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ABSTRACT

Organs maintain their unique functions through a variety of distinctive vessel systems. However,

examination of multiset vessels over the entire organ still remains challenging due to the difficulties of
assigning multiple vessel systems and labor-intensive imaging reconstruction technologies [1-3].
Micro X-ray computed tomography (uCT) is one of the most used non-optical imaging modalities for in
vitro visualization and analysis of organ vessel systems due to its high spatial resolution three-dimensional
(3D) imaging capability [4]. However, the drawbacks of pCT are its insufficient signal-to-noise ratio
(SNR) and field of view (FOV) as well as the complicated angiographic and data processing protocols [5].
Optical-based imaging modalities also show promising application in revealing organ vessel systems due
to their superior resolution and sensitivity. Whole-organ optical clearing technique combined with cutting-
edge optical microscopies, such as light-sheet microscopies, can resolve organ vessel systems with
cellular-level spatial resolution [6]. Nevertheless, the complex and time-consuming organ optical clearing
protocols as well as the tradeoff among temporal resolution, imaging FOV and spatial resolution remains
major challenges. Sectioning tomography assisted by tissue microtomy technique can also achieve cellular-
level imaging of whole-organ vessel systems [7]. However, correction of unavoidable distortions on the
sectioning surfaces, complicated labeling and the unavoidable trade-off between spatial resolution,
temporal resolution and imaging scale remain unsolved. Briefly, current commonly applied organ vessel
system imaging platforms still face shared technical barriers: (1) unbalance between large-scale organ
compatibility, spatial resolution and temporal resolution and (2) complex labeling procedures, complicated
labor-assist-required segmentation algorithms and resource-consuming post-imaging processes in
distinguishing multiset vessel systems. So far, an organ vessel system imaging platform with a good
balance between spatial resolution, temporal resolution and multiscale-organ compatibility that applies
simplified protocols to easily distinguish multiset vessel systems has not yet been reported.

Photoacoustic imaging (PAIl), an emerging hybrid imaging modality utilize the phenomenon of
generating ultrasound waves from a pulsed laser-excited optical absorber, exhibits the advantageous
capability of vasculature characterization due to its rich optical imaging contrast and deep ultrasound
sensing depth [8]. Photoacoustic microscopy (PAM), a major sub-modality of PAI, features a high spatial
resolution of microns, rich optical absorption sensitivity, and 3D imaging ability, making it accessible and
promising to investigate vessel systems in organs [8]. However, there remains several major challenges for
PAM to achieve whole-organ multiset vessel system imaging: (1) the severe optical scattering of biological
tissues limits the penetration depth to ~1.5 mm, preventing PAM from reaching the whole-organ depth [8];
(2) the limited spatial FOVs of existing PAMs, especially the axial FOV, are insufficient for imaging
organs of large rodents, non-human primates, and humans; and (3) it is difficult for PAM to differentiate
different vessel systems in the organ. As a result, so far, there is no systematic description of using the
superior imaging capabilities of PAM to achieve whole-organ imaging of vessel systems.

In this study, we resolved such challenges hindering the feasibility of whole-organ vessel system
visualization using PAM and further overcome the technical barriers of imaging scale and multiset vessel



distinguish complexity faced by current approaches. We developed an organ-level photoacoustic
microscopic imaging platform (Organ-PAM), which utilizes a fast optical-clearing-assisted organ
decellularization technique, a dual-illuminant ultra-large FOV optical-resolution PAM system, and a well-
designed photoacoustic angiographic imaging protocol.

The detailed design of the imaging interface of our designed dual-illuminant ultra-large FOV optical-
resolution PAM system consists of four separate units from top to bottom (Figure 1a), both the upper-side
and bottom-side excitation units are made up of a 532 nm pulsed laser to induce photoacoustic waves, a
two-dimensional galvanometer to perform rotary scanning of the light beam, and an F-theta lens to
converge the light beam into the sample. The transducer rotates coordinately with the light scanning via a
specially designed rotary scanning mechanism to achieve an effective imaging domain with a diameter of 4
cm in lateral (Figure 1b), the unit of the motorized sample holder moves the oversized sample in a raster
pattern to obtain an extended lateral FOV via an imaging stitching algorithm (Figure 1c). We achieved a
lateral resolution perpendicular to the acoustic beam of ~12.1 pm and an axial resolution along the acoustic
axis of ~172.8 um with the dual-illuminant ultra-large FOV optical-resolution PAM system (Figure 1d)
and the current maximum lateral FOV can be achieved up to ~81 cm?. Based on the distribution and a
tolerable spatial resolution limit of 25 pum as the worst resolution (Figure 1e), we estimated the best double-
sided illumination scenario where an axial FOV of ~12 mm can be achieved with an acceptable lateral
resolution (Figure 1f).
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Figure 1: Organ-PAM imaging interface configuration and lateral and axial FOVs. (a) 3D rendered configuration of
the Organ-PAM imaging interface. (b) Close-up schematic of imaging target placed on the object holder and
rotationally scanned by dual-sided scanning laser beams axially oriented to each other. (c) Maximum lateral FOV
evaluation using an ultra-large planner phantom. (d) The best lateral and axial resolution of Organ-PAM. (e) The
distribution of Organ-PAM’s lateral resolution in the off-focus range of -5 mm to +5 mm along the axial direction. (f)
The calculated Organ-PAM'’s lateral resolutions over the axial FOV of ~12 mm. 2D-MOH, two-dimensional movable
object holder; SWRG, sound wave reflection glass; UST-RC, ultrasonic transducer rotation chamber; MOA, mutual
overlap area; OHMT, object holder moving trajectory; SCIA, single circular imaging area; ESF, edge spread
function; EXDP, experimental data point; PSF, point spread function; DTFP, distance to focal plane; LR, lateral
resolution; OOFD, out-of-focus distance; CDOF, the center of depth-of-focus; CDP, calculated data point; DT-
CDOF, distance to the center of depth-of-focus; L-DOF, lower side laser depth-of-focus; LLFP, lower side laser
focal plane; U-DOF, upper side laser depth-of-focus; ULFP, upper side laser focal plane.

A photoacoustic gradient concentration differential angiography was proposed for the first time to
enable complex-procedure-free labeling, imaging, and segmentation of multi-set vessel systems. This
angiography is developed based on a fundamental photoacoustic phenomenon, which presents the
amplitude of a photoacoustic wave linearly proportional to the concentration of the chromophore inside the
absorber. According to the photoacoustic effect, samples labeled with different concentrations of
chromophore can be distinguished by linear mapping between chromophore concentration and
photoacoustic amplitude. By imaging a five-channel microfluidic chip injected using photoacoustic



contrast agents with different concentration, we observed varying photoacoustic intensities for different
channels (Figure 2a-f). Based on the microfluidic phantom experiment and combined with organ
decellularization clearing technique to produce acellular organs with enhanced optical transmittance
following a decellularization protocol, we developed photoacoustic gradient concentration differential
angiography for imaging multiple vessel systems in a single organ (Figure 2g-h).
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Figure 2: Performance demonstration of photoacoustic gradient concentration differential angiography. (a)
Colorimetric test of solvent soybean oil and five PAI contrast agents with gradient concentration formulated by
mixing soybean oil and black oily ink in different ratios. (b) The PAI contrast agents were injected into the
corresponding channels on a vessel phantom. (c) Amplitude normalized imaging results of the contrasted vessel
phantom using Organ-PAM. (d) The zoomed-in visualization of the area within the white square in (c). () The
normalized amplitude profile corresponds to the white dotted profile line marked in (d) with AG indicated. (f) The
workflow of applying photoacoustic concentration differential angiography to segment PAI signal from the five
contrasted microfluidic channels in a vessel phantom. (g) A demonstration workflow of applying the photoacoustic
gradient concentration differential angiographic method to imaging and separate PAI signals from two vessel
systems located at different depths inside an organ. (h) Re-merged color-labeled image of two vessel systems
separated through the workflow shown in (g). AG, amplitude gap; C&l, contrast-and-imaging; DMI, denoised
merged image; N. Amplitude, normalized amplitude; SI, segmented image; THV, threshold value; CA, contrast agent;
DLV, deep-layer vessel system; DTT, decellularized transparent tissue; SL, scanning laser; SLID, scanning laser
incident direction; SLV, shallow-layer vessel system; VS, vessel system.

Utilizing our dual-illuminant ultra-large FOV optical-resolution PAM system and photoacoustic
gradient concentration differential angiography organ multiple vessel systems imaging workflow, we first
achieved panoramic visualization of the hepatic vein (HV), portal vein (PV), hepatic artery (HA), and bile
duct (BD) systems in a rat liver. We sequentially infused the oil-based ink solutions with increasing
concentrations of 1%, 4%, 20%, and 100% into HV, PV, BD, and HA, respectively, and carried out Organ-



PAM scans after each infusion (Figure 3). To show the detailed 3D spatial distribution of these vessel
systems, we zoomed in on three sub-views from different lobes of the liver with a FOV of 5 mm x5
mm X 4 mm (X-, y- and z-axis, respectively), shown in Figure 3f, and observed the portal triad of PV, BD,
and HA as well as the discrete HV in the three corresponding cross-sectional slices (Figure 3g).
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Figure 3: 2D and 3D visualization of hepatic vessel systems inside an SD rat liver using Organ-PAM. Amplitude
normalized 2D MAP images of (a) hepatic vein, (b) portal vein, (c) bile duct, and (d) hepatic artery. (e) 3D color-
labeled and merged reconstruction results of whole-liver vessel systems. (f) Close-up volumetric view of three
sections corresponding to the dashed white squares marked in (e). (g) Selected longitudinal cross-section
reconstructions corresponding to the area within the dashed white rectangles in (f). BD, bile duct; HA, hepatic
artery; HV, hepatic vein; PV, portal vein.

The lateral FOV is essential for Organ-PAM to investigate the vessel systems inside organs of large
animals and even humans. To show the ultra-large FOV of Organ-PAM, we harvested a New Zealand
rabbit liver with a size of 12 cm x 12 ¢m and decellularized the entire organ. Due to the fact that the size of
the liver is far beyond the one-scan FOV (4 cm in diameter) of Organ-PAM, we divided the liver into nine
partially overlapping circular regions (Dia. 4 cm) that covered the entire liver (Figure 4). Following the
nine single-scans of the divided regions, the image registration algorithm recognizes the overlapped areas
between adjacent images and achieves image tiling by matching the overlapped areas (Figure 4b). Using
photoacoustic concentration differential angiography, we achieved the visualization and segmentation of
whole-set HV and PV systems of the healthy rabbit liver (Figure 4c).

For organs with planar sides that can be flattened on the imaging plane, such as the liver, lung, and
spleen, as well as organs from small animals that possess relatively thin tissue, single-sided illumination is
sufficient to cover the entire organ in depth. Unfortunately, the thickness of some important organs, such as
the heart, stomach and kidney, are beyond the best effective axial FOV of single-sided illumination. The
Organ-PAM we designed can achieve a doubled axial FOV of up to ~30 mm using a specially designed
double-sided illumination. To highlight the superiority of the extended axial FOV, we tested the panoramic
volumetric visualization of whole-set renal artery (RA) and renal vein (RV) systems of a rabbit kidney
with a thickness of 11 mm (Figure 5).
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Figure 4: Visualization of large-scale whole-hepatic vein systems inside a New Zealand rabbit liver by Organ-PAM.
(a) Multi-regional imaging of large-scale New Zealand rabbit liver to reconstruct complete vessel system
visualization. (b) Image tiling workflow demonstration of two adjacent imaging units corresponding to the imaging
regions marked by black circles in (a). (c) The complete 2D reconstruction of the large-scale New Zealand rabbit
liver whole-hepatic HV and PV and two ROI images were obtained by re-merging and color-labeling the two vessel
systems inside the areas corresponding to the areas within the dotted white squares. HV, hepatic vein; PV, portal
vein; WH-HV, whole-hepatic HV; WH-PV, whole-hepatic PV.
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Figure 5: 2D and 3D visualization of whole-renal vessel systems using Organ-PAM. (a) The schematic of whole-
renal concentration differential angiography with Organ-PAM. (b) 2D MAP images of RV and RA of each half of the
kidney. (c) 3D color-labeled complete visualizations of RV and RA. (d) Close-up volumetric view of two sub-sections

corresponding to the dashed white boxes marked in (c). (e) The selected longitudinal cross-sections of the sub-
visualizations correspond to the dashed white rectangles in (d). (f) Quantification of RV and RA vascular density (%)
according to the imaging data of both halves within four zones equidistantly divided from the root vessel original
point to the renal edge. RA, renal artery; RV, renal vein; LH-RA, lower-half renal artery; LH-RV, lower-half renal
vein; UH-RA, upper-half renal artery; UH-RV, upper-half renal vein.

Unlike kidneys and livers, lungs are highly ductile organs with more complex extracellular matrix
(ECM) structures rich in various structural proteins, resulting in more structural proteins in decellularized
lung tissue and thus more light scattering and less tissue transparency. Hence, it is quite challenging to
achieve sufficient light penetration at thick tissue regions of decellularized lungs. To address such
limitation, we combined decellularization with a unigque intra-organ-perfusion-style optical clearing (OC),
which enables faster and better transparency of lungs. To further demonstrate the non-vascular vessel
system visualization capability and the multi-organ compatibility of Organ-PAM, we visualized the PT and
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pulmonary artery (PA) systems panoramically within a rat lung treated with both decellularization and
intra-organ-perfusion-style OC (Figure 6).
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Figure 6: Fast optical-clearing-assisted decellularized tissue transparency and the visualization of pulmonary
trachea (PT) and pulmonary artery (PA) systems within a rat lung using Organ-PAM. (a)-(b) The comparation of
tissue transparency and imaging performance between decellularized rat lung and optical clearing enhanced
decellularized rat lung. (c)-(d) The 2D MAP visualizations of segmented PT and PA. Visualizations captured using
both lower and upper illuminations and merged visualizations are provided. (e) 3D color-labeled visualization of PT
and PA with four representative areas selected for zoom-in views. OC, optical clearing; W/O, without; L&U, lower
and upper; LL, left lung; PA, pulmonary artery; PT, pulmonary trachea; PT-PB, pulmonary trachea primary
bronchi; PT-SB, pulmonary trachea secondary bronchi; PT-TB, pulmonary trachea tertiary bronchi.

We further utilized the Organ-PAM to probe the pathological vessel systems in primary rat liver
cancers at distinct stages (Figure 7). The three sets of vasculatures (i.e., HV, PV, and HA) in the
decellularized cancerous livers were contrasted and imaged to investigate the role of blood vessels during
cancer progression. We further derived the vascular density ratio (VDR, normalized indicator of vascular
density), branch point quantity (BPQ) and vessel length (VL) to quantify the difference between cancers at
different stages. We note that the artery system shows an increase, while the vein systems reveal decreases
from the marginal area to the center area. All the quantification results demonstrate that the artery system
plays a significant role in the metabolic activity of hepatic tumor compared with the vein systems.

Overall, we present an organ-level photoacoustic microscopic imaging platform, named Organ-PAM,
with a micron-scale spatial resolution and ultra-large field of views (FOVs), which can achieve a lateral

13



and axial FOV of up to ~81 cm2 and ~30 mm, respectively. With the assistance of whole-organ
decellularization, optical clearing and a specifically designed photoacoustic gradient concentration
differential angiographic pipeline, we successfully achieve the visualization of up to four-set vessel
systems inside diversified organs with multiple scales. In addition, we conduct quantitative analyses of
vessel systems in both healthy livers and kidneys as well as cancerous livers with exogenous transplanted
tumor at different stages. Thus, the platform enables high-efficiency multiset vessel imaging, recognition,
and quantification of different organs, providing critical insights into distinct vessel systems under varying
pathological conditions.
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Figure 7: Visualization and quantitative analysis of whole-hepatic vessel systems inside SD rat livers with exogenous
transplanted tumors using Organ-PAM. The substance photos ((a) and (e)) and amplitude normalized 2D MAP
images of HV ((b) and (f)), PV ((c) and (g)), and HA ((d) and (h)) of two cancerous rat livers at advanced and
intermediate stages, respectively, with dotted circles indicating the cancer locations. The color-labeled and merged
vessel systems inside the cancer regions at advanced (i) and intermediate stages (j). Histological analysis of the
advanced cancer (k) and intermediate-stage cancer (I) using H&E staining with corresponding sectioning location
indicated in (i) and (j). The triangle markers in (i), (j), (k) and (I) indicate vessels can be identified and located
mutually in both PAM images ((i) and (j)) and the histological images ((k) and (1)). (m) Local-to-local and local-to-
global vascular density ratios of both cancerous livers. (n) Quantification of branch point quantity and vessel length
of the vessel systems at cancer sites in both cancerous livers. (0) Quantification of vessel system complexity for
advanced liver cancers using box-counting. (p) The visualization showing the changing trend of vessel weights for the
vessel systems inside the advanced stage liver cancer from margin to center. HA, hepatic artery; HV, hepatic vein;
PV, portal vein; AS, advanced stage; IS, intermediate-stage; L/L, local-to-local vascular density ratio; L/G, local-to-
global vascular density ratio; BPQ, branch point quantity; VL, vessel length.
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ABSTRACT

The problem of the determination of blood oxygen saturation (sO,) is important for a number of
biomedical applications [1]. Methods of diffuse optical spectroscopy (DOS) are traditionally used for sO,
measurements. DOS employs the difference in spectra of oxy- and deoxyhemoglobin at two probing
wavelengths. However, the resolution of this method is not vessel level, but for particular applications, for
example, tumor response to treatment monitoring [2], one may need the mapping of sO, within tissue. To
achieve this goal hybrid techniques can serve as an optimal solution.

Optoacoustic (OA) imaging [3, 4] is one of such hybrid methods. OA imaging is based on the detection
of ultrasonic waves generated in the studied biological tissue due to the absorption of probing laser pulses by
optical inhomogeneities. As different chromophores have their own absorption spectra, spectral OA
measurements allow for the reconstruction of chromophores concentrations. The main blood components,
oxy- and deoxyhemoglobin, are the strongest absorbers in the visible wavelength range, which makes it
possible to use optoacoustic method to obtain angiographic images. OA imaging combines benefits of optical
and ultrasound imaging resulting in high spatial resolution, contrast and functional imaging. One of the most
promising directions of OA imaging application is the 3D mapping of sO, based on OA spectroscopy data,
owing to significant difference in oxy- and deoxyhemoglobin absorption spectra, which makes it possible to
use OA for various biomedical applications. However, biological tissues are optically inhomogeneous, and
their optical properties are a priori unknown, which requires the development of customized approaches for
the extraction of physiological parameters. Current trend consists in the application of machine learning
techniques [5, 6] using large sets of synthetic OA data, which requires humerical solutions of both optical and
acoustic problems. We report on the employment of machine learning based approaches in pixel-by-pixel 3D
reconstruction of sO,.

Usually, quantitative OA imaging research aims to achieve an absolute quantification of the absorption
coefficient p,, from measured OA signals. In OA imaging, quantification of p, involves a solution of two ill-
posed inverse problems: acoustic reconstruction yielding images of the OA signal p(r,A) for each
measurement wavelength
p(r,A) =TH(r,2) (1)
and the estimation of p, from absorbed energy spectrum H(r, 1), which can be written as
H(r,4) = pa(r, )P (r, 1) (2)

where @(r, A) is distribution of local light fluence.

In this study we trained machine learning algorithm on in silico data generated through Monte Carlo
(MC) simulation of absorbed light distribution in model tissue and than estimated sO, from in vivo OA data.
A custom developed MATLAB-based implementation of MC algorithm [7-9] was employed for the
generation of absorption maps characterized by the distribution of the absorbed dose in a tissue-like medium
containing blood vessels with varying diameters and depths within morphological range. In this study we
consider 2 wavelengths and simplified model of rabbit ear, containing 4 blood vessels with different diameters
and location depths. Absorption maps were calculated for different configuration of model tissue (vessel
diameters and depths) and also different sO, level.
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Calculated absorption maps for different vessel configurations at 532 and 1064 nm were normalized
and converted in pixel-wise dataset with ground truth sO, and embedding depth labels. 800000 samples were
divided on train and test datasets and used for training Gradient Boosting Regressor (GBR) [10]. Raw OA data
obtained from OA microscope were reconstructed by delay-and-sum reconstruction [11]. Reconstructed OA
data with accounting for the tissue surface were also normalized and converted in pixel-wise dataset for
presenting to trained model and estimation of sO,. The data normalization was performed by matching the
signal ranges from OA and MC data.

The machine learning algorithm was tested on the set of experimental data acquired on rabbit ear in
vivo [12] in the course of temperature stimulation (cooling down to 15 °C followed by heating up to 43 °C) of
arteriovenous anastomosis (AVA) resulting in the variation of blood saturation level in vessels. Maximum
intensity projection (MIP) OA images obtained at 532 nm are similar in both temperature regimes (Fig. 1a),
while in cold regime AVA phenomenon (Fig. 1b) and its interruption (Fig. 1c) are visible on OA images
obtained at probing wavelengths 1064 nm. This set of in vivo data was employed for testing the developed
algorithm (Fig. 2).

