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‘*Motivation and basics of tissue optical clearing
“*Creation of UV window

»*Fluorescence measurements
“*Combined MRI and fluorescence imaging

‘*Practical examples, spectroscopy, imaging and
treatment

*Summary
<+ Conclusion



Motivation: Challenges of Optical Imaging and Treatment

OM, SNOM

Soft limit ~ &

>

CFM, 2PM, SHM, etc.

5 =113, (1, + 1)

—p
1—-—2mm

Hard limit ~10 & OCT
MFP = lph = 1/(:ua " zus)_l // DOT
b =LA L UOT, PAT ]
OM: Optical microscopy

SNOM: Scanning near-field optical microscopy —
CFM: Confocal microscopy
2PM: Two-photon microscopy

SHM: Second harmonic microscopy “:' £ ‘Q-‘-ﬁ ‘;,,-

OCT: Optical coherence tomography ' e RN i
DOT'. Diffuse optical tomography Fluorescence Femtosecond Laser
UOT: Ultrasound-modulated optical tomography . ey coll et mont

PAT: Photoacoustic tomography imaging



Tissue ‘optical windows’
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Absorption (u,) and reduced scattering (u.") coefficients, and light penetration

depth (§) of peritoneum within tissue ‘optical windows’
Bashkatov A. N. et al. Opt. Spectrosc. 120 (1), 1-8, 2016; JBO, 23 (9) 2018
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Wavenumber [cm™]
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pg' =1.74e+12 nm™ + 4.59¢+03 nm*9'®

Optical clearing method helps to reduce
scattering of tissues
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Ordering of collagen fibers

Lk » ~
“'.' 2 R

’ >
- o .o:...: g
e b a® %0,

bl v F Anterior Z . 2
e el s :*.'f'-.?.!.:.:;-’:?" —— OCT : Examples of clear and turbid
EMI . = TP Lo eroid (scattermg) tissues

Cornea REATIASS et e ot ets g _
17 ks OCT images and in-depth signal

OCT Signal (arb. un.)

o o
S =~

[} 200 400 600

Depth (um)

Sclera

OCT Signal (arb. un.)

M.G. Ghosn, V. V Tuchin, K. V. Larin,
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Spectral measurements from deep UV to NIR and THz, and OCT of tissues ex vivo

and in vivo+ immersion optical clearing (OC)
Spectral measurements ex vivo/in vivo + optical clearing

Journal of

BIOPHOTONICS

5IOPHOTONICS Spectral OCT systems (Thorlabs Inc.

Journal of Biophotonics
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N The OCT imaging of brain clearing from GNRs: A — 1) GNRs are injected into the brain parenchyma; 2) GNRs drain
T e from the brain via the meningeal lymphatic vessels; 3) 20 min after injection, GNRs are accumulated in the deep cervical
7 lymph node; B — transmission electron microscopy image of GNRs (92x16 nm) (1) and their extinction spectrum (2); C —
. : OCT image of the deep cervical lymph node before injection of GNRs; D — a set of OCT images illustrating the kinetics of
accumulation of GNRs in the deep cervical lymph node; E — OCT signal average intensity within the ROI showing linear

accumulation of GNRs in the deep cervical node with slope £ = 0.0007.
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Optical Coherence Tomography

Illustrations are designed by Kirill Larin

Broadband Source Beam Broadband Source Beam
Coupler Coupler
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Photodetector Mirror

i 0:2 ﬂ{}f@

Grating
CCD

Analog-to-Digital Analog-to-Digital
Converter Computer Converter

Time domain OCT (TDOCT)

SS-OCT (Thorlabs, SL.1325)
setup: MZI: Mach—Zehnder
interferometer; ADC: Analog to
digital converter

Swept source OCT (1325 nm)

Gold-plated mirror



Creation of UV window

I. Carneiro, S. Carvalho, R. Henrique, L. M. Oliveira, V. V. Tuchin, Moving tissue spectral window to the deep-ultraviolet
via optical clearing, /. Biophotonics. 2019;e201900181.

