values of transmitted power of the
pulsed laser and does not give an exact answer whether the
tissue transmission value is higher under irradiation with USP.
In general, note that the small difference in the measurements
in the two laser modes can be explained by the relatively small
transfer length in thin samples and the presence of a small
number of scattering events.

However, other studies [38], [43] also prove that ultra-short
pulses penetrate deeper into biological tissues than a single
long pulse of specific energy. In biological tissue, a high
photon density of USP laser excites a significant portion of
the electrons, which leads to a state close to saturation. That
allows the rest of the incoming photons transfer through a

Since the head tissues have different layers with compli-
cated curvatures that influence the photon migration [65], we
additionally measured the transmittance of freshly prepared
three- and two-layer mouse head tissues with the use of the
pulsed laser (Fig. 8). Three-layer samples included skin, skull
bone, and brain and had a thickness of 2.5 mm, while 1 mm
thick two-layer head tissues consisted of skin and skull. The
thickness of each layer (skin: 0.5 mm; skull: 0.5 mm; brain:
1.5 mm) was measured only after the optical experiments and
gentle separation of the layers.

16
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Fig. 8: Transmittance of freshly prepared two-layer and three-
layer mouse head tissues irradiated with pulsed laser in Ist
and 2nd range.

The experimental results demonstrate that the transmittance
of three-layer tissues changes from 1% to 3%. It should be
mentioned that the sample included a 1.5 mm brain which
is characterised by high light absorption. However, the main
optogenetic applications do not require a deep penetration
into brain tissues, since the neurons involved in stimulation
and monitoring are located in the brain cortex [66]-[68].
Therefore, the main aspect is the light transmittance through
the skin and skull bone. The transmittance through two-
layer tissues varies from 10% to 13%. In the 1st region, the
increase in transmittance is characterised by a decrease in light
absorption by blood hemoglobin. In the 2nd region, multilayer
samples have a downtrend. It can be explained by a slight
increase in light absorption by water [55]. A comparison of the
transmission spectra of one-, two- and three-layer head tissues
shows that in real in vivo conditions, the light transmission
will be further affected by the complicated curvature of the
layers, different refractive indices and a higher content of
chromophores (in particular, hemoglobin and water).

The USP lasers operating in the second NIR region proved
to be efficient in delivering high power to the brain cor-
tex through the skin and skull bone without damage. Since
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depth-wise fluence rate distribution along the mouse head tissue; quantitative depth-wise fluence rate distribution depending

on the wavelength: (d) 1st range, (e) 2nd range.

1190 nm lasers can nonlinearly activate phytochromes [29]
and opsins [8], [30], USP lasers operating at this wavelength
can reach a penetration depth with required power that will be
sufficient for non-linear absorption of opsins/phytochromes in
the brain of living animals.

C. Fluence rate distribution

In this section, the simulated results of effects of laser
wavelength on the fluence rate distributions in biological tissue
are discussed. Fig. 9a,b show the fluence rate distribution in
the mouse head volume. Fig. 9c demonstrates the dependence
of the fluence rate on depth. Fig. 9d,e summarise the depth-
wise fluence rate distribution for different wavelengths.

These results are consistent with the experimental data
collected using the spectrophotometer and our laser system
and demonstrate a sufficiently strong attenuation of radiation
by the skin and skull bone. Absorption and scattering of the
skin reduce the fluence rate by 72% and 65% for the first
and second wavelength ranges considered, respectively. The
skull bones for both ranges reduce the fluence rate by 65%.
Thus, approximately 10% and 12% of the initial radiation in
the 1st and 2nd wavelength ranges reach the brain tissues,
respectively. At the same time, at 2.5 mm depth (the brain
thickness of 1.5 mm), the radiation is significantly attenuated,
and only 1-3% of the initial power pass through the complex
three-layer mouse head model. These results are in agreement
with the experimental data (Fig. 8) that demonstrates the
accuracy of the modeling method.

IV. CONCLUSIONS

Since optogenetics applying research advances rapidly, the
non-invasive activation of opsins and phytochromes become
essential for progress in studying brain normality and pathol-
ogy. The current light-targeting systems used in optogenetics

are limited to hundreds of microns [69]. However, the pene-
tration depth of millimetre range is required for non-invasive
neuronal stimulation.

The increase of the penetration depth and the delivery of
sufficient power to the brain cortex is possible by changing
two main aspects that we reviewed in the paper. The first one
is the shift to the second near-infrared transparency window.
This is achievable by two-photon activation of opsins [8],
[27], [30] and phytochromes [29] at a wavelength range of
1.1-1.3 pm instead of single-photon excitation at 0.5-0.8 pm.
We demonstrated that the light penetrates into the mouse skin,
skull, and brain tissues deeper in the II-NIR transparency win-
dow than in visible and I-NIR ranges. The second necessary
approach for neuronal stimulation is the use of USP light
systems instead of CW or microsecond pulsed illumination
sources that are mostly used for optogenetic research [69]-
[72]. The first advantage of USP lasers is that ultra-short pulses
penetrate deeper into biological tissues than long pulses [43].
Our study proved that for the skull and brain tissues, the
light transmittance of II-NIR USP laser is higher than CW
laser. The second benefit is a less thermal effect on biological
tissues, which has been studied in detail in [22], [40]. The third
most import aspect of using the USP lasers in optogenetic
tools is the delivery of sufficient power through biological
tissues to activate light-sensitive proteins. In this paper, we
demonstrated a prototype of a laser system applicable to
optogenetic research and studied the efficiency of radiation
transport in mouse head tissues. Experimental and simulation
results showed that the USP radiation of the developed tunable
laser source passes through the mouse head tissues efficiently.
More than 10% of the initial radiation passed through the
skin and skull samples. Since neurons involved in optogenetic
stimulation are located in the brain cortex [66]-[68], this
amount of irradiation should be sufficient for the actuation of
phytochrome/opsins by two-photon absorption in the area of
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light-biotissue interaction. It is worth noting that an additional
increase in the depth of penetration can be achieved using
optical clearing methods [73], [74], but this is beyond the
scope of research in this paper.

The results suggest the possibility of in vivo optogenetics
in living animals and can be used for further research for non-
invasive applications in the photobiomodulation of brain cells.
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