Figure 1: MIP of OA reconstructed images obtained at 532 nm (a) and 1064 nm (b-c) at immersion chamber
temperature of 15 °C (a,b) and 43 °C (c). All bars are 1 mm.

_;_. ‘ ':.,;;~V9in \
branch*.

Figure 2: MIP of reconstructed saturation maps at immersion chamber temperature of 15 °C (a) and 43 °C

(b).
Results of machine learning-based sO, reconstruction from MIP OA images visualize AV A appearance
and interruption (Fig. 2). It shows clear difference in sO, values obtained in veins in cold and warm regimes.
Veins are connected with arteries at 15 °C, which leads to exchange of oxygenated blood between them (Fig.
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2a) and high sO, values in both arteries and veins, while the interruption of AVA at 43 °C leaves only low
oxygenated blood in veins (Fig. 2b).

Thus, the developed algorithm demonstrates high potential for sO, mapping from MIP OA images without
accounting for vessel embedding depth. It has obvious perspectives to be employed for different biomedical
applications in quantitative OA imaging.
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ABSTRACT

Antimicrobial photodynamic therapy (aPDT) is a noninvasive form of therapy used in the treatment of
diseases in various fields of medicine, such as dermatology [1,2], oncology [3,4] and urology [5,6]. Such
treatment produces excellent therapeutic results alone, but there is also the possibility of applying combined
therapy of aPDT with other therapeutic protocols aiming to improve the outcome [7]. aPDT still presents the
advantage of being well tolerated by patients due to its selective action [8].

aPDT is based on the local or systemic application of a photosensitizing compound (PS), which is
intensely accumulated in target tissues. Light at a specific wavelength then activates the PS from its ground
state to the excited state, which will react with nearby molecules by transfer of energy or charges in two
possible reactions: type | or type Il (Fig. 1). Both pathways can cause oxidation of various cellular
components, resulting in cell death. In the type | reaction there is production of free radicals, such as HO',
which reacts with either biomolecules or with other HO" radicals, originating the cytotoxic compound
hydrogen peroxide, besides lipoperoxide, leading to lipid peroxidation. In the type Il reaction, energy is
transferred to oxygen, inducing the production of 'O,, which leads to the oxidation of proteins, nucleic acids

and lipids [7].
'ntefsystem J A

Excited singlet state
crossing Excited triplet state

Type ll

Typel

uorescence -
biomolecule

phosphorescence

Ground singlet state

Figure 1: Jablonski’s Diagram for the mechanism of action of PDT type I and II reactions. PS:
photosensitizer; PSEs: photosensitizer in excited singlet state; PSEt: triplet excited state photosensitizer;
'0,: singlet oxygen. Adapted from [9].

One of the possible combined treatments mentioned is the employment of enzymatic inhibitors with
subsequent photodynamic treatment. Recently, our research group was able to demonstrate that methylene
blue-mediated aPDT in association with a superoxide dismutase inhibitor was effective in reducing the
microbial viability of E. coli cultured both in planktonic and biofilm forms, characterizing a synergistic
phenomenon. Thus, further studies evaluating this combined treatment against other pathogens that have
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enzymatic mechanisms for oxidative damage prevention via reactive oxygen species production will be
strengthened [10].

Another possibility of combined treatment would be the use of glycoside hydrolases to degrade the
polysaccharidic fraction of the extracellular matrix of the microbial biofilm, and then applying aPDT in order
to reduce the viability of the microbial cells.

It is estimated that most microorganisms on the planet live in the form of biofilms, allowing them to
survive in inhospitable environments. In the case of human pathogens, this feature is particularly important, as
it makes the action of antimicrobials even more difficult. Furthermore, exposure to antimicrobial
concentration gradients within the biofilm may facilitate the development of resistance [11]. Biofilms are
communities of microorganisms that attach to biotic or abiotic surfaces through a polymeric extracellular
matrix, which may contain polysaccharides, proteins, extracellular DNA and lipids, in addition to other
biomolecules, with polysaccharides being the most abundant in most microorganisms [12].

There are several strategies to inhibit the formation of bacterial biofilms, or even to destroy preformed
biofilms, and one of them is the use of enzymes that target the polymers of the extracellular matrix of
biofilms, such as the glycoside hydrolases aiming the polysaccharides [13].

This is a very recent research line implemented in our laboratory, in collaboration with another research
group, who already demonstrated the ability of these enzymes to eradicate bacterial biofilms. Thus, we intend
to evaluate the action of several glycoside hydrolases on several microbial biofilms and further investigate
their combination with aPDT aiming a deeper effect.
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ABSTRACT

This paper discusses the development of an infrared quantum cascade laser emitting in the range from
9.6 to 12.5 um. The laser is made according to a circuit with an external cavity (Littrow scheme). It is shown
that the selected laser design, its energy characteristics (peak pulse power 150 mW and 8 average radiation
power mW), wide tuning range (from 9.6 to 12.5 um), tuning step 2 cm™, linewidth of 2 cm™, which allows
the developed device to be used in a wide range of applications in the field of spectroscopy.
INTRODUCTION

The analysis of chemical compounds in a solid or liquid state is one of the most important tasks, which

has not only fundamental but also applied significance. At the same time, analysis methods are largely
determined by the final goal of the study, the conditions of the experiment and the time allotted for it.
At the moment, there are many common methods for solving problems of identifying liquid and solid
substances. The most common approach is Raman spectroscopy [1, 2]. Due to the high selectivity of Raman
spectra, as well as the ability to study substances even through transparent packaging, this method has become
widespread.

Methods for identifying powder samples without prior sample preparation include diffuse reflectance
Fourier transform infrared spectroscopy (DRIFTS). The sample is placed in a special cup, then the IR
radiation incident on the sample is reflected to varying degrees through the sample. Diffuse reflectance is
collected on a parabolic mirror and enters a photodetector. DRIFTS is convenient to use in laboratory settings
[3].

Another classical spectral method used in the analysis of chemical compounds is absorption
spectroscopy. This method has become especially widespread for the analysis of substances in the gas phase,
in particular for the identification of vapors in an open atmosphere using the passive method of FTIR
spectroscopy [4, 5].

Currently, significant progress has been made in the development of quantum cascade lasers (QCLS)
[6]. QCLs are unipolar semiconductor lasers with the ability to tunable wavelengths over a wide spectral
range. Some QCLs are capable of tuning in a range of more than 1000 cm™* and, operating in a pulsed mode,
generate peak power up to 150 mW. The use of such lasers makes it possible to obtain fairly informative
spectra of diffuse reflection of substances and, as a result, to successfully identify chemical compounds [7].

RESULTS

The developed quantum cascade laser (Fig. 1) generates radiation in the wavelength range 9.6-12.5 um
with a tuning step of 2 cm™ and an output peak power of up to 200 mW, a pulse duration of 300 ns. The laser
is built according to the Littrow scheme (external cavity quantum cascade laser).
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Figure 1: Quantum-cascade laser. 1 — diffraction grating; 2 — radiator; 3 — Peltier element; 4 — QC chip; 5
— aspherical collimating lens; 6 — control board for the CC chip; 7 — cooling control board.

To record the signal, a thermoelectrically cooled mercury cadmium telluride (MCT TE) photodetector
is used. The system is equipped with a 24-bit analog-to-digital converter.

The developed laser has the following technical characteristics (Table 1).
Table 1. Technical characteristics of a quantum cascade laser.

Radiation range pum 9,6-12,5
Maximum average radiation power mw 8,0
Maximum peak pulse power mw 150
Pulse duration ns 300
Time interval between radiation pulses us 5,7
Tuning step, no more cm’ 2
Spectral pulse width, no more cm’ 2
Beam divergence, no more mrad 5
Output beam size mm 3,5x5,0
Power consumption (220 V 50 Hz) W 50
Overall dimensions (LxXWxH) mm 130x150x250
Weight kg 6
In Figure 2 shows the spectral characteristic of the output power of a quantum cascade laser.
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Figure 2: Dependence of output optical power on wavenumber T= 18°C, Pulse ratio 5%, 14 V.

CONCLUSIONS
This work presents a prototype of a quantum cascade laser in the range from 9.6 to 12.5 um. The design
features and technical characteristics of the laser are presented. The paper presents a diagram of an

23



experimental setup, namely a laser spectrometer, for research in the field of diffuse reflectance spectroscopy
[8, 9] (as an alternative to Raman spectroscopy [10]) and laser absorption spectroscopy.

The developed experimental setup can be used in the chemical industry [11], pharmacology, medicine,
industrial production, ensuring chemical [12] and biological safety, and inspection activities.

The work was carried out within the framework of the Priority 2030 program.
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ABSTRACT

Optical coherence tomography (OCT) is an interferometric method for visualizing the structure of
objects. One of the implementations of OCT is spectral-domain OCT. In this method, the source light is split
into two parts. One of them is directed to the reference mirror, and the second to the object under study. Light
reflects off both the mirror and the object. Then the spectrum of the sum of the reflected signals is recorded by
a spectrometer, which, as a rule, is based on a diffraction grating (Fig. 1). The constant component is removed
from the resulting spectrum. After that, the Fourier transform is performed. The result will be a depth
distribution of the reflected signal.

S

C Lo
==

Spectrometer

Figure 1: Simplified OCT setup with spectrometer. S—low-coherent light source; C—coupler; M—reference
mirror; O—obiject.

The main application of OCT is non-invasive imaging of biological tissues in medical applications.
OCT is most widely used in ophthalmology, but other applications are being developed. For example, it can
be applied in otorhinolaryngology, neurosurgery, dermatology, etc.
One of the additions to OCT is elastographic studies. There are several implementations of optical coherent
elastography. One of them is compression OCE (C-OCE). The probe exerts axial pressure on the sample. To
determine the pressure, an additional layer of silicone is used, which is placed between the probe and the
object. Young's modulus for this silicone is known, its deformation is determined together with the
deformation of the object (Fig. 2).

probe
stress
tissue o
silicone

Figure 2: Standard C-OCE experiment.
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Observation of OCT data, which contain amplitude and phase components, is taken as the basis. Firstly,
a frame without pressure is recorded, then axial pressure is applied to the sample, and the next frame is
recorded. The phase difference between two frames is calculated. The phase difference is linearly related to
the local displacement of points in the image. At the same time, the determination of the phase shift makes it
possible to detect even small subpixel shifts. Displacement of local points allows you to determine the local
relative deformation. Strain and pressure make it possible to evaluate the stiffness of the material. To
determine the pressure, an additional layer of silicone is used, which is placed between the probe and the
object. Young's modulus for this silicone is known, its deformation is determined together with the
deformation of the object from the phase difference in the image (Fig.3)

Phase difference

interframe axial strain,frame nr=4;frame lag=1

W Nea—

Axial strain

Figure 3: The principle of image processing in C-OCE.

In this case, an assessment of the change in the optical characteristics of an object during its
deformation may be of interest as a source of additional information about the object. It is logical to assume
that the change in the optical characteristics of an object during deformation is related to its hardness. Thus,
the evaluation of changes in optical characteristics has the potential to determine the elastic characteristics of
the sample without the use of phase calculations, which require high system stability. The purpose of this
work is to evaluate the change in the optical characteristics of several samples with obviously different
mechanical properties.

The attenuation coefficient of sample is an optical property of tissue that can be estimated from optical
coherence tomography data. The attenuation coefficient calculation is used to study the properties of white
matter [1], as well as in ophthalmology to improve the definition of certain pathologies [2].

There are two main methods for estimating the attenuation coefficient of a sample. For homogeneous tissues,
the signal attenuation can be approximated by an exponential function. The second method was first proposed
in [3]. It allows you to calculate the attenuation coefficient with depth resolution

Co_ 0 &)
el S )

where I is the signal intensity, e IS the attenuation coefficient. The attenuation coefficient is estimated as the
ratio of the signal intensity at a point to the sum of the signal intensities at all subsequent points. This method
of calculating the attenuation coefficient has a number of requirements for the correctness of the calculation.
Firstly, the calculation will be correct if the object under study has a homogeneous directional diagram in
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depth. This condition cannot be guaranteed. The second condition is the need for complete attenuation of the
signal by the end of the image. If part of the signal does not decay towards the end of the image, then the sum
of the intensities in the denominator of eq.1 will be evaluated incorrectly. This causes a calculation error that
increases with depth. The fulfillment of this condition can be assessed from the OCT image. The third
requirement is the absence of noise in the OCT image. This requirement is not met. To correct the error
caused by the presence of noise, the filtering method proposed by our group in [4]:

'u[l] T |H[i]|2-SNRH[i]+1 .“est[l],

H[l] = — Z;.;HlN[j] -1 _ ‘(N)'(imax_i)
T2 UUI+NLD e AL1+N LD 2)
SNRH'[I,] — Z |”est[i]|2_|Nu[i]|2
- Xi,Zi EW INK[i]]2 !
uril — N[i] _ )
NH[I] 208324, ULT+NED Z-A-E;’:ﬁr"l(l[jHNU]),

where (N) is the mean noise amplitude, SNR" is the local signal-to-noise ratio, (1j+Nj) is the measured OCT
signal. A — pixel axial size, i - axial measurement number, ina - total number of pixels in axial direction, peg]i]
— attenuation coefficient value, estimated according to [Vermeer].

Four different samples were selected for the study. There are two plastic phantoms and two biological
tissues. Chicken skin and chicken muscle tissue were chosen as biological samples.

The experimental scheme is similar to the C-OCE scheme (Fig. 2). The probe was vertically fixed
above the sample. The pressure was exerted due to the upward movement of the surface on which the sample
was located. A layer of silicone was placed between the probe and the sample to measure the pressure. The
same silicone was used in all four experiments. We assumed that the pressure is directly proportional to the
deformation of the silicone. At the current stage, we have limited ourselves to measuring the deformation of
silicone. As the pressure changed, OCT images were recorded. To assess the change in the attenuation
coefficient, regions near the silicone-sample interface were selected. The areas in each image were divided
into 64 rectangular pieces of equal size. The attenuation coefficient was averaged over these rectangles. It
should be noted that the condition of complete signal attenuation by the end of the image is not met for plastic
phantoms, which can cause some error in estimating the attenuation coefficient for these samples.

To estimate the magnitude of the change in the attenuation coefficient, a scatterplot of the dependence of the
attenuation coefficient on the relative deformation of the additional layer was plotted. A linear approximation
of this dependence was carried out according to

u=a-d+ B, 3)

where o and B are the coefficients that are determined during the approximation. a is a slope parameter that
characterizes the amount of change in the attenuation coefficient. d is deformation of silicone layer, p is
attenuation coefficient.

The resulting dependencies and their approximation are shown in Fig. 4. The image also shows the
value of the slope parameter for each of the samples. The a parameter is 0.26 1/mm for the hard phantom,
0.49 1/mm for the soft phantom, 0.69 1/mm for chicken muscle tissue, and 1.78 1/mm for chicken skin. The
rate of change of the attenuation coefficient is the fastest for chicken skin and the lowest slope parameter
corresponds to hard plastic.
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Figure 4: Experimental dependence of the attenuation coefficient on the deformation of the additional layer
for four samples: hard and soft phantoms, chicken muscle tissue and chicken skin

The data obtained show that the attenuation coefficient varies differently for objects with different
stiffness. The plastic phantoms turn out to be close to each other both in terms of the average damping
coefficient and in the rate of change of the damping coefficient under pressure. In this case, the biological
samples turn out to be close in terms of the average attenuation coefficient. At the same time, muscle tissue
shows a rate of change in the attenuation coefficient closer to phantoms than to skin. The rate of change in the
attenuation coefficient for chicken skin is noticeably higher than for all other samples. Two parameters can be
selected to differentiate different samples. By using the rate of change of the attenuation factor and the
average value of the damping factor, a sample map can be generated containing the magnitude of these two
parameters and the margin of error (Fig.5).

itmean [1/mm]

0.‘2 0?4 0.‘6 0.’8 1.‘0 1.'2 l.l4 1.‘6 1.‘8
Slope parameter [1/mm]
Figure 5: Parameter map. The vertical axis shows the average attenuation coefficient, and the horizontal axis
shows the slope of the linear approximation of the experimental data. Plastic samples are shown in red,

biological samples are shown in green.

The obtained results show the possibility of differentiating objects by the rate of change of the
attenuation coefficient, however, at the moment it cannot be guaranteed that the rate of change of the damping
coefficient is uniquely related to the hardness of the sample. The next step in the study will be to study the
stiffness of the samples and compare the characteristics
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ABSTRACT
BACKGROUND

Gold nanoparticles mediated photodynamic therapy (PDT) have been reported to boost the efficiency and
specificity of cancer treatment on various tumour (1-5), however, their impact on oesophageal cancer is limited.
In this study, we performed an in vitro assessment of aluminium phthalocyanine (AlIPcS4Cl)-gold nanoparticle
(AuNPs) mediated PDT targeting oesophageal cancer cells.

METHOD

The AIPcS4CI-AuNPs conjugate was synthesis through a non-covalent method. The synthesized
AIPcSACI-AuNPs was confirmed by ultraviolet-visible (UV-vis) absorption spectral analysis and high-
resolution transmission electron microscopy. In vitro effects of AIPcS4CI-AuNPs based PDT in an oesophageal
cancer cell line (HKESC-1) such as cell viability, cellular proliferation, and cytotoxicity were assessed by MTT
assay, ATP cell proliferation assay, and lactate dehydrogenase (LDH) assay respectively. Fluorescent
microscopy was used to determine the internalisation of the conjugates in cellular organelles. Furthermore,
Mitochondrial membrane potential (MMP) integrity, and reactive oxygen species (ROS) generation indications
of cell death were also examined.

RESULTS
AIPcS,CI-AuNP Synthesis and Characterization

AIPcS4CIl-AuNP Synthesis
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Figure 1: a) The AIPcS4CI-AuNPs conjugates was synthesized using a non-covalent conjugation method. b) Transmission
electron microscopy images of AUNP and AIPcS4CI-AuNPs. Scale bars, 100 nm. ¢) UV-Vis spectral characterization of
AUNP, AlPcS4CI and AIPcSACI-AuNPs Conjugate.
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Subcellular Localisation of AIPcS,CI-AuNPs in oesophageal cancer

AIPcS4CI auto Mitochondria/Endoplasmic
Nucleus (Dapi) fluoresces (AF660) reticulum (ER) FITC (green) Merge

Figure 2: The nuclei are counterstained with DAPI (blue), mitochondria, ER stained with FITC (green), and AlPcS4Cl-
AuNPs auto fluoresces (red). The merged yellow/white and pink colour showed accumulation of AIPcS4CI-AuNPs the
mitochondria, ER and the nucleus.

Mito-Tracker

ER-Tracker

In Vitro Effects of AIPcS4CI-AuNPs Conjugates Mediated PDT on Oesophageal Cancer
Dose-Response Evaluation of AIPcS4CI-AuNPs Conjugates

Dose response was performed on HKESC-1 cells to obtain the appropriate concentration of AIPcS,Cl,
and the conjugates required for downstream application of PDT on HKESC-1 cells. The IC50 values was
evaluated by using MTT cell viability assay post 24 h treatment with increasing concentrations of AlPcS,Cl and

of AIPcSACI-AuNPs (1.25, 2.5, 5, 10, and 20uM).
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Figure 3: Determination of 50% inhibitory concentration (IC50) using MTT Cell Viability assay of AIPcS4CI-AuNPs and
the free AIPcS4Cl in Oesophageal cancer. The results are depicted as + SEM (n = 3); (**p < 0.01, ***p <0.001).

Cytotoxicity Evaluation
Cytotoxicity assay was performed by evaluating the quantity of lactate dehydrogenase (LDH) enzyme
leakage in the cell culture media. Cells that have damaged cell membrane integrity leaks out LDH indicative of

cytotoxicity.
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Figure 4: The cytotoxic effects of AIPcS4CI-AuNPs and AIPcS4CI were determined by LDH release cytotoxicity assay. The
amount of LDH release after AIPcS4CI-AuNPs and AIPcS4CI with 5 J/cm2 irradiation, with AIPcS4CI-AuNPs conjugate
showing increased LDH release compared to AIPcSACI and the control. The results are depicted as £+ SEM (n = 3); (**p <
0.01, ***p <0.001).