The sample was immersed in the glycerol solution and measurements (200-1000 nm) were aquired during
30 min treatment with a 5 s - time resolution

Treatment with 60%-glycerol Treatment with 60%-glycerol
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The OC effect in UV improves
with the increase of glycerol

T (A, t) —T.(4,t=0) 260 280 concentration in the solution

% increase inT, = T (AL=0) x100% Wavelength (nm)
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Tissue optical clearing using MRT or CT contrast agents

D.K. Tuchina, I.G. Meerovich, O.A. Sindeeva, V. V. Zherdeva, A. P Savitsky, A. A. Bogdanov Jr, V. V. Tuchin, Magnetic resonance contrast agents in optical clearing:
Prospects for multimodal tissue imaging. /. Biophotonics 13(11) 2020; e201960249. https://doi.org/10. 1002/jbio.201960249

Imaging through albino mouse skin ex vivo

@ Halogen lamp

MRI contrasts can be successfully used as optical
clearing agents for enhancing optical imaging

This application clears the path for a
fundamentally new approach in multimodal
1maging, since synchronization in time and space
occurs for enhancement of optical, CT and MRI

image contrasts _ _
OCT measurements of albino mouse skin ex
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Multi-wavelength measurements RI
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Collimated transmittance, %

20 30 40 50 60
Magnevist® Time. min

Gadovist® R »
Dotarem®
Visipaque®

saline OCE=T0¢/T?

Wavelength, nm Gadovist Magnevist Dotarem Visipaque

500 329+ 5.5 297 +£40 113+ 7.7 75+1.2

Refractive index

TN 600 16.0 + 2.8 16.0 £ 5.7 5.0x+1.0 5011

+ ¢t 700 92+ 0.3 10.5 + 0.7 39+ 0.1 28403

' 600 800 1000 1200 1400 800 724 0.2 9.5+ 0.7 44+ 0.6 2.7 +0.2

Wavelength, nm

900 6.5+ 0.7 9.5+ 21 4.4+ 0.6 3.8 +0.8

MRI agent diffusion coefficients measured in mouse skin ex vivo

MR
Agent X-ray

Trademark Gadovist Magnevist Dotarem Visipaque

DU cm?/s (4.29 + 0.39) x 107’ (5.00 + 0.72) x 1077 (3.72 + 0.67) x 10~’ (1.64 + 0.18) x 10~
D cm?®/s 3.9x107° — 45x107° —
Tortuosity, l3/L 3.0 3.5

1 Gadovist — is the most effective OCA




Fluorescence measurements at OC

Fluorescence intensity images of mouse cancer cells in vivo

D.K. Tuchina, I.G. Meerovich, O.A. Sindeeva, V. V. Zherdeva, A. P Savitsky, A. A. Bogdanov Jr, V. V. Tuchin, Magnetic resonance contrast agents in optical clearing:
Prospects for multimodal tissue imaging. /. Biophotonics 13(11) 2020; e201960249. https://doi.org/10. 1002/jbio.201960249

20 days after tumor cell enucleation (HEp2-TagRFP line) in BALBc/nude mice
OCA: 70% glycerol, 5% DMSO, 25% water

Profiles for fluorescence signal

Tumor 4000000
Before the application of the OCA '
Immediately after application
SRt After removal of excess OCA

T Y T — 35000.00

25000.00

20000.00

Cassette with animal 15000.00

Instrumentation and Protocol I e

<»DCS-120 confocal scanning system (Becker & Hickl GmbH) 5000.00

»WhiteLase SC480-10 supercontinuum laser with acousto-optic tunable filter AOTF-V1-D-FDS-SM 4,
(FIANIUM) RN O00 300 400 500 600 700 800

“+HPM-100-40 hybrid detector (Becker & Hickl GmbH)
“*Fluorescence excitation wavelength was 540 nm
“*Fluorescence emission from a tumor was collected through the skin in the epi-illumination

configuration , :
“*Long- and bandpass filters were used (HQ550LP and 580BP) \

“*SPCImage 3.2 data analysis software (Becker & Hickl GmbH). _ g
<*NIH Image] 1.48v software : : V
<»Animals were anesthetized by Zoletil-Rometar mixture and were put in a cassette on a mobile stage

“+Optical clearing was performed for 15 min using a 70% glycerol, 5% DMSO, 25% water solution

“*Image collection time for anesthetized mouse varied from 3.5 to 8 min depending of fluorophore
expression level