ATP Cellular Proliferation Assessment
Oesophageal cancer cells were evaluated for cellular proliferation ability with and without

photoactivation using ATP proliferation assay. Proliferation results showed that the non-irradiated cancer cells
displayed high proliferation activity with increased ATP levels. While the irradiated cells at 5 J/cm? showed
significant decrease of ATP activities in the cells administered with the AIPcS,CI-AuNPs conjugate and
AlPcS,Cl, with the conjugate showing a more ATP inactivity.
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Figure 5: The cellular proliferative effects of AIPcS4CI-AuNPs and AlPcS4CI on oesophageal cancer cells. Blue: the non-
irradiated cells showed increase proliferative ATP activities with no significant difference between the control cells and
cells administered with AIPcS4Cl and the conjugate. Red: the irradiated cells at 5 J/cm2 demonstrated reduced
proliferative actions with reduced ATP levels between conjugate and the free PS (*p < 0.05 ***p < 0.001). The values
shown are + SEM (standard error of the mean) (n=3).

Mitochondrial Membrane potential (MMP) Integrity
Mitochondrial membrane potential (MMP) was estimated using rhodamine-123. The HKESC-1
oesophageal cancer cells treated with AIPcS4CI-AuNPs conjugate and AIPcS4CI showed different effects on the
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MMP integrity. AIPcS4CI-AuNPs conjugate significantly alter the MMP of the HKESC-1 cells compared to the
free AIPcS4CI.
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Figure 6: AIPcSACI-AuNPs conjugate and AIPcS4CI mediated PDT effects on Mitochondrial Membrane potential (MMP)
Integrity of oesophageal cancer cells. Blue: the non-irradiated control cells showed decrease MMP impairment. Red: the
irradiated cells treated with AIPcS4CI-AuNPs conjugate and AIPcS4CI at 5 J/cm? demonstrated significant MMP
alterations (**p < 0.01 ***p < 0.001). The values shown are + SEM (standard error of the mean) (n=3).

Measurement of Reactive oxygen Species (ROS)
Fluorescent probe 2',7'-dichlorofluorescein diacetate (DCFDA/H2DCFD), cellular reactive oxygen

species (ROS) probe was used to quantify intracellular ROS generation of AIPcS4CI-AuNPs conjugate and
AIPcSACI based PDT in HKESC-1 cells.
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Figure 7: Intracellular ROS production of AIPcS4CI-AuNPs conjugate and AIPcS4Cl mediated PDT in HKESC-
loesophageal cancer cells. Blue: the non-irradiated control cells showed decrease ROS generation. Red: the irradiated
cells treated with AIPcS4CI-AuNPs conjugate and AIPcS4Cl at 5 J/cm? increase ROS generation (**p < 0.01 ***p <
0.001). The values shown are £ SEM (standard error of the mean) (n=3).

DISCUSSION AND CONCLUSION

The findings showed that PDT with aluminium (l11) phthalocyanine chloride tetra sulfonic acid
(AIPcSA4CI) conjugated gold nanoparticle (AuNPs)(AIPcS4CI-AuNPs) significantly inhibit cell viability/cellular
proliferation, increase cytotoxicity, and ROS generation. Fluorescent microscopy revealed that (AlPcS4CI-
AUNPs) was localized in the mitochondria and Endoplasmic reticulum (ER) suggesting the biochemical cell
death pathways induction could be mitochondria and ER dependent. More importantly, AIPcS4CI-AuNPs
significantly altered the mitochondrial membrane integrity in HKESC-1 cells. Further confirming the
mitochondria dependent cell death pathway. In conclusion, our findings demonstrated that AIPcS4CI-AuNPs
conjugates improved the anti-cancer effects of PDT in oesophageal cancer cells, proposing a better measure to
boost the therapeutic efficiency of PDT in oesophageal cancer.
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TRANSPLANTATION PROCEDURES

Transplantation is a surgical procedure that is effective in treating advanced-stage organ failure. It
involves replacing a dysfunctional organ or tissue of a recipient with a compatible organ or tissue from a live or
deceased donor. Its main objective is to restore organ functionality and ensure the survival of the recipient.
There are two types of transplant: living donor transplant and deceased donor transplant. Living donor transplant
is only possible for certain organs, such as the kidney, liver, lung, and bone marrow. According to the law, only
relatives up to the fourth degree and spouses can be donors in this case. Non-relatives can donate only with
judicial authorization. Deceased donor transplant is considered only when the donor has been diagnosed with
brain death, and the target organ to be donated is physiologically normal, in addition to having the consent of
the family and the recipient. Solid organ transplantation is the preferred treatment for improving the quality of
life of people with irreversible chronic diseases that affect organs such as the kidney, pancreas, liver, heart, and
lungs. The demand for solid organ transplants is growing rapidly worldwide due to the increase in diseases that
cause terminal organ failure, such as terminal heart failure, chronic obstructive pulmonary disease, chronic liver
cirrhosis and fibrosis, hepatic encephalopathy, hemorrhagic esophageal varices, acute liver failure,
hepatitis/fulminant necrosis, and malignant diseases such as hepatocellular carcinoma, hepatoblastoma,
hemangioendothelioma, cholangiocarcinoma, non-alcoholic steatohepatitis (NASH), alcoholic cirrhosis,
hepatitis C, chronic renal failure, glomerulonephritis, polycystic kidney disease, congenital malformations, and
lupus, among others. In these cases, organ transplantation may be the only treatment option for the patient's
survival [1-5]. In 2019, 153,863 solid organs were transplanted globally, including kidneys, livers, hearts, lungs,
pancreases, and intestines, but this only represents approximately 10% of the global demand, according to the
Global Observatory on Donation and Transplantation (GODT). In Brazil, as of December 2020, there were
43,642 patients on the waiting list for organ transplantation, with the highest number of registered patients in
Sdo Paulo [6, 7]. Ex vivo perfusion is used for dynamic preservation of different solid organs, allowing
continuous evaluation of transplant viability and the preservation of marginal organs. This technique expands
the donor pool, reduces the risk of primary non-function, and extends the safe preservation period. However,
organ transplantation is still challenging due to long waiting lists, infections, incompatibility between donor and
recipient, and organ availability, which is a major limitation leading to an increased mortality rate of patients on
the waiting list. To expand the number of organs available for transplantation, many transplant programs have
expanded their donor acceptance criteria, including the use of marginal or borderline grafts [6, 7]. Optical
techniques are promising regarding its use to investigate, monitor and enhance transplantation organ procedures,
as both monitoring and therapeutical procedures can be improved by using light as a tool. Here, we present
some of the possible approaches under development with contribution of our research group: assessment tools
involving fluorescence spectroscopy for transplanted organs and therapeutical/preparing optical procedures for
the enhancement or enabling of organ grafts for transplantation [8].
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FLUORESCENCE SPECTROSCOPY FOR TRANSPLANTATION ASSESSMENT  AND
MONITORING

Fluorescence emission of biomolecules, both endogenous and exogenous, is a widely used technique in
biophotonics for diagnosis and therapy. This is due to the characteristic emissions in visible and near-infrared
ranges of the electromagnetic spectrum. Fluorescence is a phenomenon where light emission is obtained from
electronic state transitions between an excited state and a more fundamental state of the same spin. This is
observed in a variety of biological molecules, including human tissue molecules and photosensitizers.
Fluorescence techniques depend on the concentration and characteristics of the electronic state available in
molecules, which depend on their constitution, structure, and environment. Therefore, information that identifies
biological molecules and tissues can be obtained through fluorescence, allowing for the detection and
monitoring of specific biological processes. Fluorescence spectroscopy is a specific technique regarding spectral
resolution, allowing for the identification of fluorescent molecules and changes in tissue characteristics. It has
been used for decades in the monitoring of tissue characteristics and changes. Differently from fluorescence
imaging, which allows for wider applications as it enables wide-field and microscopy detection, fluorescence
spectroscopy increases the spectral resolution of information. Spectroscopy has been investigated as a tool to
identify lesions using endogenous fluorescence differences or exogenous biomarkers. It can also monitor
biological processes such as photosensitizers' pharmacokinetics, which involves monitoring their distribution,
accumulation, and clearance at cells and tissues over time. Spectroscopy demands the use of lasers for excitation
and optical fibers to deliver light and collect fluorescence, making it limited as a point-by-point detection but
increasing the resolution of spectral information [9-14]. Since fluorescence spectroscopy can be utilized to
identify tissues based on their characteristic spectra, it thus allows determining whether organ grafts are suitable
for transplantation or to which extent changes they undergo during a transplantation procedure can be tolerated
for viable organs. This approach is currently under development and is based on the principle that the optical
properties of viable biological tissues depend on their molecular composition, concentration, and tissue
structure. Any abnormalities that may arise in the tissue will produce differences in optical characteristics such
as fluorescence emission and light propagation. By identifying patterns of normality or abnormality in tissues
classified by accepted clinical standards (Fig. 1), an effective method can be provided for the detection of organ
issues that might predict complications leading to death after transplantation. This approach can help surgeons
make judgments on organ grafts with borderline acceptability, and greatly contribute to clinical practice. It has
been shown that changes in the intensity and/or shape of fluorescence emission bands can be correlated to the
preservation solution perfusion and blood reperfusion during liver transplantation procedures, where any
complication may lead to an inefficient preservation of the graft and thus severe risk to transplanted patients
[15-18].
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Figure 1: Fluorescence spectra and variation of standards. (a) Fluorescence spectra at 408 nm excitation for different
transplant stages (AF = autofluorescence; BT = backtable; WR60 = 60 min after warm reperfusion). (b) Example of
abnormality of fluorescence ratios in spectra for non-surviving patients - spectral profile changes, indicating degeneration
in the organ (adapted from [16]).
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OPTICAL TECHNIQUES FOR MICROBIOLOGICAL CONTROL IN TRANSPLANTATION ORGANS

The colonization or infection by microorganisms presents another challenge for organ transplantation, and
potentially infected donor organs are usually discarded, further decreasing the available number of organs for
transplantation. Thus, another promising approach of optical techniques for transplants involves their use to reduce the
microbiological load of microorganisms in organs that would otherwise be eligible for transplantation [6, 19-22].
Microbiological contamination is often found in patients with severe morbidities, and organs are usually discarded for
donation. The emergence of antimicrobial resistance and multi-drug resistant (MDR) microorganisms, especially in
hospital settings, highlights the need for alternative methods to antibiotic use for decontaminating organs.
Microorganisms of concern for antimicrobial resistance include methicillin-resistant Staphylococcus aureus (MRSA)
and vancomycin-resistant S. aureus (VRSA), Klebsiella pneumoniae carbapenemase (KPC), NDM-1, MDR-TB (multi-
drug resistant tuberculosis), Actinetobacter baumannii, Pseudomonas aeruginosa, Enterococcus faecium, and Proteus sp.
However, the development of new generations of antibiotics to combat these superbugs is unlikely in the near future.
Therefore, reducing the indiscriminate use of antibiotics and exploring alternative treatments is crucial. Ultraviolet C
irradiation (UV-C) showed to be an alternative with microbiological reduction effects that can inactivate
microorganisms without the use of chemicals. With the appropriate fluence and wavelength (commonly centered circa
254 nm), UV-C can dimmerize DNA and disrupt nucleic molecules of the target, preventing them from reproducing,
and directly inactivate them by destroying their cell walls and membranes. The high photon energy of UV-C can
damage all biomolecules, particularly lipids, proteins, and nucleic acids, leading to non-specific biological target action.
UV-C has shown effectiveness in water treatment, food and surface disinfection, and can be a promising method for
decontaminating organs [23-38]. An initiative has recently shown that lung transplantation could be greatly benefited by
decontaminating the preservation solution during ongoing circulation through the organ with UV irradiation prior to the
procedure. This approach reduced the microbiological load of the organ and contributed to better quality results of the
procedure. Currently, the same approach is being investigated for kidney and liver transplantation using similar
processes, both with UV irradiation and proposing a photodynamic inactivation approach [39]. Combining ex vivo
organ perfusion with ultraviolet C radiation (Fig. 2) may therefore provide an alternative treatment for contaminated
grafts. The perfusate is directly irradiated with UV-C, which eliminates the microbial load without damaging the organ
itself. Studies have shown that ex vivo organ perfusion improves graft metabolic conditions and transplant success. Our
group recently reported on the development of an ex vivo lung and kidney perfusion machine, which includes a UV-C
irradiation protocol. Another option of optical technique for this approach is exploring photodynamic effects in
microbiological control (namely photodynamic inctivation or PDI). PDI involves using a photosensitizer (PS) that
generates reactive oxygen species (ROS) when activated by light at a specific wavelength and in the presence of oxygen.
It has been successful in destroying tumor cells and treating microbial infections. PDI offers advantages over uv-C,
particularly by providing a technique that do not demand ultraviolet radiation, thus offering lower light absorption by
non-targeted structures and thus avoiding undesired damage to tissue [40].

Figure 2: UV-C decontamination of circulating perfusate - proo-of-principle. (a) UV-C irradiation device, with quartz tube
among UV-C lamps, irradiating the circulating solution. (b) Representation of the decontamination process - preservation
solution is perfused through the organ, and irradiated externally by UV-C light.
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PHOTOBIOMODULATION FOR THE IMPROVEMENT OF PROCEDURES

Optical techniques have not only been investigated for clinical approaches to transplantation procedures
but also for phototherapeutic techniques. Recent studies have explored whether phototherapy protocols can aid
in the preservation and maintenance of organ grafts before, during, and/or after transplantation. Promising
results were observed in rat livers where the administration of 660 nm laser irradiation protocols prevented
certain aspects of lesions caused by ischemia and blood reperfusion. These findings suggest that specific light
delivery to organs undergoing transplantation can offer significant protection and may improve transplantation
outcomes [41-43].
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ABSTRACT

A supramolecular assembly was obtained by combining methylene blue (MB) with a natural plant extract
curcumin (Curc) in a stoichiometric ratio of 1:4 in aqueous solution (90% PBS + 10% ethanol) at room
temperature. The MB-Curc supramolecular assembly was evidenced by absorption and fluorescence
spectroscopies and the stoichiometry and bonding constant were obtained using Cielen’s model. Its stability and
photostability were evaluated by chromatographic analyzes and UV-Vis absorption. The MB-Curc avoids the
aggregation of both isolated compounds and was efficient to produce singlet oxygen (®PA = 0.52 + 0.03). Its
potential for photodynamic antiangiogenic treatments was evaluated through vascular effect observed in chicken
chorioallantoic membrane (CAM) assay. The results showed intense damage in CAM vascular network by MB-
Curc after irradiation, which is higher than the effect of isolated compounds, showing a synergic vascular effect.
This combination can be important to avoid cancer revascularization after photodynamic application, and
improve this approach’s efficacy. The characteristics shown by MB-Curc make it a potential candidate for use in
cancer treatments by photodynamic antiangiogenic therapy

INTRODUCTION

The combination of PDT with antiangiogenic therapy has been proposed to avoid cancer revascularization
after PDT.[1] Basically, antiangiogenic therapy consists of the use of some drugs to cutting off the blood supply
to tumor micro- regions, resulting in hypoxia and necrosis within solid tumor tissues and consequently its death
by nutrition starvation.[2] Antiangiogenic therapy also is an alternative for cancer treatment and is effective for
some types of cancer, such as metastatic renal cell carcinoma, but not for others, such as breast cancer,
melanoma, pancreas and prostate cancers.[3] Another disadvantage of antiangiogenic therapy is the cost, some
antiangiogenic drugs commercially available are monoclonal antibodies such as bevacizumab (Avastin®) and
DC101, which are very expensive. An alternative to those drugs is the use of natural compounds extracted from
plants, which has the advantage of low cost compared to conventional antiangiogenic drugs. Compounds
extracted from the rhizomes of the plant Curcuma longa L called curcuminoids, which are composed of
curcumin, demethoxy-curcumin and bis-demethoxy-curcumin, are natural products with a wide biological
activity, such as antiangiogenics,[4] so on.

We hypothesized that Curc combined with MB could form a supramolecular structure combining the
antiangiogenic and photosensitizing properties of Curc and MB. PDT combined with antiangiogenic therapy may
result in a synergistic anti-tumor effect that would destroy the tumor and prevent its recurrence. This strategy
could be an alternative low cost and efficient for antiangiogenic photodynamic therapy. Herein, we characterized
the chemical interaction between these molecules, the formation of a MB-Cur supramolecular complex,
evaluated the photo-stability of this complex, and its potential for photodynamic antiangiogenic treatments,
which was evaluated through vascular effect caused in chicken chorioallantoic membrane (CAM) assay. We
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selected this method because it provides quick results, is cost-effective, simple, has high reproducibility, and
presents easy dynamic observation.[5]

RESULTS AND DISCUSSION
Figure 1A shows the effects of Curc presence on the MB absorption spectra. It is possible to observe that

the increases of Curc concentration linearly gquenches the main absorption band of MB at 664 nm (inset of Fig
1A). Differential UV-Vis spectra were obtained using the solution of MB (4 uM) as the background of
experiments (Fig 1B). In this case, it is possible to see a new redshift band formation at 704 nm for a 1:4 molar
ratio between MB and Curc, respectively (inset of Fig 1B). The isosbestic point at 590 nm and the new redshifted
band suggests the formation of an MB-Curc complex. On the other hand, the increases of MB concentration (0
— 40 uM) in Curc solution (4 uM) did not cause observable changes in the absorption behavior of the Curc
band. Possibly, this can be attributed to stoichiometry of the complex. While MB is affected by 4 molecules of
curcumin, the curcumin absorption is disturbed by just 25% of this effect (data not shown).
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Figure 1: A) UV-Vis absorption spectra for mixtures of MB (4 uM) with Curc (0-40 uM). Inset highlight the
decrease of MB absorption band at 665 nm. B) Differential UV-Vis spectra for mixtures of MB (4 uM) with Curc (0-40
uM). Inset highlight the band intensity at 704 nm.

Stoichiometry and bonding interaction
The MB-Cur complex formation was evaluated by fluorimetric titration using a multiple binding model

developed by Ciele et. al 1998.[6]

log?—m? = —logK, + nlog|B] (3)

max

F is the fluorescence signal at [B], while Fpi, and F.x denote the fluorescence signal at minimal [B] (absence of
B) and maximal [B] (solution is saturated with B in excess), respectively. In a plot of left side of egn (3) as a
function of log [B], the slope provides n, while intersection with abscissa corresponds to logKq. Finally, the
binding constant (K») can be obtained from a reciprocal relation between K, and Kq (K = 1/).

MB solution shows a fluorescence emission band centered at 690 nm, which is quenched by curcumin addition
(Fig 3A). The absorbance value of the initial MB solution (in absence of Curc) at the excitation wavelength (630
nm) was adjusted to less than 0.1 to avoid the possible contribution of intermediate complexes to the
fluorescence intensity. The fitting of the Hill plot (inset of Fig 2A) provides the n = 4.08 and K= 3.98x10° M™,
suggesting a stoichiometry 1:4, corresponding to the binding of 4 molecules of Curc to 1 MB (Fig 2B), which is
in accordance with data presented in Fig 2.
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Figure 2: A) Fluoresce emission spectra of MB (2 uM) as a function of Curc concentration (from 0 to 50 uM). Inset:
Hill plot. B) Structure proposal of the MB-Curc complex.

Stability of the Curc-MB complex in solution

The variation of the concentration of the species in solution was measured as a function of time to
characterize the stability of the Curc-MB complex in solution. MB-Curc complex solution was prepared in PBS
(pH 7.4) at 10% of ethanol in a ratio 1:4 of MB (6 uM) with Curc (24 uM), respectively. The concentrations were
analyzed every 20 minutes for 5 hours to evaluate the stability of these species in solution by HPLC analysis.

The concentration of all species decreased during the experiment (Figure 3A-D). Interestingly, the MB
retention time in the MB-Curc complex solution shifted to a shorter retention time during the first 40 minutes of
analysis. Subsequently, the retention time of MB in MB-Curc complex solution was similar to the retention time
obtained for MB solution, probably due to degradation of the complex in solution. The shorter retention time of
MB in the MB-Curc complex solution suggests that the formation of the complex provides a character more
hydrophilic to MB.

The concentration of Curc solution reduce of (23.5 = 0.5) uM for (11.3 £ 0.5) uM, degradation of (52.0 +

1.1)% (Figure 3A) while the concentration of Curc in MB-Curc complex solution reduce of (22.6 + 0.1) uM for
(14.3 £ 0.1) uM, reduction of (36.7 + 0.2)% (Figure 3C). These results demonstrated that the MB-Curc complex
has high Curc stability in solution at about 30%. However, the MB stability has low from (10.1 £ 0.1)% in MB
solution (Figure 3B) to (22.5 + 0.7)% in MB-Curc complex solution (Figure 3D), decreasing by 126%, which is
about 4 times the increase of stability observed for Curc in MB-Curc complex solution.
The low stability of Curc in buffer systems at neutral-basic conditions has been reported [7]. Studies suggest that
the maintaining of the conjugated diene moiety of the Curc, which is observed for both acid pH conditions and
metal complexes, may contribute to increasing Curc stability [8]. Thus, our results suggest that the B-ketoenol
moieties of Curc could be the site of complexation between Curc and MB.
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Figure 3: Chromatogram recorded every 20 min for 5 hours for A) Curc, B) methylene blue, C) Curc in the
MB-Curc complex solution and D) methylene blue in the MB-Curc complex solution.

MB-Cur complex and aggregation
In solution, the m-stacking interaction between organic molecules of high electronic conjugation can cause

the formation of aggregate. Aggregation is a process molecular that affects the properties of monomeric compounds
and can reduce their therapeutic activity™ and then it should be avoided. The formation of the aggregates of Curc
was evaluated by the variation of the concentration of ethanol in the PBS buffer using UV-Vis spectroscopy. Thus,
solutions of Curc (20 uM) were prepared in a mixture of PBS buffer and ethanol (10-100%). The data recorded has
shown that the decrease of ethanol concentration lesser than 40% induced the appearance of a new blue-shift
absorption band of Curc at 370 nm, characteristic of type-H aggregate (Figure 4).
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Figure 4: A) UV-Vis spectroscopy of Curc (20 uM) in a mixture of PBS buffer and ethanol (10-100%). B)
Relative intensity of new blue-shift absorption band at 370 nm concerning monomer Curc band at 430 nm.
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Subsequently, solutions of Curc (20 pM) and MB (1-10 uM) in a mixture of PBS buffer and ethanol at 10%
were prepared to evaluate the influence of the MB-Curc complex in the trend of formation of type-H aggregate.
The data recorded has shown that the increase of MB concentration in solution causes the disappearance of Curc
aggregate band, at 370 nm (Figure 5), suggesting that the complex formation decreases the trend of the aggregation
of Curc in solution.
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Figure 5: A) UV-Vis spectroscopy of Curc (20 uM) and MB (1-10 uM) in a mixture of PBS buffer and
ethanol (10%). B) Relative intensity of new blue-shift absorption band at 370 nm concerning monomer Curc
band at 430 nm.

Photochemical behavior
Singlet oxygen production by MB, Cur and MB-Cur complex was evaluated by the indirect method using

uric acid (UA) as a quencher[10]. Figure 7 shows the effects of visible irradiation on the absorption spectra of
compounds in the presence of UA, and the emission spectra of LEDs used as the light source. It is possible to see
that blue LED irradiation (peak at 450 nm) overlaps the main absorption band of Curc, while red LED (632 nm)
overlaps the main band of MB.

The blue LED irradiation practically did not induce any changes in the absorption band of UA as for isolate
Curc as MB-Curc complex, indicating no production of singlet oxygen by both samples (Figure 6A and C). Studies
have shown that Curc can produce both singlet oxygen and radical species, but when Curc is irradiated by light
sources in the continuous mode (CW) a higher singlet oxygen production is observed [11]. However, this
production is dependent on the environmental conditions[12] and appropriate formulations are required[13]. In the
conditions used in the present work, no reactive oxygen species were produced which explains the negligible UA
photodegradation observed.

Photobleaching of Curc was observed in both samples (Curc and complex) when irradiated by a blue LED.

However, the photodegradation rate was higher for MB-Curc complex (4.01x10 s, Figure 6A) than isolate Curc
(1.63x10° s, Figure 6C). On the other hand, MB in the complex kept stable when irradiated with blue LED.
Photobleaching of Curc, observed for MB-Curc complex concerning Curc solution, suggests another Curc
photodegradation mechanism should be involved such as electron transfer between complex species.
Red LED irradiation of MB solution confirms the singlet oxygen production by reduction of the absorption band of
UA at 291 nm (Figure 6D). However, for MB-Curc complex, the red irradiation provided a series of photochemical
processes in the complex (Figure 6B). In addition to the reduction of the UA absorption band, Curc was
photodegraded while the MB absorption band undergoes a slight increase. The increase in the MB band suggests
that irradiation could release MB from the MB-Curc complex (Figure 1). Furthermore, the Curc photodegradation
constant was about 3.5 times higher (1.41x10? s™, Figure 6B) than obtained using blue LED irradiation (4.01x107
s™, Figure 6A).

MB-Curc presented a ®, of 0.52 + 0.03, which was the same value found for isolate MB solution (0.52)[14].
These results suggest that the higher Curc photodegradation is not due to an increase of the reactive oxygen species
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generation in solution, but is probably due to an electron transfer mechanism between MB and Curc.
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Figure 6: UV-Vis spectroscopy data recorded every 10 seconds of irradiation for A) MB-Curc complex
irradiated with blue LED, B) MB-Curc complex irradiated with red LED, C) Curc solution irradiated with blue
LED, and D) MB solution irradiated with red LED. Normalized emission spectra of ligth sources are presented: a
blue LED (peak at 450 nm) and a red LED (632 nm).

Vascular effect of the methylene blue-Curc complex
The vascular response of CAM was calculated by the ratio between the number of black pixels and total

pixels of the processed image normalized by the vascular network immediately before treatment. The control
groups, solvent and red light, did not present any effect on blood vessels (data not shown). On the other hand, the
other groups showed different vascular effects over time (Figure 7).
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Figure 7: Evolution of vascular effect as a function time of monitoring after 5 min of irradiation for:
curcumin in the dark (Curc); curcumin under irradiation (Curc + red light); methylene blue in dark (MB);
methylene blue under irradiation (MB + red light); MB- Curc complex in dark (MB-Curc); and MB-Curc

complex under irradiation (MB-Curc + red light). The studied concentrations were: [MB] = 100 uM, [Curc]
=400 uM and for [MB-Curc]: [MB] = 100 uM and [Curc] = 400 uM, respectively.

Regarding the curcumin groups (Curc and Curc+light, Figure 7), CAM vasoconstriction was observed in the

dark and after irradiation with red LED. In this case, vasoconstriction cannot be attributed to irradiation, since: (i)
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the Curc absorbs in spectral range (320 to 550 nm) different (Fig. 1) of LED emission (570 to 670 nm); (ii) there is
no significant difference between the dark and light treatments results, and (iii) no reactive oxygen species were
observed when irradiated with red and blue LEDs. Therefore, the intrinsic antiangiogenic activity of curcumin is
most likely responsible for the vasoconstriction effect observed in these groups.

Concerning the methylene blue groups (MB and MB+light, Figure 7), it was also observed CAM
vasoconstriction in the dark and after irradiation. In the dark, MB causes initial vasodilation followed by a
vasoconstrictor effect that reaches a value close to 25% after 5 h of monitoring. This vasoconstriction effect of MB
in the dark was previously reported in the literature, and it was attributed to the inhibition of NO synthase
enzymatic activity.[15-17] Under irradiation conditions, is observed initially vasodilation (up to 2 hours after
irradiation) followed by vasoconstriction (10%) at the end of monitoring (after 5 h). This effect had already been
described for Photoditazine® and was attributed to ischemia of superficial blood vessels due to high oxidative stress,
resulting in increased blood flow from internal microvessels.!*®!

For the MB-Curc complex groups (MB-Curc, MB-Curc+light), the maximum vasoconstriction in the dark
was 20%. No statistically significant difference among the vasoconstriction of MB-Curc complex and the other
experiments performed in dark (Curc and MB) was observed. After irradiation, the MB-Curc complex group
presented a higher reduction of the vascular network (50% of vasoconstriction). This result can be explained based
on a synergistic effect between the photodynamic activities of singlet oxygen generated by the MB and the
antiangiogenic activity of curcumin. In addition, it was not observed increase of the vascular effect in the first 2
hours of monitoring after irradiation of MB- Curc complex, suggesting that the complex avoided the ischemia of
superficial blood vessels induced by the oxidative stress of the PDT.

Curc and MB present different affinities in the cell environment, Curc has a great affinity for the cell
membrane due to its high lipophilicity,[19] while MB is positively charged and binds to negatively charged parts of
the cells, such as mitochondria.[20] Because of this, the vasoconstrictor effects of these species are performed at
different active sites since the curcumin inhibits VEGF and its VEGFR receptors[21] and methylene blue inhibits
NO synthase.[15] However, it is probable that it persists in the cellular environment since i) failure to observe the
synergistic effect of MB and Curc in the dark and ii) the synergistic effect of photodynamic therapy for MB and
antiangiogenic effect of Curc under irradiation.

CONCLUSION
Although methylene blue (MB) and curcumin (Curc) have been employed as photosensitizers agents in

photodynamic applications, in the present work we obtained a supramolecular structure (MBCurc). The assembly
was formed in a molar ratio of 1:4 in an aqueous solution, reduced the aggregation tendency of isolated
compounds, increased the stability of curcumin in solution, without affecting the singlet oxygen quantum yield by
methylene blue, and presented a high vascular effect. Under irradiation, a vasoconstriction was 50% was observed
after 5 h of monitoring. It was attributed to the synergistic effect of the photodynamic activity of MB with the
antiangiogenic of curcumin. The excellent vascular response of the MB-Curc makes it a potential candidate for use
in cancer treatments by photodynamic antiangiogenic therapy. It is important to note that these compounds are
inexpensive, non-toxic, and, in the case of curcumin, a natural product.
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ABSTRACT

Cancer is a term used to describe a collection of illnesses where the cells within the body undergo unregulated
growth and multiplication. It is also worth noting that cancerous cells have the potential of entering the metastatic phase
and this allows them of invading adjacent body organs. Currently, there are at least five known conventional treatment
modalities for cancer treatment. However, these therapies have been reported of playing a significant role in the
induction of tumor recurrence. To address this critical issue, this study anti-proliferative effects of green synthesized
silver nanoparticles (AgNPs). The A375 melanoma cell line was employed as the experimental model, and a range of
AgNPs concentrations (2, 4, 8, 16 and 32 ug/mL) was applied. Subsequently, the treated cells were subjected to
irradiation using a 525 nm diode laser, at a light dose of 10 J/cm?, and the morphological changes in cells were
observed using a light inverted microscope. Collectively, the results unveiled a dose-dependent reduction in cell
proliferation in response to the AgNPs treatment. Taken together, the findings from this study suggests that green-
synthesized AgNPs poses significant therapeutic properties as a novel therapeutic approach for the treatment of
different forms of cancer, thus offering an effective and eco-friendly therapeutic approach in cancer therapy. The
schematic representation of the adopted synthesis and treatment methodology as depicted in the graphical abstract
Figure 1.

Graphical abstract
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Figure 1: A general overview of the methodology adopted for the present study. Ethanol leaf plant extraction using a
Soxhlet extractor (A), wet chemistry synthesis of AQNPs using the “bottom-up approach (B), 24 h incubation post-
treatment (C), 525 nm laser irradiation (D) and cell viability analysis (E).
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INTRODUCTION

Melanoma of the skin presents as a metastatic condition known for its challenging resistance to treatment, and
its global incidence has notably surged in recent years. A comprehensive understanding of the initiation, advancement,
and spreading of tumors is imperative to address the existing knowledge gaps in melanoma biology. Tumors can
manifest on various body surfaces, including the skin, ocular membranes, retroperitoneal space, parenchymatous
organs, and various mucosal areas [1]. However, a significant majority, approximately 95%, of all melanoma cases are
primarily found on the skin. It's noteworthy that despite their common cellular origin, melanomas should be regarded
as a diverse group of diseases rather than a single tumor entity, given their distinct causes, development processes,
behaviors, and progression patterns, which can vary based on their location [2]. Despite substantial advancements in
comprehending the mechanisms driving melanoma development and progression, there remains a need for deeper
mechanistic insights and the exploration of alternative therapeutic strategies [3]. Most importantly, the selection of
these treatments depends on the stage and advancement of the tumor. To mitigate some of these adverse effects,
numerous researchers are actively investigating fresh therapeutic approaches, such as the integration of photodynamic
therapy (PDT) with chemotherapy drugs and phototherapy (PTT). Photodynamic therapy (PDT) represents an
emerging treatment modality that employs the use of non-ionizing radiation to induce tumor cell death in different
types of cancer [4]. This therapy entails the administration or intravenous delivery of photosensitive drugs, commonly
referred to as photosensitizers (PSs), to areas of the body affected by the condition, such as the skin. The fundamental
concept underlying PDT relies on the molecular interactions between these photosensitizers, which tend to
preferentially accumulate within specific locations of tumor cells, and laser light in conjunction with the presence of
molecular oxygen (O2). This interaction subsequently triggers the production of cytotoxic reactive oxygen species
(ROS) [5]. This study explores the cytotoxic effects of eco-friendly green synthesized AgNPs against A375 melanoma
cells using a 525 nm diode laser a light dose of 10J/cm?. Our results demonstrated a clear dose- dependent reduction in
cell proliferation. As the concentration of the treatment agent increased, we observed a corresponding decrease in cell
growth. Alongside the decrease in cell proliferation, we also noted dose-dependent morphological alterations. These
changes in cell appearance were consistent with the reduction in cell growth, suggesting a direct correlation. The dose-
dependent reduction in cell proliferation and associated morphological changes suggest that the treatment, involving
green synthesized silver nanoparticles and phototherapy, holds promise as a potential therapeutic approach for cancer
treatment.

METHODS AND METERIALS
The plant Senna didymobotrya leaves were gathered within the campus premises of the University of KwaZulu-

Natal. The plant's leaves were first cleansed and air-dried in the shade. Subsequently, the dried leaf material was finely
ground into a powder using a blender. Following this step, the powdered plant material underwent an extraction
process using a Soxhlet extractor. This extraction was performed with the aim of synthesizing green silver
nanoparticles (AgNPs). To summarize, approximately 10 mL of Senna didymobotrya leaf extract stock solution was
introduced into a 1 mM AgNO3 solution dissolved in 90 mL of deionized water. This mixture was agitated at a rate of
150 rpm at room temperature. After 6 hours, a noticeable change in the solution's color was observed, indicating a
successful reaction. Subsequently, the homogenous mixture was subjected to centrifugation at 12,000 rpm for 10
minutes. The stock solution, which was initially prepared in 0.5% dimethyl sulfoxide (DMSO), was stored at -20°C
for future experiments. To confirm the formation of silver nanoparticles (AgNPs), UV-vis is spectroscopy was
employed. The UV/Vis analysis covered a spectral range of 300-800 nm and was conducted using a Jenway Genova
spectrophotometer.
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A375 melanoma cells were cultivated in Dulbecco's Modified Eagle's medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS), 0.1% (v/v) penicillin-streptomycin, and 0.1% (v/v) amphotericin-B. These cells
were maintained at a temperature of 37°C in an environment with 5% CO2. For in vitro investigations, a seeding
density of 3 x 10° cells/mL was used for cell plating, and 3.4 cm? culture plates were employed. In this study, two
experimental groups were utilized: one comprising cell that did not undergo PtT treatment (referred to as "dark
toxicity™), and the other consisting of cells subjected to PTT. Both groups were treated with AgNPs and incubated for
24 hours post-treatment. Various concentrations were applied, encompassing AgNPs (2, 4, 8, 16, and 32 pg/mL) and
mediated PTT (2, 4, 8, 16, and 32 ug/mL).

Ultraviolet-visible (UV-vis) spectroscopy is a scientific method that utilizes light to investigate the
characteristics and behaviors of substances within the UV-vis range of the electromagnetic spectrum. This technique
offers valuable insights into phenomena such as electronic transitions in various molecules and their absorption
characteristics. To analyze the absorbance spectra of both the plant extract and the silver nanoparticles synthesized
through environmentally friendly methods, we employed UV-vis emission spectroscopy. We utilized a UV-Vis
Spectrophotometer, specifically the Genova 7315 Life Science Spectrophotometer from JENWAY located at the
University of Johannesburg, Laser Research Centre. This instrument was used to measure absorption across the
spectral range of 300-800 nm at rtp,

Morphological changes were investigated using an Olympus CKX 41 inverted light microscope, which was
equipped with an Olympus C5060-ADUS digital camera. The assessment of viable and non-viable A375 cells 24
hours after treatment with AgNPs and AgNPs-mediated PTT. Briefly, cells were subjected to a thrice wash by the
using HBSS prior to visualization.

In the current study, we employed the CellTiter-Glo® ATP luminescence assay kit (Promega, G968A). To
outline the procedure briefly, approximately 50 puL of a cell suspension was combined with an equal volume of
reconstituted ATP reagent. This mixture was thoroughly mixed and allowed to incubate for 10 minutes at room
temperature and atmospheric pressure. Following the incubation period, the resulting homogenous colorimetric
mixture was then subjected to ATP luminescence measurement using the PerkinElmer VICTOR Nivo™ instrument.
The experiments were conducted in triplicate (n=3). Data analysis was carried out using IBM SPSS version 27 software
to assess the mean differences and determine the statistical significance between the control and experimental groups.
The mean values were presented as mean =+ standard error (SE), and statistical significance was denoted as follows: p
<0.001 (a).

RESULTS AND DISCUSSION

To investigate the absorbance spectra of both the plant extract and the green synthesized AgNPs by Senna
didymobotrya. we utilized UV-vis emission spectroscopy. The results obtained from this analysis revealed a
prominent surface plasmon resonance peak at approximately 517 nm, as illustrated in Figure 3A, whereas the plant
extract has no peak in the therapeutic window of PTT. The UV-vis spectrometry results in our study align closely with
those reported by Sytu et al., [7].
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Figure 3: UV-vis spectrometry of plant extract (green colour) and AgNPs (blue colour) in the spectra range of 300-
800 nm (A) and laser parameters (B).
The morphology of both untreated and treated A375 cells is depicted in Figure 4A. After a 24-hour post-

treatment period, an analysis of morphological changes in A375 melanoma cells was conducted. When contrasted with
the control group, cells subjected to laser light exhibited no significant morphological changes observed. However,
when treated cells exposed to dark toxicity and those treated with the 525 nm laser in combination with AgNPs
exhibited dose-dependent alterations in cellular morphology. Furthermore, a dose-dependent reduction in ATP
proliferation was observed in both the dark toxicity and photothermal therapy (PTT) groups. Particularly, alterations in
cell morphology were evident in A375 cells treated with AgNPs and AgNPs-mediated PTT. Even more intriguingly,
our findings closely resemble those of another study conducted by Khoza et al., [8].

The energy levels in both untreated and treated A375 cells were assessed by measuring ATP luminescence
levels. In cells subjected to AgNPs-mediated PTT treatment, a dose-dependent reduction in cell proliferation was
evident, as depicted in Figure 4B. A simple linear regression analysis demonstrated a negative correlation between
relative light units and concentration. This observation strongly indicates that as the concentration increases, the
relative light units (%) decrease. However, it's noteworthy that ATP levels were found to be higher in A375 cells that
received laser treatment alone. In research conducted by Sriram and colleagues [9], it was demonstrated that silver
nanoparticles (AgNPs) possess the ability to differentiate between cancerous and healthy cells. Moreover, they
exhibited the capability to trigger anti-tumor effects through the activation of caspase 3, a group of cysteine proteases
that play crucial roles in cellular apoptosis pathways. This activation, in turn, resulted in a regenerative response and a
subsequent reduction in tumor volume [10]. In a prior study that closely resembles our own research, it was observed
that the application of laser irradiation alone or silver nanoparticles (AgNPs) alone did not result in a significant
decrease in cell proliferation in the tested cell lines. However, when both laser irradiation and AgNPs were combined
in phototherapy (PTT), their synergistic effects led to a notable reduction in cell proliferation within the cancer cell
lines [10].
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Figure 4: Morphological (A) and ATP Viability analysis (B) of A375 melanoma cells 24 h post treatment. When
compared to control cells, cells treated with laser light did not any significant alterations in morphology. Dark
toxicity and 525 nm laser treated cells incubated with AgNPs displayed a dose dependent change in cellular
morphology (A) (10X magnification). A dose dependent decrease in ATP viability was observed in both dark
toxicity and PTT (B). Significant differences depicted in the graph are denotated as p < 0.001(a).

CONCLUSION

In conclusion, our study focused on evaluating the anti-proliferative effects of green synthesized AgNPs
in combination with phototherapy against A375 melanoma cells. In our investigation, we used AgNPs at
varying concentrations in conjunction with phototherapy using a 525 nm diode laser with a light dose of 10
J/em?. The morphological changes observed through light microscopy demonstrated a dose-dependent reduction
in cell proliferation following AgNPs treatment. This promising outcome suggests that green-synthesized AgNPs
hold significant therapeutic potential as a novel approach for combating various forms of cancer. Our findings
point toward the exciting prospect of utilizing green synthesized AgNPs as an effective and eco-friendly
therapeutic strategy in cancer treatment. By leveraging the combination of AgNPs and phototherapy, we may be
moving closer to a more efficient and targeted approach to combatting cancer, ultimately offering hope for
improved outcomes in cancer therapy. Further research and clinical studies are warranted to validate and expand
upon these promising results.
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ABSTRACT
Photodynamic therapy (PDT), a minimally invasive therapeutic modality, utilizes photosensitizers (PSs)

together with irradiation light of specific wavelength interacting with molecular oxygen in tissue to generate
cytotoxic reactive oxygen species (ROS), thereby destroying malignant and nonmalignant diseases. Most
recently, the applications of PDT have been extended to the treatment of anti-microbial infections, such as
bacterial, fungal and virus. For clinical PDT, PS, light and oxygen are the three important components for
effective photodynamic activity.