Fluorescence intensity images of mouse cancer cells in vivo

D.K. Tuchina, I.G. Meerovich, O.A. Sindeeva, V. V. Zherdeva, A. P Savitsky, A. A. Bogdanov Jr, V. V. Tuchin, Magnetic resonance contrast agents in optical clearing:
Prospects for multimodal tissue imaging. /. Biophotonics 13(11) 2020; e201960249. https://doi.org/10. 1002/jbio.201960249

20 days after tumor cell enucleation (HEp2-TagRFP line) in BALBc / nude mice
OCA: Gadobutrol (GB) Gadovist®
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Tag-RFP fluorescence and MRI of tumor mouse xenografts after an intravenous injection of GB

N.I. Kazachkina, V.V. Zherdeva, I.G. Meerovich, A.N. Saydasheva, I.D. Solovyev, D.K. Tuchina, A.P. Savitsky, V.V. Tuchin, A.A. Bogdanov Jr., “MR and fluorescence
imaging of gadobutrol-induced optical clearing of red fluorescent protein signal in an in vivo cancer model,” NMR in Biomedicine, e4708-1-13 (2022).
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A Time course of FI and T1w MRI SNR measured using whole tumor ROIs after an intravenous injection of GB (0.3 mmol/kg, n= 3).

Data shown as mean + SD. Asterisks indicate that measured means are statistically significant from the baseline values (P < 0.01).
B: Tag-RFP FI imaging before intravenous injection of GB.

C: Tag-RFP FI imaging 4 min after intravenous injection of GB
D: Single sagittal MR slice, T1w GRE MRI of the tumor before intravenous injection of GB.
E: Matching single sagittal slice, T1w GRE MRI of the tumor 9 min after intravenous injection of GB; bar, 1 mm



The effectiveness of human gingival tissue OC and therapy

A.A. Selifonov and V.V. Tuchin, Control of the optical properties of gums and dentin tissue of a human tooth at laser spectral lines in
the range of 200 — 800 nm, Quantum Electronics, 50 (1), 47-54 (2020)

I. Carneiro, S. Carvalho, R. Henrique, A. Selifonov, L. Oliveira, V.V. Tuchin, Enhanced ultraviolet spectroscopy by optical clearing for
biomedical applications, /EEE Journal of Selected Topics in Quantum Electronics 27 (4), 7200108-1-8 (2021)

Liningmucosa  Chewing mucosa

OCA: 99.7% glycerol

60 min
/ 40 min
30 min
20 min
10 min
5 min

1 min

\\ 0min

300
A, nm

200
0
200 250 300 350 400 500 600 700 800
A, nm

% nm The effective diffusion coefficient in human
' gum mucous tissue measured in vitro:

D (80/70/0) = (2.3+0.4) 10% cm?/s

D (50/50/0) = (2.6£0.6)-10® cm?/s

D (55/35/10) = (3.240.8) 10 cm?/s

The effectiveness of human gum OC in

propylene glycol / glycerol / water mixture
E-cigarette vapor liquid

»

A.A. Selifonov — PhD thesis on study of
biophysics of control optical properties
of biological tissue to optimize
phototherapy for oral cavity diseases

The UV treatment of 120 patients with
chronic stomatitis in children's clinic

No. 3 in Saratov showed high efficiency
for 4-6 procedures




A.B. Bucharskaya, et al., Optical clearing and testing of lung tissue using inhalation aerosols: prospects for
monitoring the action of viral infections, Biophysical Reviews (2022).

Alveolar surfactant Alveolar gas:

Type 1cell . diffusion determined mainly by temperature
Basal lamina 500 run/
. —
Mouthplece Capillary endothelium \

Cartridge Erythrocyte, s f.’ﬂa—,,%:::i-’--—

Atomizer p——— e Ny,
Battery i |
Diffusion through cytosol, uchlet,};l:snu:

governed by cytosol viscosity and the
water solubility of the gas

Diffusion through cellular membranes:
govemed by lipid solubility of the gas and by
presence of active transport mechanisms

Spectral Radar OCT Uv-3600
System OCP930SR 022 Specirophotometer

ACT lmagA

contolrats rats exposedto
vaping for 2
wapks




L.R. Oliveira, R.M. Ferreira, M.R. Pinheiro, H.F. Silva, V.V. Tuchin, L. M. Oliveira, Broadband spectral
verification of optical clearing reversibility in lung tissue, J. Biophotonics (August. 2022)
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L.R. Oliveira, R.M. Ferreira, M.R. Pinheiro, H.F. Silva, V.V. Tuchin, L. M. Oliveira, Broadband spectral
verification of optical clearing reversibility in lung tissue, J. Biophotonics (August. 2022)
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In vivo immersion optical clearing of adipose tissue