Firstly, several novel PSs, including C60, black phosphorus, graphene quantum dots and PSs with

aggregation-induced emission, have been developed to improve the quantum yield of singlet oxygen. The
delivery efficiency of PSs has been improved by the different PS delivery strategies and the tumor-
microenvironment-responsive release scheme. The absorption of PSs has been enhanced by organelle targeting
and photochemical internalization, while the hypoxia resistance of PSs has been resolved through loading with
0Xygen carriers or oxygen-generating reactants. Moreover, the development of PSs with synergistic therapeutic
function will be used to further enhance PDT efficacy.

Secondly, solar light, broad-spectrum lamps, lasers, light-emitting diodes (LEDs), X-ray sources,
ultrasonic sources and in vivo self-excited light sources capable of bioluminescence, chemiluminescence and
Cherenkov light, have been widely studied as PDT excitation sources. In clinical practice, LEDs and lasers are
the most popular light sources. In particular, wearable, implantable, and disposable PDT light sources have
greatly progressed through the development of inorganic LED array, flexible LEDs, and wireless driven LEDs.
In vivo self-excited light source has been studied to avoid the absorption and scattering of light by biological
tissues. Additionally, to ensure the oxygen supply during PDT treatment, new illumination schemes of light
fractionation PDT and metronomic PDT have been proposed.

Moreover, oxygen carrier with strong oxygen storage capacity or the chemical reaction substance could be
delivered to the target lesion for in situ oxygen generation, which is the most popular methods to enhance the
oxygen supply for PDT. In addition, hypoxia-activated linkers or prodrugs have been applied to compensate for
the low efficacy caused by hypoxia. Meanwhile, the reduction of oxygen consumption during PDT could be
achieved by limiting certain oxygen-consuming intracellular chemical reactions or reducing oxygen dependence
by using type I or type 111 PDT.

Finally, PDT has been combined with clinical surgery, radiotherapy, chemotherapy, photothermal therapy,
sonodynamic therapy, magnetic hyperthermia and immunotherapy in order to improve the therapeutic efficacy.
In addition, Multi-modes for synergistic treatment with PDT will be presented. Meanwhile, the simultaneous
employment of two PSs targeting at different subcellular organelle also employed to improve PDT efficacy.
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The problem of effective treatment of tuberculosis in the clinic is the prevalence of antibiotic-resistant
strains of the pathogen Mycobacterium tuberculosis (Mth). About a quarter of the world's human population is
latently infected, due to the transition of Mtb to a dormant state. Known anti-tuberculosis drugs used in medical
practice are not active against dormant Mtb. Antimicrobial photodynamic inactivation (aPDI) is one of the
alternatives to antibiotic therapy that can inactivate bacteria, including those with extensive and multidrug
resistance. A promising direction is the use of endogenous photosensitizers of mycobacteria, in particular
porphyrins.

The aim of this work was to study approaches to stimulate the accumulation of endogenous porphyrins in
the cells of the causative agent of tuberculosis and to evaluate the possibility of photoinactivation of vegetative
and dormant forms of Mtb.

The dormant forms of Mtb contained 6 times more porphyrins compared to vegetative cells. In the
presence of 5-aminolevulinic acid (ALA) in the growth medium, an 85-fold increase in the amount of
porphyrins in dormant Mtb cells was observed. An unusual derivative of coproporphyrin, tetramethyl ester of
coproporphyrin (CPMe4), has been identified in dormant forms of Mtb. The accumulated porphyrins in
mycobacteria were presented in the form of water-soluble compounds (uroporphyrin, coproporphyrin) and
tetramethyl esters of coproporphyrin and its Zn complexes. The synergistic action of zinc and magnesium (10
uM and 25 mM, respectively) led to an even greater increase in the production of porphyrins. Transcriptome
analysis revealed an increase in the activity of a number of genes during cell growth in the presence of ALA,
which is associated with the pathways of synthesis and metabolism of porphyrins and precorrins. Mycobacteria
grown in the presence of ALA showed very high photosensitivity (about 99.99% of bacteria died) both in vitro
and in macrophages. At the same time, the primary effect of light exposure was a sharp decrease in the activity
of bacterial DPI reductase, down to zero.

Thus, successful photoinactivation in vitro and ex vivo of both metabolically active and dormant forms of
the tuberculosis pathogen due to the accumulation of endogenous porphyrins when 5-aminolevulinic acid is
added to the growth medium has been demonstrated. Data on the strategy of stimulating the synthesis of
porphyrins and other fluorescent tetrapyrroles in mycobacteria have been obtained, which can later be used in
the treatment of tuberculosis, including latent and multidrug-resistant tuberculosis, for the irradiation of the
pathogen in order to prevent recurrence of this disease.
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ABSTRACT

The use of photodynamic action to combat microorganisms is a well-established field of great importance
for microbiological control, including antibiotic-resistant bacteria. In situations where the basic elements for the
relationship of the photodynamic annihilation of microorganisms can be applied: light, oxygen and
photosensitization, the treatment with photodynamic reaction for microbial elimination works very well. In
cases where these elements cannot be assured, we still depend on the action of the antibiotic. In this work, we
demonstrate the use of oxidative stress caused by photodynamic action to reduce antibiotic resistance in
resistant bacteria, allowing the antibiotic action to be reestablished.

Many different aspects of this demonstration and experimental realization are presented in this work. That
includes the possibility to detect spectroscopically the bacteria resistance previously to treatment. This work has
the participation of K. Blanco, T. Quatrine, J. M. Soares, Claudia P. Patino . Support from FAPESP, CNPq -
Brazil and program CEPRIT — Texas — USA.
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ABSTRACT

Blood microbiology is essentially determined by the properties of blood plasma and the interaction
between blood cells, i.e., the aggregation of red blood cells (RBCs), the interaction between different blood cells
and endothelium, etc. [1]. Endothelial cells do not only act as an insulating layer between blood and tissues, but
also play an important role in controlling the blood flow and influence blood cell properties, e.g., RBCs
aggregation. RBCs can reversibly interact with each other under low shear stress forces forming linear and more
complex structures. RBCs aggregation is mainly responsible for the non-Newtonian behavior of blood and
regulates the microcirculation of blood in human body.

In this work, we studied the interaction between the endothelial monolayer and RBCs. Previously, we
studied the interaction between single endothelial cells and single RBCs. However, a single endothelial cell and
an endothelial cell in a monolayer have different properties.

The aim of this study was to investigate the interaction between endothelium cells in a monolayer and
RBCs of healthy volunteers at different concentrations of fibrinogen at the level of individual cells in vitro.
Laser tweezers were used to manipulate individual cells without mechanical contact, as well as to measure the
forces of their interaction [2].

Blood for the study was drawn from the cubital veins of four healthy donors. Endothelial cells were
grown at 37°C (CO, environment) on round glass slides and formed a cell monolayer. The blood sample was a
small amount of blood and autologous serum with added fibrinogen under the concentrations of 0, 2, 4, 6, 8
mg/ml. The blood sample was placed in a microcuvette with endothelium isolated from the air and the
interaction forces between the cells were measured.

It was shown that the interaction force between RBCs and endothelial cells increases with fibrinogen
concentration and reaches the saturation level of 4 pN at the concentration of 4 mg/ml. This force value is
comparable with the interaction forces between individual RBCs in autological plasma.

This work was supported by the Development program of the Interdisciplinary Scientific and Educational
School of Lomonosov Moscow State University «Photonic and Quantum Technologies. Digital medicine».
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ABSTRACT

Even with a thorough understanding of the molecular causes of cancer and enormous strides in cancer
therapy and diagnosis, cancer still poses a serious health risk and it is the second leading cause of death
worldwide. According to the GLOBOCON report 2020, lung cancer continues to be the second most common
cancer diagnosed, with an estimated 2.3 million new cases worldwide. According to reports, the global
incidence rate of lung cancer in people of both sexes is 11.4% across all other cancer types with the highest
mortality rate of 18% (1). Additionally, lung cancer is the deadliest disease due to its high metastatic potential,
whereby nearly 70% of patients start receiving their diagnosis and treatment in advanced stages Il or IV of the
disease (2). Phytochemicals present a promising alternative to conventional therapies for improving treatment
effectiveness in lung cancer patients, by overcoming the drawbacks of severe induced side effects and induction
of resistance [3].

Among several different potent and safer antineoplastic phytochemicals, Berberine (BBR) (Fig. 1) is a
phytochemical that has been used in traditional medicine with promising antitumor activity by inhibiting cell
proliferation, angiogenesis, metastasis and inducing apoptosis by regulating different signaling pathways [4].
Moreover, BBR is reported to be a naturally occurring phototoxic alkaloid, which can be activated by near-
ultraviolet light (NUV) and far-UV (FUV) to generate Reactive Oxygen Species (ROS) to induce a
photosensitizing effect in cancer cells [5,6]. However, due to its poor aqueous solubility, very low
bioavailability and membrane permeability, BBR can only induce its chemotoxic potential at very high
concentrations [4,7]. However, combining the chemotoxic potential with the toxic effect of photogenerated ROS
during photodynamic therapy (PDT) has the potential to induce strong phototoxic effects even at lower BBR
concentrations. The purpose of this study is to evaluate the potential of BBR as a synergic chemo and
phototoxic agent and observe the effects produced by this combination in lung carcinoma cells.

Figure 1: Chemical Structure of Berberine Chloride

The human epithelial lung cancer cells A549 (ATCC® CCL-185TM) obtained from American Type
Culture Collection (ATCC) was maintained in Roswell Park Memorial Institute 1640 medium (RPMI)
containing 1% antibiotics (penicillin/streptomycin) and 10% fetal bovine serum (FBS). The cells were grown at
37 °Cin an 85% humified incubator under 5% CO,. For assessment of the chemotoxic potential of BBR, A549
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cells were plated in 96 well plate and treated with BBR concentrations range from 2.5 to 320 uM for 24 h. BBR
induced phototoxicity and/or combined cytotoxicity was evaluated by treating the cells with a BBR
concentration range of 2.5 to 63 uM for 24 h. Following this, cells were irradiated with a 405 nm blue light
semiconductor laser diode at light dose of 2 J/cm® 24 h post treatment and irradiation the BBR induced
chemotoxicity, phototoxicity and/or combined cytotoxicity was determined using Adenosine Triphosphate
Assay (ATP) quantification assay using CellTiter-Glo® 3D Cell Viability Kit (Promega G9681). Briefly,
following the treatment period, cells were washed twice with Hank's Balanced Salt Solution (HBSS). Following
this, 50 uL ATP reagent was added in each well containing 50 uL of HBBS then mixed thoroughly and
incubated at room temperature for 25 min. Post-incubation, the resultant ATP luminescence was recorded using
a plate reader PerkinElmer, VICTOR Nivo™. The percentage viability for experimental groups was calculated
with respect to the luminescence value in the control untreated group. Cellular damage post treatment was
visualized by phase contrast inverted light microscope (Wirsam, Olympus CKX 41) attached to a digital camera
(Olympus C5060-ADUS) at 200X magnification. The qualitative analysis of cell viability following treatment
was carried out by staining the cells with a LIVE/DEAD cytotoxicity kit (Invitrogen L3224). All the
experiments were performed in triplicates and independently repeated thrice. SigmaPlot version 14.0 software
was used to analyze the mean and standard error (SE) values for each experimental group. Data points are
represented as mean + standard error (SE), and the difference between the control and experimental groups were
statistically analyzed by Student's t-test, with a 95% confidence interval.

Fig. 2 shows the chemotoxic effect of BBR on the cell viability of A549 lung cancer cells treated for 24 h.
Results showed BBR induced cytotoxicity in a concentration-dependent manner (Fig. 2 (a)). The ICs, value
determined from the sigmoidal concentration-response curve is 63 uM (Fig. 2 (b)).
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Figure 2: (a) Cytotoxicity induced by different concentrations (0, 2.5,5, 10, 20, 40, 80 160 and 320 |1 M)
of Berberine (BBR) in A549 lung cancer cells treated for 24 h and determined by ATP proliferation assay, (b)
sigmoidal concentration-response curve of BBR treatment. Data points in the graphs are represented as mean +
standard errors from experiments repeated in triplicates.
*(p <0.05), **(p <0.01), ***(p < 0.005) indicate significant differences.

59



BBR Concentration
Control (Untreated) 80 pM ] 160 pM

Figure 3: Phase contrast and LIVE DEAD fluorescence micrographs showing cellular morphology and
live and dead A549 cells in (a) and (e) control untreated, 24 h post treatment with (b) and (f) 80 uM, (c) and (g)
160 puM and (d) and (h) 320 uM concentrations of Berberine. (200x Magnification). Green Calcein fluorescence
represents Live cells and red EthD-1-stained nucleus represents dead cells.

The morphological changes in A549 cells after BBR induced chemotoxicity are shown in Fig 3. The
control untreated cells (Fig. 3 (a) and (e)) showed healthy morphology with intact cell membrane. The number
of cells in BBR treated group, showed gradual decrease in cell population at 80 uM and 160 uM (Fig. 3 (b) (¢),
(f) and (g)), with many cells showing rounded off morphology at the highest concentration of 320 uM (Fig. 3 (d)
and (h)).

As shown in Fig. 4 (a), treatment of A549 cells with various concentrations of BBR followed by light
exposure at fixed light dose of 2 J/cm? led to concentration dependent increase in cytotoxicity as compared to

respective BBR unirradiated treatment groups. The ICs, and 1Cqo doses of ~ 11 uM and 52 puM is determined for
irradiated groups (Fig. 4 (b)).
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Figure 4: (a) Concentration dependent (0, 2.5, 5, 10, 20, 40 and 63 uM) phototoxicity induced by
Berberine (BBR) in A549 cells at a fixed light dose of 2 J/cm? with 405 nm blue laser, determined by ATP
proliferation assay (b) sigmoidal concentration-response curve of BBR treatment with and without light
irradiation. Data points in the graphs are represented as mean * standard errors from experiments repeated in
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triplicates. *(p <0.05), **(p <0.01), ***(p < 0.005) indicate significant difference. In graph (a) statistical
significance is determined between irradiated and unirradiated groups of each BBR concentration.
Unirradiated Irradiated (2J/cm?)

)

Control
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BBR Concentration

Figure 5: Representative phase contrast and LIVE DEAD fluorescence micrographs showing cellular
morphology, live and dead A549 cells in control untreated and unirradiated (a) and (b), control untreated and
irradiated (c) and (d), 24 h post treatment with 11 uM of Berberine (BBR) unirradiated (e) and (f) and
irradiated (g) and (h), 63 uM of Berberine (BBR) unirradiated (i) and (j) and irradiated (k) and (I). (200x
Magnification). Green Calcein fluorescence represents live cells and red EthD-1-stained nucleus represents
dead cells. Red arrows show rounded and damaged cells.

The changes in cellular morphology and viability observed with and without irradiated following BBR
treatment is shown in Fig. 5. The irradiated group at BBR ICs, concentration (~11 uM) showed rounded up
cellular morphology in certain cell population representing early signs of cell death (Fig. 5 (g) and (h)). While
63 uM BBR concentration upon irradiation showed significant morphological changes with cells showing
rounding up, detachment from culture plates, membrane damage and strong red fluorescent nuclei representing
cell death (Fig. 5 (k) and (1)).

In the present study, ATP assay results demonstrate that the combined chemo and phototoxicity with
BBR treatment at 63 pM concentration resulted in ~95% loss in cancer cell viability in comparison to the 320
uM BBR unirradiated group which showed a loss of cell viability by only 75%. Even the ICsq dose in the
irradiated group is significantly low (~11 uM) compared to the unirradiated group (63 pM). Further, the
morphological and viability analysis (Fig 5) also showed significant cell damage and death in large cell
population of irradiated groups in comparison to unirradiated group. Thus, our preliminary results suggested, the
combination of chemotoxic potential of BBR with its induced phototoxicity instigates an effective cytotoxic
effect against lung cancer cells at very low concentrations which cannot be achieved without PDT.

In summary, plant-based compound BBR is a potential candidate to augment the anticancer action in
combined chemo and phototoxic treatment and thus offers the advantage of its application as natural product-
based cancer prevention and therapy. However, further research is warranted to provide mechanistic insights at
protein, gene, and transcriptome levels to identify the exact cell death signaling pathway induced by the
combination therapy.
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ABSTRACT

Radiotherapy is one of the most used treatment options for different kinds of cancer and its main goal is
to kill tumour cells while minimising toxicity normal tissue. A sure means of Killing cancers is to increase the
dose radiation that is administered to patients, but dose escalation may lead to adverse normal tissue toxicity.
Hence, the need to develop noninvasive ways to sensitise tumour cells to low doses of radiation.
Pharmaceuticals have been used to partly address this need, but systemic side effects pose another challenge.
Electromagnetic fields (EMF) which largely thought to be nonhazardous have long been shown to have wide
ranging benefits in the treatment of disorders as diverse as fractures, wounds, depression, and cancer [1- 3].
However, EMF have equally exhibited both desirable and undesirable effects and their anticancer and cancer-
promoting properties have been demonstrated [4]. These effects have been observed for EMF frequencies
ranging from fractions of a hertz (Hz) to several petahertz (PHz).

Specifically, radiofrequency fields (RF) have received significant attention in the clinic. For instance,
they have been extensively used in radiofrequency ablation of hepatocellular carcinoma [5-7], early-stage renal
cell carcinoma [8], non-small cell lung cancer [9], and melanoma [10-12]. Radiofrequency ablation typically
employs a frequency of ~500 MHz which falls within the medium radio wave range, and the desired biological
effect of this procedure is mediated by induction of molecular frictional heating in the target tissue by the radio
wave [13]. The technique is minimally invasive (electrodes and probes inserted into target tissue) and is thought
to be more superior than surgery. An informed combination of radiofrequency fields with radiotherapy could
prove beneficial in cancer management. In a series of studies, we sought to evaluate the effect of low frequency
radio waves on the sensitivity in vitro cell cultures to X-ray irradiation. The main objectives of these
investigations were to confirm the capacity of RF to modulate cellular radiosensitivity and identify potential
underlying mechanisms for such modulation. For this, Chinese hamster lung fibroblasts (V79) and human
melanoma cells (MeWo) were remotely exposed to radiofrequency fields prior to or post irradiation with X-rays
and processed for colony forming cell survival [14,15]. The radiofrequencies were generated from an EMEM
oscillator amplifier (EMEM Devices Rife Machine, Model No. 1-2012B, Boulder, CO, USA; Fig. 1) with a
carrier frequency of 27.125 MHz, square amplitude modulated at 100 and 1000 Hz. The modulating frequencies
were injected from a GME frequency generator (GME Technology, Model No. SG-10, Panoma, CA, USA). In
the cell cultures, the RF-induced magnetic flux densities were estimated to range between 0.05 and 0.25 uT. The
X-ray irradiation was performed using a Faxitron MultiRad 160 X-ray irradiator (Faxitron Bioptics, Tucson,
AZ, USA). The irradiation was performed at a dose rate of 1 Gy/min. Radiofrequency field and X-ray exposures
were carried out at room temperature (20°C).

63



25-cm plasma ray tube

| -~

Plasma ray tube

(a) M

=== EMEM device S
. ’ Im X

S

Frequency generator

Figure 1: (a) Photograph of the EMEM Devices radiofrequency field (RF) exposure system. (b)
Schematic showing the top and bottom cell culture planes of a 2 x 2 x 6 flask matrix. Plasma ray tube centred
horizontally above the cell culture flasks. Induced magnetic field (B) and electric field in the culture medium (E)
are parallel to the length and width of the flasks, respectively [14].

No cytotoxicity was apparent when cell cultures were exposed to radiofrequency field alone. It was found
that the radiosensitising effect of the 1000 Hz-modulated field was more prominent than that of the 100 Hz-
modulated field when the interval between X-ray and RF exposures was 4 h [14]. Pre-exposure of the
“apparently normal” V79 cells to the 100 and 1000 Hz-modulated fields, 2 h prior X-ray irradiation did not
affect the sensitivity of the cells to X-rays. However, the malignant MeWo cells were respectively protected and
sensitised by the 100 and 1000 Hz-modulated fields at all time points. On the other hand, the 1000 Hz-
modulated field protected the fibroblasts when RF exposure was performed 1 h prior to X-ray irradiation. These
findings suggest that RF modulation of cellular radiosensitivity is not only frequency dependent but also reliant
on the sequence in which the exposures occur. Also, the observation that the different cell lines do not respond
in a similar fashion to the different frequencies may be may be attributed to the notion of the existence cell-
specific resonant frequencies at which cells could be rendered sensitive to the X-ray insult [15]. To further
investigate the potential of radiofrequency fields in radiotherapy dose reduction, cell survival following an acute
(3 Gy), asplit dose (1.5 Gy + 1.5 Gy) of X-rays, and 2 Gy given with radiofrequency fields were compared. The
key findings are highlighted in Fig. 2 [16]. Cell exposure to RF modulated at 1000 Hz 6 h prior to treatment
with 2 Gy of X-rays sensitises the malignant melanoma cells (MeWo) and protects “apparently normal”
fibroblasts from the effects of ionising radiation. When compared with 3-Gy treatments, this suggests that use of
a radiofrequency field modulated at 1000 Hz can assist in reducing radiation dose by up to 50% without
compromising therapeutic benefit. The radioprotective and radiosensitising properties of the RF field seen here
corroborate the finding of our earlier study [14].