Motivation: Conventional or Laser Surgery, to see and avoid dissection of blood vessels
I. Y. Yanina, et al., “Immersion optical clearing of adipose tissue in rats: ex vivo and in vivo studies,” J. Biophotonics €202100393 (2022)
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Detection of Melanoma Cells in Whole Blood
Samples Using Spectral Imaging and Optical Clearing

Polina A. Dyachenko®, Leonid E. Dolotov, Ekaterina N. Lazareva, Anastasia A. Kozlova, Olga A. Inozemtseva, [ eg@iateihs) [SROIM=) oleeinarz1 BN o103 oz Nalel o sterz R 0y aateyals
Roman A. Verkhovskii, Galina A. Afanaseva, Natalia .A.vShushunova, Valery V. Tuchin”?, Ekaterina I. Galanzha, Of a WhOle blOOd sample at immersion OC
and Vladimir P. Zharov

(Invited Paper) To To spectrometer To spectrometer
spectrometer

Transmission Transmission — Beforeoc 680

- R 1 — After OC
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From light source } From light source

400 450 500 550 600 650 700 750 800 850
Without optical clearing Optical clearing Wavelength, nm
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Absorbance. a.u.

. : 4 . Images of slides of thickness 120 zm with a whole
Scheme of experimental setup for spectral study: 3 is the . 0L—— Toerestiieg,

' : s R blood (3 z) of a laboratory mouse and mouse
color video camera DCC1645C, 4 1s the monochrome wavelength, nm melanoma cells (B16F10) (1 1) mixed with 4 zl of

- : With Omnipaque®
camherg DCC1545M, 5 is thef spectrometer USB4000, 6 is el . £ — -’H‘U R saline (upper image) or Omnipaque (lower image)
the 1llumination unit KL-1500Z, 7 1s the blood slide g ' : W omnipaque

500 550 600 650
wavelength, nm




Dura mater (Cortex

— A ]

Laser Mouse scalp optical clearing by

beam 70%-Glycerol solution + 5% DMSO
Scalp .
Sk all 10 min

CoF Gray matter

Whlte 63.91£3.0%
s natter

13 T. La, et al. J. Innov. Opt. Health
; Sci.10(5), 1743002 (2017).

For mouse brain laser beam cross section
in the plane 13, total thickness is 7 mm

Initial 30 min
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Increasing the penetration depth for

ultrafast laser tissue ablation using R e s
Glycerol based optical clearing %
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The resulting scattering length
for the LP was found to be
p = 83 £ 16 um, compared

Ablation at threshold
fluence (2P imaging)

e 1/e2 spot radius 0.7 um

e Scanning over the ablation
FOV marked in red

 Ablation at 1/15 fps

epithelium
: . . e Threshold fluence ~2 J/cm?2
50

Ablation depth (zm)
% Scarred Vocal Fold affecting 2-6 M Americans
% Overuse Surgery Scar affect the elasticity of the collagenous layer — Lamina Propria (LP)
“*The scar might extend hundreds of microns deep
“*Treatment: Injection of biomaterial to subsurface voids created by ultrashort laser pulses




Laser treatment of porcine costal cartilage doped by MNPs at OC

Erbium-doped glass fibre laser (IPG Photonics, USA), d=600 pm, CW: - 5.5 W/cm?
- 0.15 W/em? Kinetics of temperature rise
B 532 nm [ 1.56 um A Glycerol
[[] After elution of clearing agent ® Fructose i lA AT=(44%1)
Glycerol = Control _A;IA“xxf. 9 AT=(a121)
OCfor A =532 & “;;3‘ .ié?;m .
1.56 pm by applying 5 gt iiﬂﬁi
OCA with different

wt% concentrations
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OC efficiency
after 10 s from the
start of irradiation

Control 20%

Fructose

Cartilage sample
thickness is 1 mm

© =2 NWMOWO®NO®

Glycerol Fructose
Am=-40% Am=-30%

Y Alexandrovskaya et al., Controlling the near infrared transparency of costal cartilage by impregnation with clearing
agents and magnetite nanoparticles, /. Biophotonics 11 (2), e201700105 (2018)




L. Pires, et al., Cancers 12(7), 1956 (2020).
L.P. Martinelli, et al., Biomedical Optics Express 11(11), 6516—-6527 (2020).