Tl mmzay 2 Gy+100 Hz 5553 100 Hz#2 Gy = 3 Gy 2 Gy+100 Hz 5553 100 Hz#2 Gy
1.0 N 15Gy+1.5Gy WEN2Gy+1000 Hz 5% 1000 Hz#2 Gy 1.0 N 15Gy+1.5Gy NN 2Gy+1000 Hz B 1000 Hz+2 Gy
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Figure 2: Surviving fractions for V79 and MeWo cells following various treatment protocols: acute dose
of 3 Gy of X-rays, RF exposure alone, and split dose of X-rays (1.5 Gy/fraction) or combination of RF exposure
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and 2 Gy of X-rays given 6 h prior to or after each other. Surviving fractions of untreated cell cultures (dashed
lines), arrowheads (split dose survival with which survival after combination treatments were compared), pink
ovals are for easy comparison between the ‘apparently normal” and malignant cells [16].

In a sequel of studies intended to elucidate possible mechanisms underlying the observed modulation of
radiosensitivity by the low frequency RF used here, an extended of four human cell lines (melanomas: MeWo -
p53 mutant and Bell - p53 wild-type; prostate carcinoma: DU145 - p53 mutant; normal lung fibroblasts - p53
wild-type) were used [17-21]. Due to a breakdown of the EMEM radiofrequency generation system [14] and our
inability to make contact with the supplier (Teli Enterprises LLC), RF exposure for these studies was performed
using a PERL M" oscillator amplifier (Resonant Light Technology Inc., Courtenay, Canada; Serial # PM
171116) [17,18; Fig. 3]. A ProGen Il frequency generator (Serial No. PG 171211) was used to generate the
modulating frequencies. In this set-up, the estimate induced magnetic flux densities ranged from 6.74 to 22.43
uT.

29-cm plasma ray tube

RF wave propagation

Cell culture flasks
18 cm >I;/°{°

Figure 3: (a) Photograph of the Resonant Light Technology radiofrequency field (RF) exposure system,
with the PERL M" inverted on a cut Styrofoam box. (b) Schematic showing the top and bottom cell culture
planes of a 2 x 2 x 4 flask matrix. Plasma ray tube centred horizontally above the cell culture flasks. Induced
magnetic field (B) and electric field in the culture medium (E) are parallel to the length and width of the flasks,
respectively [17,18].

Factors that were investigated for their potential role in radiosensitivity modulation by radiofrequency
fields were: (a) p53 status, (b) DNA damage processing and proliferative activity, (c) metabolic activity, and (d)
induction of reactive oxygen species (ROS). The modulation of radiosensitivity by radiofrequency fields that
was previously demonstrated was confirmed. In the following, the findings on the potential mechanisms
underlying RF-mediated alterations of radiosensitivity in vitro are summarised:

p53 status: The effect of a 27.125 MHz field modulated at 100, 1000, 2000, and 4000 Hz on the
radiosensitivity of the four human cell lines (MeWo, Bell, DU145, and L132) was assessed on the basis of
colony forming capacity. The wide range of RF-induced magnetic flux density for the different radiofrequency
generation systems did not seem to significantly affect RF-modulation of radiosensitivity [14,17,18]. The modu-
lation cellular radiosensitivity by radiofrequency fields was confirmed and appeared to be frequency- and cell-
type-dependent [17]. Extending the modulating frequencies to include 2000 and 4000 Hz showed that the extent
of RF-mediated radiosensitisation does not steadily increase with increasing the modulating frequency. The
demonstrated frequency and cell type-dependence of radiofrequency field modulation of cellular sensitivity to
X-ray treatment is consistent with the finding of the earlier studies [14,16]. In the panel of cell lines used here,
the p53 wild-type cells showed the highest radiosensitisation and which peaked at a modulating frequency of
1000 Hz, especially when cells were irradiated to 6 Gy [18]. This is consistent with the earlier observation that
the sensitisation of the “apparently normal” V79 cells was minimal [14]. These rodent cells possess a non-
functional and mutated p53 [22]. This finding shows that a radiofrequency field of 27.125 MHz modulated at
1000 Hz is more efficient in modulating large fractional doses of ionising radiation and may be beneficial in
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hypofractionated radiotherapy where large doses are administered fraction. Specifically, this could be the case
for patients with tumours exhibiting low alpha/beta ratios, like those presenting with prostate cancer. Expanding
the panel of cell lines may help in confirming the potential role of low frequency radio waves and cellular gene
profiles in the use of radiofrequency fields as radiation protectors and sensitisers. The role of p53 status in the
radiofrequency modulation of cellular sensitivity to ionising radiation is also warrants further investigation.

DNA damage processing and proliferative activity: Cellular DNA processing was evaluated using the
cytokinesis-blocked micronucleus formation assay. The yield of binucleated cell in the cytokinesis-blocked
cultures was used as an indicator of proliferation. The yields of micronuclei (marker of DNA damage) and
binucleated cells (marker of proliferation) were correlated with the cellular radiosensitisation that was conferred
by 100- and 1000-Hz modulated radiofrequency fields [19]. Binucleation can be used represent cell
proliferation, as an elevated binucleation index is indicative of a large proportion of actively progressing cells
through the cell cycle [23-25]. An elevated micronucleus yield was linked to a higher degree of
radiosensitisation by radiofrequency fields. This correlation was independent of modulating frequency. While an
increased proliferative index was correlated with a marked radiosensitisation by the 100-Hz modulated field, a
raised proliferative capacity was linked to a slight radiosensitisation when cells were exposed to the 1000-Hz
modulated field. From these findings, it can be inferred that that radiofrequency fields interfere with the capacity
of cells to process ionising radiation-induced DNA damage and their ability to progress in the cell cycle.
Interaction between ionising radiation and radiofrequency fields may have significant ramifications in radiation
protection, radiotherapy, and wound healing following preoperative radiotherapy. Although fibroblast
proliferation is a precursor of good wound healing, enhanced proliferation in irradiated fibroblasts does not
always promote efficient wound healing [26]. Therefore, further validation of these findings in a large panel of
cell lines and preclinical systems is of merit.

Metabolic activity: Changes in the metabolic activity of the cell lines was determined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Cell lines that displayed larger reductions in
metabolic activity emerged more radiosensitised by radiofrequency exposure, relative to when they were treated
with radiation alone [20]. This was independent of whether RF exposure occurred prior to or after X-ray
irradiation. The finding that metabolic activity in surviving cells remained raised following a combined
treatment of X-rays and radiofrequency fields for up to 18 h suggests that radiofrequency fields trigger
alterations in metabolic activity to support DNA repair and subsequent cell survival. Changes in cellular
metabolic activity in X-ray treated cells following radiofrequency exposure might have significant implications
for cellular responses to ionising radiation in the ambience of radiofrequency fields. The sustained metabolic
activity observed in X-ray treated cells concomitantly exposed to the radiofrequency may be attributed to the RF
fields inducing dormant cells to enter and progress through the cell cycle. This could explain the enhance cell
proliferation eluded to earlier [19]. An enhanced proliferation is a reflection of increased G,/M activity [27,28].
As cells G,/M are more radiosensitive would be more susceptible to the radiation insult, thus giving rise to
elevated radiosensitisation. This phenomenon requires further elucidation in a large panel of cell lines and
preclinical models, if radiofrequency fields of the kind studied here are to be routinely used in radiotherapy as
adjuvants.

Induction of reactive oxygen species (ROS): ROS expression was assessed by measurement of cytosolic
superoxide dismutase activity in the cell lines following the various treatments. On average, radiation-induced
ROS activity was consistently increased by radiofrequency field exposure in all cell lines. However, the degree
to which RF exposure enhanced ROS activity did not correlate with the level of radiosensitisation [21]. The
finding that ROS activity is elevated by radiofrequency field exposure supports other studies that have
demonstrated that electromagnetic fields have a strong influence ROS production in cellular systems [29-31].
The absence of clear link between RF-induction of ROS radiosensitivity is not entirely unexpected as reactive
oxygen species are known to play multiple and opposing roles in biological systems. ROS can initiate oxidative
stress that leads to cell death or promote malignant cancer acclimatisation to low oxygen tension, cell
propagation, and survival [32-34]. Similar studies on an expanded panel of cell lines and preclinical systems are
required in order to confirm the potential role of reactive oxygen species in radiofrequency-mediated
radiosensitisation.
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ABSTRACT

Human breath contains a very large number of trace volatile organic compounds (VOCs) with
concentrations parts per billion (ppb) to parts per trillion (ppt) levels. Some of the molecular species are strongly
associated with the pathogenesis of the disease. Elevated concentrations of these molecules, or of specific
isotopologues, can be markers for particular medical conditions, and the breath analysis provides a non-invasive
and rapid diagnostic method. The conventional endoscopic and biopsy-based invasive methods are not only
suitable for early diagnosis, but also inappropriate for widespread population-screening including infants,
children, pregnant women and seniors. Moreover, the invasive and relentless nature of the endoscopic procedure
limits its suitability for large-scale screening.

In this workshop, | will talk about some important medical-social problems in the domain of laser
spectroscopy and photonics such as H. pylori bacterial infection in human stomach, peptic ulcer disease, various
gastric disorders, diabetes and IBS that has received special attention all over the world. For this study, we have
used high-resolution and ultra-sensitive optical cavity ring-down spectroscopy (CRDS) coupled with diode and
guantum cascade lasers (QCLSs) in the IR region [1,2]. We have investigated various rovibronic spectroscopic
signatures by shining the laser beam on human exhaled molecules. We explored some unique patterns of
exhaled molecular species and their isotopes through light-matter interactions that might be considered as
potential markers or so-called “breathprints” for non-invasive diagnosis and precise classification of several
complex diseases as mentioned above without the need for painful invasive endoscopy and biopsy tests.

Using a high-resolution CRD spectroscopy, we have developed a novel strategy for early detection of
type 1 diabetes (T1D) and to precisely distinguish T1D from type 2 diabetes (T2D). Our findings suggest that
the exhaled oxygen-18 of CO, may act as a potential biomarker for non-invasive assessment of T2D and thus
may open a new method for treating T2D [3,4]. In another study by employing high-resolution laser
spectroscopy, we have explored the triple-isotopic compositions of water isotopes in the gastrointestinal tract
and found that human the deuterium-enriched exhaled semi-heavy water, i.e., HD'®O is a new marker of the
noninvasive assessment of the ulcer-causing H. pylori gastric pathogen [5]. We have also established that there
is a potential link between H. pylori infection and type 2 diabetes. We established these observations through
the isotopic fractionations of carbon-13 and oxygen-18 in exhaled breath CO, in response to glucose
metabolism [6]. Moreover, in a recent investigation, using QCL spectroscopy we have shown a strong
physiological link between exhaled N,O and bacterial infection in the stomach, providing important insights
into the biological activities of human-associated microorganisms [7]. Finally, | will talk about our recent
technological innovation on “Pyro-breath” product and its potential for large-scale non-invasive screening
purposes.

REFERENCES
[1] A. De, G. D. Banik, A. Maity, M. Pal, S. Ghosh, M. Pradhan, Continuous wave external-cavity quantum

cascade laser-based high-resolution cavity ring-down spectrometer for ultrasensitive trace gas detection, Optics
Letters, 41 (9), 1949-1952, 2016.

69



[2] G. D. Banik, A. Maity, S. Som, M. Pal, M. Pradhan, An external-cavity quantum cascade laser operating
near 5.2 pm combined with cavity ring-down spectroscopy for multi-component chemical sensing, Laser
Physics, 28, 045701, 2018.

[3] C. Ghosh, S. Mandal, G. D. Banik, A. Maity, P. Mukhopadhyay, S. Ghosh, M. Pradhan, Targeting
erythrocyte carbonic anhydrase and oxygen-18 isotope of breath CO, for sorting out Type 1 and Type 2
diabetes, Scientific Reports, 6, 35836, 2016.

[4] C. Ghosh, G. Banik, A. Maity, S. Som, A. Chakraborty, C. Selvan, S. Ghosh, S. Chowdhury, M. Pradhan.
Oxygen-18 isotope of breath CO2 linking to erythrocytes carbonic anhydrase activity: a biomarker for pre-
diabetes and type 2 diabetes, Scientific Reports, 5, 11959, 2015.

[5] M. Pal, S. Bhattacharya, A. Maity, S. Chaudhuri, M. Pradhan. Exploring triple-isotopic signatures of
water in human exhaled breath, gastric fluid, and drinking water using integrated cavity output spectroscopy,
Anal. Chem. 92, 8, 5717-5723, 2020.

[6] S. Som, G.D. Banik, S. Chaudhuri and M. Pradhan, Non-invasive diagnosis of Helicobacter pylori
infection and type 2 diabetes simultaneously using isotope-specific infrared absorption measurements, Isotopes
in Environment and Health Studies, 54, 435-445, 2018.

[7]1 M. Pal, S. Maithani, A. Maity, S. Chaudhuri, M. Pradhan, Exploring the physiological link of breath N,O
through nitrification and denitrification processes in human gastric juice, Journal of Breath Research, 13,
016002, 2018.

70


https://pubs.acs.org/doi/abs/10.1021/acs.analchem.9b04388

DOI 10.24412/cl-37136-2023-1-71-75

3D PRINTABLE SOFT ARTIFICIAL OPTICAL SKIN FOR HEALTHCARE APPLICATION

ABHIJIT CHANDRA ROY', NAVIN KUMAR®, SHREYAS B S', ANANYA GUPTA', ALOKE
KUMAR? AVEEK BID', AND V. VENKATARAMAN!

'Department of Physics, Indian Institute of Science, Bangalore, Karnataka, India-560012
“Department of Mechanical Engineering, Indian Institute of Science, Bangalore, Karnataka, India-
560012

ABSTRACT

The human skin being the largest and most exposed organ in the body provides various essential
information including touch, temperature, pressure, vibration, and humidity of the surrounding for smooth and
safe functioning of our body. Similarly, artificial soft electronic skin, like human skin, perceives various
environmental stimuli by transducing them into an electrical signal. Soft artificial optical skin capable of sensing
touch and pressure is essential in many applications, including social robotics, healthcare, and augmented
reality. However, several hurdles remain challenging, such as highly complex and expensive fabrication
processes, instability in long-term use, and difficulty producing large areas and mass production. Here, we
present a robust 3D printable large area soft artificial optical skin made of a soft and resilient polymer capable
of detecting touch, load, and bending with extreme sensitivity to touch and load, 750 times higher than earlier
work. The soft artificial optical skin shows excellent long-term stability and consistent performance up to almost
a year. In addition, we describe a fabrication process capable of producing large areas, large numbers, yet cost-
effective. The soft artificial optical skin consists of a uniquely designed optical waveguide and a layer of a soft
membrane with an array of soft structures which work as passive sensing nodes. The use of a soft structure
provides the freedom of stretching to the soft artificial optical skin without considering the disjoints among the
sensing nodes. The soft artificial optical skin’s operation has been shown using a variety of techniques.

INTRODUCTION

Soft artificial skin similar to human natural skin perceives various surrounding stimuli by transducing
them into an electrical signal through various methods. Soft artificial skin has earned overwhelming
consideration in recent time due to the rise of diversified fields of science and technologies including the social
interactive robots[1] internet of ‘action’ (Iowa)[2], modern health-monitoring technologies[3] prosthetics[4] and
augmented reality, etc. In spite of several endeavor in developing soft artificial skin, there are still several
considerable hurdles to make soft-ao-skin suitable for practical use and industrial-scale production. For instance,
most of the earlier works on soft-ao-skin at least have one or the other inadequacies such as highly complex and
expensive fabrication process, consume high power, low sensitivity, shows instability at long-term, high
response time and short operational bandwidths etc.

Therefore, we have attempts to resolve those issues by exploiting a novel design of the soft optical
waveguide with a strong promise of mass production and improved sensitivity i.e. possible to attain sensitivity
more than 750 times higher than the sensitivity of earlier work based on optical waveguide strategy[5] and
longer stability, less response time ~ 63 ms.

WORKING OF THE SOFT-AO-SKIN

Figure 1a and b depict the soft artificial optical skin cell (SAOS-Cell), where soft hemispherical lens
(SHL) is without and with the contact of soft Dove prism (SDP) respectively. Clearly, with no contact as in
Figure 1a, light from an LED in air medium (air RI ~1) parallel to the longitudinal axis of the prism enters one
sloped side of the SDP, get total internal reflection (TIR) from the top surfaces and refract back to a
photodetector (PT) without loss. On the other hand, in Figure 1b, a fraction of the light ray escapes from getting
TIR from the top surface of the SDP where both lens and SDP are in physical contact. The contact between SHL
and SDP creates a bridge of homogeneous circular area of same refractive index (RI) through which light passes
and reaches to the edge of the SHL Figure 1b. Figure 1c shows the schematic representation of the arrangement
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of array of light source and the array of array of photodetector to make a complete soft-ao-skin. Figure 1le shows
image of a complete soft-ao-skin. The light sources and the photodetectors are attached to the soft waveguide by
using 3D printed cages.
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Figure 1. Schematic representation of the working principle of electronic skin (soft-ao-skin). (a) Schematic diagram
of soft-ao-skin unit cell (SAOS-Cell), a soft hemispherical lens (SHL) before touching a Dove prism shaped soft slab kept
between light source (LS) and the photodetector (PT). Light passes through the SAOS-Cell from the LS to the PT without

loss due to total internal reflection of light ray (TIRL). (b) SHL touches the surface of the SAOS-Cell, creates a circular
contact area, light otherwise totally reflected, passes through the contact area in the expanse of lowering output intensity.
(c) Schematic representation of soft-ao-skin with light sources and the array of detectors. (d) 3D representation of SAOS-
Cell. (e)Image of the soft-ao-skin. (SDP- soft dove prism, SAOS- soft artificial optical skin).

RESULTS

Figure 2a shows the schematic representation of a custom-designed instrument to calibrate the SAOS-Cell
in terms of load and voltage. The PDMS soft hemispherical lens made using a hemispherical mold (with a
diameter of 3 mm) is attached to a computer-controlled micro-stage to exert load on the PDMS SDP. Optical
images were recorded from the top during the application of loads 0, 0.13, 0.53,1.17, and 2 N on the SDP
through a soft hemispherical lens (Figure 2c-g). Figure 2c show that no light appears at the edge of the soft
hemispherical lens at zero applied load, i.e., light rays travel through the SDP without any loss (barring
negligible losses due to absorption by the PDMS) and reach the photodetector. As a result, the PT shows
maximum intensity at the output. However, with increasing applied load, the intensity at the edge of the soft
hemispherical lens increases (Figure 2c-g), and that at the output decreases proportionally. The contact
formation between the soft hemispherical lens and the SDP is depicted by capturing the images at various loads
by replacing PT with an optical camera (Figure 2h-I). These optical images also confirm that the contact area
between the SDP and soft hemispherical lens increases with increased load.

Figure 3a shows a plot of the output voltage versus the applied load for SAOS-Cell made of various soft
hemispherical lenses like PDMS, Ecoflex, and PDMS oligomer-filled hemispherical lens (OFHL). In all cases,
for small, applied loads, a linear relationship is observed between the applied load through the soft
hemispherical lens on the SDP and the cubic power of the output intensity (V,3). This can be explained through
the solid-solid contact deformation model introduced by Johnson, Kendall, and Roberts in 1971, popularly
known as the JKR model [6]. Briefly, the relation among the contact radius (a), work of adhesion (W), elastic
modulus ( E), and applied load (P) is as follows:

R
a® = (P +3nWR + [6nWRP + (3nWR)?]°%} L
Here,
1 1-n? 1-—n?
= 4 2
1 1 N 1 3)
R R, R,
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P is an external load, n, and n, are Poisson ratios of the materials, R is the radius of curvature of the soft
hemispherical lens. Note that the result shows a linear relation between V, and a, (SI, Figure S4a, measured for
PDMS soft hemispherical lens), implying a linear relationship between F and V2 up to a specific load.
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Figure 2: Characterization of the soft-ao-skin. (a) Schematic diagram from the side view of a custom-made
characterization tool for a soft-ao-skin. (b) Top view schematic of the experimental setup. (c-g) Images captured from the
top of the soft hemispherical lens (SHL) during the application of loads of 0, 0.13, 0.53,1.17, and 2 N, respectively, on the
SHL. (h-1) Optical images corresponding to the loads 0, 0.13, 0.53,1.17, and 2 N, respectively, on SHL when viewed from

the side (a camera replaces PT). The scale bar is 1 mm.

PDMS SHL of diameter 3 mm shows excellent linear relation of applied load with V3 up to ~1.2 N,
however, beyond that load it follows nonlinearity. Within the linear region, the SAOS-units with SHL diameter
3mm show sensitivity as high as ~4.1, 13, and 21.2 kPa~'for PDMS, Ecoflex and OFHL soft hemispherical lens
respectively. The results show the sensitivity of the soft-ao-skin can be improved more than 3, and 5 folds when
the PDMS SHL is replaced by material of lower modulus Ecoflex SHL and OFHL respectively. Figure 3b
shows the voltage output with respect to various applied step loads. Figure 2c insert image shows the graph for
finding the response time of the soft-ao-skin. The measurement shows the response time of SAOS is ~63 ms.
Figure 3c the calibration estimation of the SAOS at various time to shows the robustness and durability of the
SAOS. The experiment from 2 to 5 depict the calibration of the SAOS after 10 months and experiment 1
represent the calibration of the SAOS before 10 months. The results show the SAOS exhibits excellent
reproducibility in terms of calibration with an accuracy of more than 99.56%. This result shows a superior long-
term stability of the SAOS compared to many soft artificial skins reported earlier[7].
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Figure 3. Characterization of the soft-ao-skin unit node. (a) The plot shows the calibration between distance and
load for various hemispherical lens of similar diameter 3mm. The curves 1, 2, and 3 depict SHL of 3 mm diameter made of
PDMS, Ecoflex and PDMS membrane SHL filled with PDMS oligomer. (b) Step response in terms of normalized voltage at
various applied loads and unloads. (c) Long term stability test in terms of soft-ao-skin calibration and response time (insert

image). PDMS- Polydimethylsiloxane.

DISCUSSION

The results show that the shape, i.e., the curvature (), height (h), conic constant (k) of the hemispherical
structure above the soft optical waveguide (SOW) plays an important role in determining the sensitivity (S) and
the pressure detection range of the soft-ao-skin. The modulus of the soft hemispherical lens (considering other
constant parameters) is also crucial in determining the sensitivity and pressure detection range of the soft-ao-
skin. Another important finding from this work reveals that the waveguide design plays an important role in
detecting the bending and spatial resolution of the soft-ao-skin. Results show that the sensitivity of the soft-ao-
skin made of Ecoflex (Ecoflex-00-30) SHL with a mold-based technique and having a modulus ~ 0.07MPa is
three times higher than soft-ao-skin made of PDMS SHL (PDMS: Crosslinking ratio;10:1) with modulus ~
2MPa. Further, for a soft hemispherical lens made of the oligomer-filled hemispherical lens (OFHL, membrane
thickness ~20 um), a fivefold increment of sensitivity of the soft-ao-skin has been observed. However, this was
accompanied by a reduction of pressure detection range from 350 kPa to 26 kPa. In the case of a 3D printed soft
hemispherical lens, a sensitivity of 30kPa~? is achieved, which in the case of oligomer filled SHL will lead to
the maximum sensitivity of 150kPa~! with a limit of detection (LoD) ~0.056 kPa(SI for LoD, Figure S10). In
real-world applications, the sensor with ultra-high sensitivity at lower load regime and low sensitivity at higher
load is desirable. The size of the sensing nodes will also play a role in the detection limit of the soft-e-skin. The
smaller the sensing node's size, the lesser the detection limits would be. The waveguide design is important in
determining the sensitivity, pressure detection range, the sensor nodes' spatial density, and the bendability of the
soft-ao-skin. Using the LASER diode as a light source can give the advantage of not using a condenser lens in
constructing soft-ao-skin. The result shows that if the soft-ao-skin is transparent, stray light may affect the
performance of the soft-ao-skin depending upon the presence of environmental/stray light. Therefore, to
overcome such a problem, an approach consists of a completely flexible opaque top membrane to obstruct the
stray light can be deployed. Another attractive prospect of our soft-ao-skin is the use of SHLs as passive sensing
elements rather than electrically connecting active/passive elements 6,29,31, which is usually vulnerable to
disjointing. Hence, using the passive soft hemispherical lens gives the freedom to stretch the soft-ao-skin until
the material fails. Considering the overall fabrication process of the soft-ao-skin, both the mold-based technique
and 3D printing technique have their advantages and limitations; however, the 3D printing technique gives more
freedom in tuning parameters of SHLs, and that gives the liberty to fine-tuning of soft-ao-skin parameters within
a size limit of SHL. Also, the 3D printing technique is cost-effective compared to making new molds. One
important issue with this soft-ao-skin is maintaining the position of the light source and photodetector unaltered
after multiple uses by using 3D printed external holders. However, this issue can be addressed by introducing
organic light-emitting diode (OLEDs) and organic photodetectors attached directly to the soft skin rather than
attaching 3D printed holders.
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In summary, many previous works have been reported on soft-ao-skin, however, most of them partially
satisfy the criteria to be a complete realistically useable product for real-world use. For example, many
previously reported soft-ao-skins show superior sensitivity but show long response time and instability in long
term, etc. On the contrary, this work focuses on the realization of a practical, robust, suitable for industrial-scale
production and easily scalable (3D printable) large-area soft artificial skin without compromising quality i.e.
highly sensitive (750 times more sensitive), quick response time, bendability, stretchability etc. This reliable
soft artificial skin is made by using a specially designed soft optical waveguide and soft hemispherical structure
as a sensing node placed on the top of the waveguide. In addition, we have achieved significantly improved i.e.
possible to attain sensitivity as high as 150 kPa~! with a quick response of 63ms. The multifold increase in
sensitivity is the outcome of a special design of the soft optical waveguide, and the unique aspherical soft
hemispherical structures and their material property e.g. elastic modulus of the material. Moreover, we have
observed the consistent performance of the soft-ao-skin up to almost a year, an indication of better reliability of
the soft-ao-skin. Also, we have demonstrated a very convenient and cost-effective process of making the soft
electronic skin by involving ultrafast liquid 3D printing technique (specially designed for this purpose) capable
of printing large area with an ability of mass production.
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ABSTRACT

Basic fibroblast growth factor (bFGF) is broadly used in the management of cutaneous wounds. Glycogen
synthase kinase 3 beta (GSK3p) is a serine/threonine kinase and plays a major role in the control of -catenin
signalling. bFGF is a multipotent growth factor that stimulates cellular signalling for cell growth, proliferation,
and migration in various cell types, including fibroblasts. Diabetes mellitus (DM) has been linked to atypical
cell signalling processes thereby promoting the alteration of key cellular regulatory factors, membrane receptor
proteins, and development of slow to heal wounds. Wound chronicity is common in DM, and is the main cause
of non-traumatic limb amputation. Photobiomodulation (PBM) involves exposing wounds to light from lasers or
light emitting diodes (LEDs) to induce healing. However, its mechanisms on fibroblast cellular proliferation
remain unclear. In this investigation, WS1 skin fibroblast cells were split into diabetic (D) and diabetic wounded
(DW) cell models, and were subjected to a continuous wave diode laser at a wavelength of 660 nm, power
density of 11 mW/cm?, and fluence of 5 J/cm? Non-treated cells (0 J/cm?) were used as controls. Following
irradiation, cells were incubated for 48 h and evaluated for cell proliferation using the dimethylthiazol-
diphenyltetrazolium bromide (MTT) assay, and the release of bFGF, phosphorylation of GSK3f, and B-catenin
using the Enzyme-linked immunosorbent assay (ELISA). PBM significantly affected cell proliferation, the
release of bFGF and activation of the GSK3[/B-catenin pathway in diabetic wounded fibroblast cells in vitro,
suggesting that PBM at 660 nm with 5 J/cm? may be used to augment diabetic wound healing.

INTRODUCTION

Proliferation involves a series of events that take place within the cell and is regulated by growth factors
that bind to their specific cell surface receptors. Cell surface receptors, also known as receptor tyrosine kinases
(RTKSs), are coupled to intracellular signalling proteins, including transcription factors [1]. The activation of
RTKSs initiates different signalling pathways that stimulate the expression of proteins to interact with other
intracellular factors for cell proliferation. Cells proliferate or remain inactive using signalling pathways that
communicate about their environment. Activation of the signalling pathways stimulates progression through the
typical cell cycle. Signals initiated by growth factors, deoxyribonucleic acid (DNA) damage, and several other
developmental indicators, influence the decision for DNA replication and cell proliferation. Deregulated
activation of cell signalling is frequently accompanied with diseases such as diabetes and cancer [2, 3]. Basic
fibroblast growth factor (bFGF) signalling advances proliferative, anti-apoptotic, anti-inflammatory, and
migration progression in dermal fibroblasts during the wound healing process. In acute wound healing, bFGF
and B-catenin interaction advances wound regeneration. The phosphorylation of GSK3 inhibits the degradation
of B-catenin, causing cytoplasmic accumulation and nuclear translocation of active [B-catenin for gene
transcription [4, 5].

Diabetes mellitus (DM) refers to a group of metabolic diseases characterised by elevated blood sugar
(hyperglycaemia) due to deficiencies in insulin action, secretion, or both, and over time, may lead to damage of
the heart, eyes, blood vessels, kidneys, and nerves [6]. DM has become an increasingly prevalent disease
worldwide. According to the International Diabetes Federation (IDF), approximately 540 million adults aged
20-80 (10%) were diabetic in 2021, and this number is expected to rise to approximately 645 million (11%) by
2030, and 785 million (12%) by 2045 [7]. Diminished healing of wounds affects approximately 25% of all
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patients with DM, often leading to amputation of a lower limb [8]. Wound chronicity in diabetic patients
develops due to several factors induced by high blood glucose (Fig 1). The presence of imbalanced matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMP) affects the release and function
of growth factors and blocks several signalling pathways, leading to poor wound and tissue restoration [9].
Treatment of chronic diabetic wounds with synthetic growth factors have the potential to mediate wound
healing at different phases of the healing process, stimulating changes in molecular and cellular reactions
including the formation of granulation tissue, angiogenesis, and re-epithelization. However, their bioavailability
and action in the wound milieu is diminished due to increased action of MMPs which continuously degrade both
growth factors and their cell surface receptors [10].

Increased matrix Redaced erowth
metalloproteinases (MMPs) and i Reduced fibroblast cel
reduced tissue inhibitors of fagtor/receg tﬁl\i‘;e o function
metalloproteinases (TIMPs) S .
Diabetic
Persistent inflammation S Altered nitric oxide leve
chronicity
Abnormal cellular migrat
. Increased cellular T
Increased biofilm ODAe proliferation and

differentiation

Figure 1: Factors affecting wound healing in diabetic patients.

Photobiomodulation (PBM) is initiated by low-level light from lasers or light emitting diodes (LEDS) or
both, and interacts with cellular chromophores to stimulate or inhibit biological activities [9]. The explanation of
the effect and mechanism of PBM at a molecular, cellular, and tissue level remains indefinable. It is proposed
however, that its impact is affected by the fluence, wavelength, output power, and time. Photoreceptors in the
mitochondria, such as cytochrome c oxidase, and other cellular partitions absorb the light, converting it into
photochemical energy with a subsequent increase in the production of adenosine triphosphate (ATP), synthesis
of proteins, and cell proliferation [11]. PBM has shown to have stimulatory, anaesthetic, and anti-inflammatory
effects in tissue and wound regeneration [12]. In addition, PBM is capable of altering the action of MMPs and
enhance collagen production in chronic diabetic wounds [13]. Ayuk et al., [14] reported a significant rise in cell
proliferation and viability in diabetic wounded cells irradiated at a wavelength of 660 nm with a fluence of 5
Jlem? in vitro. The aim of this study was to assess the effect of PBM at a wavelength of 660 nm and a fluence of
5 Jicm® on proliferation, the release of bFGF, and activation of the GSK3B/B-catenin pathway in diabetic
wounded fibroblast cells in vitro.

METHODOLOGY

WS1 human skin fibroblast cells (ATCC®, CRL-1502™) were cultivated using standard culture
procedures. Two cell models were used in the study, namely diabetic (D) and diabetic wounded (DW). An in
vitro diabetic model was achieved by continuously cultivating WS1 cells in supplemented minimum essential
medium (MEM) with an additional 17 mM D-glucose, thereby mimicking a hyperglycaemic condition [15]. To
perform experiments, cells (6 X 10°) were cultivated in 3.4 cm diameter tissue culture plates and incubated at
37°C in 5% CO, for attachment. After 24 h, a central scratch was performed 30 min pre-irradiation in the
wounded cell model (DW), thereby creating a cell free zone bordered by cells on both sides of the “wound” in
the confluent monolayer [16]. Cell culture plates, with the lids off, were exposed to laser light from above in the
dark. Table 1 shows the laser parameters used. Cells were irradiated at a wavelength of 660 nm and a fluence of
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5J/cm?, after which cells were incubated for 48 h. Cells were analysed for cell proliferation using the
dimethylthiazol-diphenyltetrazolium bromide (MTT) assay (Sigma Aldrich, 11465007001), and the release of
bFGF into the culture media (Human FGF basic ELISA Kit (FGF2), BIOCOM Africa, Abcam, ab99979),
phosphorylation of GSK3p (p-GSK3 beta (Ser9) InstantOne ELISA™ Kit, ThermoFisher Scientific, 85-86172),
and B-catenin (Human Beta Catenin ELISA Kit, BIOCOM Africa, Abcam, ab275100) using the enzyme-linked
immunosorbent assay (ELISA). Unirradiated cells were used as controls (0 J/cm?®). All experiments were
repeated three times (n=3), and for ELISA, tests were done in duplicate, the average of which was used.
SigmaPlot version 14 (Systat Software, Inc.) was used for statistical analysis. Statistical differences between
groups was determined by the Student t test. Analysis of variance (ANOVA) followed by Dunnett’s test was
used to compare differences between D and DW cell models. Results are shown as standard error of the mean
(SEM), and statistical significance is shown in the graphs as *p<0.05, **p<0.01 and ***p<0.001.

Table 1. Laser parameters.

Light source Diode laser
Wavelength (nm) 660

Emission Continuous wave
Power output (mW) 101

Power density (mW/cmZ) 11

Spot size (sz) 9.1

Energy density (J/cmz) >

Irradiation time 7min35s
Energy (J) 46

RESULTS

In this study, PBM at a wavelength of 660 nm with a fluence of 5 J/cm? significantly reduced cellular
proliferation in PBM treated D cells (p<0.01) and significantly increased proliferation in DW cells (p<0.05)
when compared to their control cells at 48 h. There was a significantly increased cellular release of bFGF in
PBM treated D cells (p<0.05) and DW cells (p<0.01) when compared to their control cells at 48 h (Figure 1).
When compared to non-treated D cells using ANOVA, a significant decrease in proliferation was noted in non-
treated DW cells (p<0.01), and a significant increase in treated DW cells when compared to treated D cells
(p<0.05). There was no difference in the release of bFGF in non-treated and treated DW cells when compared to
non-treated and treated D cells, respectively.
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Figure 1: Cell proliferation and the release of basic fibroblast growth factor (bFGF) in the media were
assessed by the dimethylthiazol-diphenyltetrazolium bromide (MTT) assay and the enzyme-linked
immunosorbent assay (ELISA), respectively at 48 h in non-treated (0 J/cm?) and photobiomodulation (PBM)
treated (5 J/cm?) diabetic (D 0 J/cm?; D 5 J/cm?) and diabetic wounded (DW 0 J/cm?; DW 5 J/cm?) cells.
Significant probabilizy is shown as **P<0.01 and *P<0.05 +SEM.

PBM at a wavelength of 660 nm with a fluence of 5 J/cm? significantly increased the inactive form of
GSK3p in PBM treated D cells (p<0.05) and DW cells (p<0.001) when compared to their non-treated control
cells at 48 h. There was also a significant increase in total f-catenin in PBM treated D cells and DW cells
(p<0.05) (Figure 2). When compared to non-treated D cells using ANOVA, a significantly decreased inactivated
form of GSK3p was noted in non-treated DW cells (p<0.01), and no significant difference was noted in treated
DW cells when compared to treated D cells. There was no difference in total B-catenin in both non-treated and
treated DW cells when compared to non-treated and treated D cells, respectively.
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Figure 2: Phosphorylated (inactivated) glycogen synthase kinase 3 beta (p-GSK3p), and beta (f-) catenin
were determined by the enzyme-linked immunosorbent assay (ELISA) 48 h post-photobiomodulation (PBM) in
non-treated (0 J/cm?) and PBM treated (5 J/cm?) diabetic (D 0 J/cm?; D 5 J/cm?) and diabetic wounded (DW 0

Jiem?®; DW 5 J/cm?) cells. Significant probability is shown as ***P<0.001 and *P<0.05 +SEM.

DISCUSSION AND CONCLUSION

The cellular environment dictates whether cells proliferate or remain inactive via different cellular
signalling pathways that initiate the cell cycle. The decision to enter the synthesis (S) phase of the cell cycle, in
which DNA is replicated, is mostly influenced by growth factors, DNA damage, and developmental signals
[17]. During cell proliferation, cells divide and increase in number through a tightly controlled and precise
mechanism that occurs in both acute as well as chronic wounds [18]. Fibroblast cells are vital in reinforcing the
normal wound healing process, and are implicated in major processes including resolving the fibrin clot, and
depositing and constructing new extracellular matrix (ECM) and collagen that support other cells associated
with wound healing. Fibroblasts help in contracting the wound and respond to injury by proliferating and
migrating to the injured sites [19]. Buranasin et al. [20] mentioned that hyperglycaemia impairs fibroblast cell
proliferation and migration due to high glucose-stimulated oxidative stress. Chronic hyperglycaemia causes
greater stiffness to the skin, such that it becomes less flexible, making it more prone to injury mainly due to
differences in the synthesis of collagen and its degradation [20]. These suggestions give explanation to the
delayed wound healing in patients with impaired glucose metabolism and alterations in micro- and macro-
vascular circulation, advancing the risk of postponed wound healing [21].

Although PBM has demonstrated its capability to treat chronic wounds, the absence of distinct parameters
and a complete understanding of its effect at both a cellular and molecular level hinders its adoption as a
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treatment method in the management of chronic wounds. This study assessed the effect of PBM at a wavelength
of 660 nm and a fluence of 5 J/cm? on proliferation, the release of bFGF and the activation of the GSK3p and p-
catenin signalling pathway in diabetic wounded fibroblast cells in vitro. In this study, unirradiated diabetic
wounded cells exhibited a significant decrease in cell proliferation as compared to unirradiated diabetic cells,
indicating that wounding contributes to reduced cell proliferation. This study noted a significant increase in cell
proliferation in irradiated diabetic wounded cells compared to their unirradiated controls, indicating the effect of
PBM. In addition, irradiated diabetic wounded cells exhibited a significant increase in proliferation compared to
irradiated diabetic cells. This shows that diabetic wounded cells respond more favourably to PBM than diabetic
cells, possibly due to wounding as more stressed cells respond effectively to PBM [16]. Giannakopoulos et al.
[22], demonstrated that PBM at 661 nm activates both cell migration and proliferation in vitro. A comparison
study by Zhao et al. [23], suggested that LED-mediated PBM (630 nm and 810 nm) stimulates wound healing
through the progression of fibroblast cell proliferation and release of growth factors. In agreement to these
findings, this study observed a significant increase in the release of bFGF in irradiated cells as compared to their
unirradiated controls, indicating that indeed PBM induces the release of growth factors, a critical aspect in
wound healing as growth factors are essential for cell proliferation, migration, and vascularisation. In chronic
wounds, growth factor levels are reduced due to both decreased production and extreme protease-mediated
degradation [24]. bFGF promotes cell proliferation by phosphorylating and thereby inhibiting the activity of
GSK3p [25]. This study observed a significant increase in p-GSK3 (inactive form of the protein which allows
activation of downstream proteins), as well as its downstream substrate 3-catenin in cells that were irradiated.
These findings signify an effectual therapeutic approach and provides an experimental basis to support PBM in
the visible red spectrum as a possible option to stimulate fibroblast cell proliferation in chronic diabetic wounds.
Nevertheless, further studies including clinical, are needed to expose more about the effect initiated by PBM at
660 nm and a fluence of 5 J/cm? on cellular phenotypic variations at a molecular level.