The role of optical clearing to enhance the applications The effect of OC on the PDT outcome in melanotic melanoma

of in vivo OCT and photodynamic therapy: Towards

PDT of pigmented melanomas and beyond MiithoutDER : WHITIOER

{A\DBOCK OF
TISSUE OPTICAL
CLE.

Top row: Histology images (H&E and
Ki-67 marker staining viable
melanoma cells).

Layla Pires, Michelle Barreto Requena, Valentin Demidov, Ana Gabriela Salvio,
1. Alex Vitkin, Brian C. Wilson, and Cristina Kurachi

Histology

Before optical clearing After optical clearing

, : Middle row: Tumor cell counts at t =
1200000 1200000 10 days post-PDT using either the
single vascular-targeted
photosensitizer Visudyne (VIZ) or

400000 tumor cell-targeted photosensitizer
Photodithazine (PDZ) or both (means +
. = 12).
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Bottom row: Raman
microspectroscopy shows that PDZ -
mediated PDT damaged the tumor up
to ~125 pm depth as with OC PDT
effectiveness of up to ~700 pm depth is
observed.

Melanoma Normal skin Melanoma Normal skin
w— —_) - -

Raman microscopy

OCT imaging of melanoma before and after OC (t = 4 h).
Murine B16- F10 tumors in nude mice. Tissue microvasculature
images were obtained in speckle-variance OCT (green = top
tissue layers, black = deepest). Scale bars are 1 mm.



Overview of effects of 1n vivo skin optical clearing on light-induced therapy
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Without With
optical clearing optical clearing

Tattoo removal

REVIEW

In vivo skin optical clearing for improving imaging
and light-induced therapy: a review

Qing Xia,® Dongyu Li®,** Tingting Yu,? Jingtan Zhu®,? and Dan Zhu«?*

®Huazhong University of Science and Technology, Britton Chance Center for Biomedical Photonics — MoE Key

Photocoagulation

z

Labeling apoptotic cells

100 pm

. Labeling proliferating cells
(b) Fluorescence images of TUNEL-
and Ki67-labeled tumor slices obtained
14 days after synergistic treatment of
photothermo-chemotherapy in a deep-
sited tumor model without or with OC
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(c) Three pigmentation areas on
(a) Thermal response of blood vessels without or with optical rat dorsal skin before and after

clearing when irradiated with different numbers of laser pulses treatments:

area 1: laser irradiation after OC
area 2: only laser irradiation
area 3: without treatment
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Conclusion

% Optical clearing technology 1is beneficial for enhanced
multimodal spectroscopy/imaging and PDT/PTT treatment

< The efficiency of medical lasers working on selected wavelengths
in a wide wavelength range from deep-UV to IR range can be
improved significantly due to this technology
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Welcome to JBPE

| am very pleased to introduce the Journal of Biomedical
Photonics & Engineering (JBPE). This new, online-only,
open-access journal, published quarterly, is aimed at the
rapid dissemination of high-impact results in all areas of
biomedical engineering and photonics, from fundamental
studiesto applied technology.

JBPE will publish original research letters (3-4 pages),
research articles (6-12 pages), and reviews (12-20
pages), as well as special issues. All submissions will
undergo rigorous reviewing in order to ensure high-quality
publications. Papers will be refereed by at least 2 experts
as suggested by the Editorial Board. The accepted
manuscripts will be published online first in the "Online
Ready" section before the wholeissue is available.

The Editorial Board is comprised of a fantastic group of
renowned researchers and has a diversity of expertise
that covers all areas of biophotonics and biomedical
engineering. Theywill work hard to ensure that papers are
given careful and quick consideration to maintain the spirit
of rapid dissemination.

Starting a joumal with such lofty goals is challenging. | am
highly encouraged by superb articles that have already
been submitted. | wish to express my gratitude to many
individuals who have contributed to the successful start-
up of the JBPE. | thank all members of the Editorial Board
for their efforts in soliciting manuscripts and seeing them
through the review process.

Many strategic aspects of JBPE were developed in the
course of extensive discussions that | had with many
colleagues, and | continue to welcome your thoughts and
suggestions on how we can further improve the journal.
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