REFERENCES
[1] Z. Wang, Regulation of Cell Cycle Progression by Growth Factor-Induced Cell Signaling. Cells. 3327,
2021. doi: 10.3390/cells10123327.
[2] N. Xu, Y. Lao, Y. Zhang, D.A. Gillespie. Akt: a double-edged sword in cell proliferation and genome
stability. J Oncol. 951724, 2012. doi: 10.1155/2012/951724.
[3] Response to the Cellular Signal - Cell Signaling and Cell Growth.
https://bio.libretexts.org/@go/page/13225. Accessed 26 April 2023.
[4] K. Chen, Y. Li, X. Zhang, R. Ullah et al., The role of the PI3BK/AKT signalling pathway in the corneal
epithelium: recent updates. Cell Death Dis. 513, 2022. https://doi.org/10.1038/s41419-022-04963-X.
[5] A.L. Carre, M.S. Hu, A.W. James, K. Kawai et al., B-Catenin-Dependent Wnt Signaling: A Pathway in
Acute Cutaneous Wounding. Plast Reconstr Surg. 669-678, 2018.
[6] World Health Organisation (WHO). https://www.who.int/health-topics/diabetes#tab=tab_1. Accessed
08/05/2023.
[7] |DF Diabetes Atlas 2022 Reports. https://diabetesatlas.org/2022-reports/. Accessed 08/05/2023.
[8] J.L. Burgess, W.A. Wyant, B. Abdo Abujamra, R.S. Kirsner et al., Diabetic Wound-Healing Science.
Medicina (Kaunas). 1072, 2021. doi: 10.3390/medicina57101072.
[91 N.K. Rajendran, N.N. Houreld, H. Abrahamse, Photobiomodulation reduces oxidative stress in diabetic
wounded fibroblast cells by inhibiting the FOXO1 signaling pathway. J Cell Commun Signal. 195-206, 2021.
[10] S.F. Spampinato, G.I. Caruso, R. De Pasquale, M.A. Sortino et al., The Treatment of Impaired Wound
Healing in Diabetes: Looking among Old Drugs. Pharmaceuticals (Basel). 60, 2020. doi: 10.3390/ph13040060.
[11] S. Passarella, T. Karu, Absorption of monochromatic and narrow band radiation in the visible and near IR
by both mitochondrial and non-mitochondrial photoacceptors results in photobiomodulation. Journal of
Photochemistry and Photobiology. B, Biology. 344-58, 2014.
[12] R.K. Chittoria, S.H. Kumar, 2018, In: Shiffman, M., Low, M. (eds) Chronic Wounds, Wound Dressings
and Wound Healing. Recent Clinical Techniques, Results, and Research in Wounds 6. Springer, Cham.
https://doi.org/10.1007/15695 2017_89.

80



[13] S.M. Ayuk, H. Abrahamse, N.N. Houreld, The Role of Matrix Metalloproteinases in Diabetic Wound
Healing in relation to Photobiomodulation. J Diabetes Res. 2897656, 2016. doi: 10.1155/2016/2897656.

[14] S.M. Ayuk, N.N. Houreld, H. Abrahamse, Effect of 660 nm visible red light on cell proliferation and
viability in diabetic models in vitro under stressed conditions. Lasers Med. Sci. 1085-1093, 2018.

[15] N.N. Houreld, T.M. Roland A. Heidi, Low-intensity laser irradiation at 660 nm stimulates cytochrome c
oxidase in stressed fibroblast cells. Lasers Surg. Med. 429-434, 2012.

[16] S.M. Ayuk, N.N. Houreld, H. Abrahamse, Collagen production in diabetic wounded fibroblasts in
response to low-intensity laser irradiation at 660 nm. Diabetes Technol. Ther. 1110-1117, 2012.
doi:10.1089/dia.2012.0125.

[17] R.J. Duronio, Y. Xiong, Signaling pathways that control cell proliferation. Cold Spring Harb Perspect
Biol. a008904. 2013. doi: 10.1101/cshperspect.a008904.

[18] 1. Srdanovic, N. Yang, S. Ray, Cell proliferation, Reference Module in Biomedical Sciences, Elsevier,
2022, ISBN 9780128012383. https://doi.org/10.1016/B978-0-12-824315-2.00216-5.

[19] P. Bainbridge, Wound healing and the role of fibroblasts. J. Wound Care. 410-412, 2013.

[20] V. Goulding, The effects of diabetes on collagen within wound healing. Diabet. Foot. 75-80, 2015.

[21] P. Buranasin, K. Mizutani, K. lwasaki, C.P. Mahasarakham et al., High glucose-induced oxidative stress
impairs proliferation and migration of human gingival fibroblasts. PLoS One. e0201855, 2018. doi:
10.1371/journal.pone.0201855.

[22] E. Giannakopoulos, A. Katopodi, M. Rallis, K. Politopoulos et al., The effects of low power laser light at
661 nm on wound healing in a scratch assay fibroblast model. Lasers Med. Sci. 27, 2023.
https://doi.org/10.1007/s10103-022-03670-5.

[23] H. Zhao, T. Ji, T. Sun, H. Liu et al., Comparative study on Photobiomodulation between 630 nm and 810
nm LED in diabetic wound healing both in vitro and in vivo. J. Innov. Opt. Health Sci. 2250010, 2022. doi:
10.1142/s17935458225001009.

[24] T.N. Demidova-Rice, M.R. Hamblin, I.M. Herman, Acute and impaired wound healing: pathophysiology
and current methods for drug delivery, part 2: role of growth factors in normal and pathological wound healing:
therapeutic potential and methods of delivery. Adv Skin Wound Care. 349-370, 2012.

[25] Z.C. Liu, H.S. Wang, G. Zhang, H. Liu et al., AKT/GSK-3p regulates stability and transcription of snail
which is crucial for bFGF-induced epithelial-mesenchymal transition of prostate cancer cells. Biochimica et
biophysica acta.3096-3105, 2014.

81



DOI 10.24412/cl-37136-2023-1-82-89

PHOTOBIOMODULATION IMPROVES WOUND HEALING THROUGH ACTIVATION OF
THE RAS/MAPK AND PI3K/AKT PATHWAY

NICOLETTE HOURELD"

'Laser Research Centre, University of Johannesburg, South Africa

nhoureld@uj.ac.za
ABSTRACT

Diabetes mellitus (DM) is a metabolic non-communicable disease (NCD) that has been declared as a
global burden, imposing a significant challenge to the health and well-being of individuals, families, and
societies. According to the International Diabetes Federation (IDF), the global estimated prevalence of DM in
2021 stood at 537 million cases (adults aged 20-79; 1 in 10 of the world’s population in this age group), with the
largest increase seen in low- and middle-income countries [1]. The number of people with DM on the African
continent in 2021 stood at 24 million (1 in 22 adults) and is thought to increase to 55 million by 2045 (an
increase of 134%) [1]. The reality of these figures is probably much higher; over 1 in 2 people (54%) living with
DM on the African continent are undiagnosed. South Africa is among the top 5 countries in the African region
for age-adjusted prevalence of people with diabetes (2079 years), with a prevalence of 10.8%, falling in 4th
behind the Comoros (11.7%), Zambia (11.9%), and United Republic of Tanzania (12.3%) [1]. The proportion of
deaths related to diabetes among people under the age of 60 in South Africa in 2021 stood between 9-12% [1].
DM is one of the fastest growing global health emergencies of the 21st century [2].

People living with DM are at risk of developing several life-threatening complications, leading to an
increased need for medical care. Patients with DM repeatedly suffer from non-healing, chronic and frequently
debilitating lower limb ulcers, which often necessitate amputation. Diabetic foot ulcers (DFUs) have a negative
impact on patient quality of life and are a major source of preventable morbidity. The lifetime risk of developing
a DFU stands at 19-34%, with recurrence rates as high as 65% at 3-5 years, a lifetime lower-extremity
amputation incidence of 20%, and 5-year mortality of 50-70% [3]. Diabetic foot and lower limb complications,
which affect 40 to 60 million people with diabetes globally, is the leading cause for non-traumatic lower limb
amputations. It has been estimated that, globally, a lower limb (or part thereof), is lost to amputation every 30
seconds as a consequence of DM [2]. Several underlying pathologies contribute to the impaired wound healing
seen in diabetes. These include, but not limited to, increased oxidative stress, inflammation and infection, and
decreased immunity and angiogenesis. There is also decreased fibroblast migration and proliferation, often due
to disturbances in essential growth factors and signal transduction pathways involved in the wound healing
process. DFUs pose a major physical, social, and economic burden on patients and the public health sector and
has caused an increase in the demand for effective and safe treatment modalities.

Current treatments for DFUs have not resulted in consistently lower amputation rates, and treatments are
challenging, lengthy, costly, and associated with failure to heal and relapse and there is a demand for efficient
wound healing interventions [3]. In recent years great emphasis has been directed at using photobiomodulation
(PBM) to stimulate and accentuate cellular processes to contribute to more efficient resolution of wound
healing, including DFUs. PBM, previously referred to as low-level laser therapy (LLLT), utilises non-thermal
light at specific wavelengths (typically between 600 and 1,200 nm) to induce cellular photochemical and
physiological changes and provide therapeutic benefits. PBM has been shown to stimulate cellular migration
and proliferation, reduce inflammatory markers and increase the synthesis of various growth factors in vitro, and
speed up the healing of wounds in vivo, including diabetic ulcers. Although PBM has been used with great
success and no reported side-effects, and despite a significant focus on the photochemical mechanisms
underlying PBM, its complex functions are yet to be fully elucidated [4].

PBM has been shown to have several positive effects on hyperglycaemic cells [5-8], stimulating cellular
migration and proliferation [8], decreasing oxidative stress and inflammatory markers [7,9], and speeding up the
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healing of DFUs [10,11]. Two recent reviews have highlighted the effects of PBM on signalling pathways
[12,13]. Jere and colleagues [14] demonstrated that PBM at a wavelength of 660 nm and a fluence of 5 J/cm?
was able to stimulate the release of epidermal growth factor (EGF) and activate the Janus kinase/Signal
transducer and activators of transcription (JAK/STAT) signalling pathway. The same authors also showed the
up-regulation of genes involved in this pathway [15]. Due to the multitude of transduction signals involved in
the process of wound healing, more pathways may be activated in response to PBM.

This study aimed to investigate the effect of PBM at 660 nm on cellular migration, proliferation, and
survival through activation of the PI3K/AKT and Ras/MAPK signalling pathway in a diabetic wounded
fibroblast cell model. To achieve this, human skin fibroblast cells (WS1) were modeled into a wounded (W) and
diabetic wounded (DW) in vitro cell model. A wound was simulated via the central scratch assay (Fig. 1), and a
diabetic cell model was created by continuously growing the cells for several passages in high glucose media
(22.6 mM glucose) [5-8,16,17]. For experiments (n=3), 6 X 10° cells were seeded into 3.4 cm diameter culture
plates and incubated for 24 h. Thirty minutes prior to PBM, a ‘wound’ was created, and cells received PBM at a
wavelength of 660 nm with a fluence of 5 J/cm? (power output density 11 mW/cm?; energy 47.7 J; irradiation
time 454 s). Unirradiated cells served as controls (0 J/cm?). Cellular migration rate, proliferation, and survival
(viability) was determined 24 and 48 h post-PBM. Proteins and receptors involved in the PIBK/AKT (PI3K,
AKTI1, mTORI, and GSK3pB) and Ras/MAPK (bFGFR,Ras, MEK1/2, MAPK) signalling pathway were
evaluated, as were the growth factors vascular epithelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) as activators of the pathways respectively.

) ] & 4

Figure 1: Micrograph showing the ‘wound’ (central scratch). Magnification x200 [16].
The distance between the wound margins were measured and used to calculate migration rate using the

formula

(Ton — Txn)/ Tonx100

where T, is the initial length connecting the borders edges of the ‘wound’ at 0 h, and Ty, is the
succeeding measurement between the edges of the ‘wound’ at 24 or 48 h respectively. Post-PBM at 660 nm
with 5 J/cm?, wounded and diabetic wounded cells exhibited a significant increase in cellular migration rate
(Table 1), and diabetic wounded cells showed complete ‘wound closure’ at 48 h, with no gaps visible in the
central scratch.

Table 1: Average rate for cellular motility in wounded and diabetic wounded cells. Significant probability

as compared with respective control (0 J/cm?) cells is shown *P < 0.05, **P <0.01 and ***P < 0.001 [5].

Wounded Diabetic Wounded

0 J/em? 5 Jlcm? 0 J/lcm? 5 J/cm?
24 h 50.50% 66.60%* 20.60% 79.70%***
48 h 83.10% 99.90%* 62% 100%**
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Wounded and diabetic wounded cells exposed to PBM at 660 nm with 5 J/cm? showed a significant
increase in actively proliferating cells (S phase) as determined by 5-bromo-2’-deoxyuridine (BrdU) and 7-
aminoactinomycin D (7-AAD) staining as measured by flow cytometry 24 and 48 h post-PBM (Fig. 2).
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Figure 2: Changes in percentage of cells in the proliferating (S), resting/preparing for DNA synthesis
(G0/G1) and mitotic (G2/M) phases of the cell cycle at 24 h (a) and 48 h (b) following PBM at 660 nm with 5
J/em? in wounded (W) and diabetic wounded (DW) cells. Significant probability as compared with respective

control (0 J/em?) cells is shown as * P< 0.05 ** P < 0.01 and *** P <0.001(SEM) [5].

Cellular viability/survival was determined by the Trypan blue exclusion assay at 24 and 48 h post-PBM.
Cell viability significantly increased in both the wounded and diabetic wounded models at 24 h, and in the
diabetic wounded model at 48 h (Fig. 3).
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Figure 3: Percentage cellular viability at 24 and 48 h post-PBM at 660 nm in wounded (W) and diabetic
wounded (DW) cells. Significant probability as compared with respective control (0 J/cm?) cells is shown as *
P<0.05 and ** P <0.01 (SEM) [5].

The binding of ligands to their receptor stimulates downstream signalling pathways including the
PISK/AKT/mTOR pathway. Upon receptor binding, phosphorylation of phosphatidylinositol 3-kinase (PI3K)
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activates the downstream serine/threonine protein kinase B (PKB; also known as AKT). Downstream targets of
AKT includes the mammalian target of rapamycin complex (mTOR), forkhead box O1 (FOXO1), and glycogen
synthase kinase-3 beta (GSK3p). GSK3p is active in its unphosphorylated form, thus the phosphorylation of
GSK3B by AKT results in its inactivation, necessary for wound healing. mTOR controls the expression of
cytokines, including VEGF [18]. Activation of the PI3K/AKT/mTOR pathway control different cellular
functions such as cell proliferation, growth, metabolism, and survival [19]. Post-PBM at 660 nm, stimulation of
the PIBK/AKT signalling pathway was determined by measuring the phosphorylation (activation) of AKT1,
mTORI and PI3K by western blotting (Fig. 4). ELISA was used to measure total GSK3[3 and phosphorylated
GSK3p (Ser9) (Fig. 5) and VEGF (Fig. 6). Wounded models showed a significant increase in PI3K at 24 and 48
h post-PBM, in p-AKT at 48 h, and a significant increase in total GSK3f at 24 h. PI3K and p-AKT was
significantly increased in diabetic wounded models at both 24 and 48 h, while p-mTOR was significantly
increased at 48 h. Diabetic wounded models showed no change in total GSK3p, but showed a significant
increase in p-GSK3p at 24 and 48 h, as well as a significant increase in VEGF at both time points.
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Figure 4: Phosphorylated (p-) AKT (a), PI3K (b), and p-mTOR (c) was determined post-PBM at 660 nm
in wounded (W) and diabetic wounded (DW) cells at 24 and 48 h. GAPDH was utilised as a loading control.
Significant probability as compared with respective control (0 J/cm?) cells is shown as *P < 0.05, and **P <

0.01 (SEM) [16].
Binding of FGF to its receptor, FGFR results in the phosphorylation of FGFR and stimulation of

downstream signalling pathways, including the RassfMAPK pathway. Phosphorylation of FGFR activates Ras,
which results in the phosphorylation of MEK1/2, that in turn phosphorylates and activates MAPK. MAPK is
translocated to the nucleus where it activates genes involved in cellular proliferation, migration, differentiation,
and angiogenesis. In this study, bFGF, p-Ras, p-MEK1/2 and p-MAPK was determined in wounded and diabetic
wounded cell models by ELISA 24 and 48 h post-PBM at 660 nm. p-FGFR was measured by western blotting.
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Figure 5: Total GSK3p (a) and phosphorylated (p-) GSK3p (b) in wounded (W) and diabetic wounded
(DW) cells at 24 and 48 h post-PBM at 660 nm. Significant probability as compared with respective control
(0 Jlem?) cells is shown as *P < 0.05, and ***P < 0.001 (SEM) [16].
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Figure 6: Vascular endothelial growth factor (VEGF) as determined by ELISA in wounded (W) and
diabetic wounded (DW) cells at 24 and 48 h post-PBM at 660 nm. Significant probability as compared with
respective control (0 J/cm?) cells is shown as *P < 0.05, and **P < 0.01 (SEM).
Post-PBM at 660 nm, there was a significant increase in bFGF in diabetic wounded models at 24 h (Fig.

7a), with a corresponding increase in p-FGFR (Fig. 7b). However, at 48 h there was a significant decrease (Fig
7a) in bFGF released by the cells into the culture media. This decrease is likely due to the consumption of bFGF
by the same cells in a paracrine fashion. At 24 h, there was a corresponding significant increase in p-Ras and p-
MEKZ1/2 in the diabetic wounded models (Fig. 8a and 8b, respectively), while the increase observed in p-MAPK
(Fig. 8c) at 48 h was insignificant (P=0.084), possibly due to the large error bar in the control cells. Wounded
cells showed no change in bFGF and p-FGFR, a significant increase in p-Ras and p-MEK1/2 at 24 h, and no
change in p-MAPK.

Currently, treatments for chronic wounds are limited and associated with repeated failure and relapse, and
new therapies are required to treat DFUs. Numerous studies have pointed towards the positive effects of PBM,
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however the cellular mechanisms after exposure to PBM are still not well understood and further research on the
mechanisms of photon-tissue interaction and the specific parameters that establish the therapeutic results are
required [4,20]. The multitude of positive effects seen in response to PBM through various studies appear to be
dependent on cell type and PBM parameters used. This study unequivocally shows that PBM using visible red
light at 660 nm with 5 J/cm® has a positive, stimulatory effect on diabetic wounded cells in vitro. A wound was
simulated in vitro via the central scratch. Creating a scratch in a 2D cell model has limitations in that it lacks the
complexity of the wound bed microenvironment, however the scratch assay is well established and provides a
cost-effective assay used for measuring cell migration in vitro and allows for recolonisation and monitoring of
the scratched region to quantify cell migration [21,22]. The scratch assay also assists in understanding the
mechanisms that influence cellular migration in response to stimulus [23], and in this case PBM. Cellular
migration rate was determined in wounded and diabetic wounded cell models in response to PBM at 660 nm. As
expected, control diabetic wounded cells showed decreased migration rate, viability and proliferation as
compared to the wounded cells grown under normoglycaemic conditions, however when exposed to PBM the
migration rate of the diabetic wounded cells increased significantly, with complete ‘wound closure’ at 48 h. The
same effect was evident in cell viability and proliferation post-PBM. It is well known that diabetic wounds
exhibit decreased growth factors and have disrupted cell signalling pathways necessary for wound healing, and
as expected the diabetic wounded control cells exhibited decreased VEGF and bFGF, as well as signalling
proteins involved in both the PISBK/AKT and RassMAPK pathways as compared to the wounded control cells.
Post-PBM at 660 nm, the levels of the measured growth factors released by diabetic wounded cells significantly
increased, and there was activation of the PI3K/AKT/mTOR and Ras/MAPK pathways [16,17]. These results
illustrate the effectiveness of PBM at 660 nm in activating cellular pathways in deficient diabetic wounded cells
to speed up the healing process and has shown that PBM could be advantageous in the treatment of chronic
DFUs. They also provide more insight into the cellular mechanisms involved when utilizing visible red light.
There is a definite need to generate new treatment modalities to improve diabetic wound healing, and PBM has
an unmistakable role to play.
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Figure 7: Basic fibroblast growth factor (0FGF)(a) and phosphorylation (p-) of the receptor, FGFR (b)
as determined in wounded (W) and diabetic wounded (DW) cells at 24 and 48 h post-PBM at 660 nm.
Significant probability as compared with respective control (0 J/cm?) cells is shown as **P < 0.01, and ***P <
0.001 (SEM) [17].
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Figure 8: Phosphorylation (p-)Ras (a) p-MEK1/2 (b) and p-MAPK (c)as determined in wounded (W) and
diabetic wounded (DW) cells at 24 and 48 h post-PBM at 660 nm. Significant probability as compared with
respective control (0 J/cm?) cells is shown as *P < 0.05, and **P < 0.01 (SEM) [17].
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ABSTRACT

Micro optofluidic platform is explored to image and track flow of objects through a microfluidic channel.
Digital holographic microscopy is integrated with computer vision techniques for this technique. The method is
noninvasive and label free. It can be used in biological platforms as most of them are relatively transparent. The
surface profile of the objects flowing through a microfluidic channel are reconstructed numerically from the
hologram recording. The phase images are tracked using blob analysis and optical flow methods to track the
motion of the objects. This technique finds a wide range of applications in lab-on-a-chip platforms.

INTRODUCTION

Digital holographic microscopy (DHM) is a class of quantitative phase imaging techniques. It is used for
the label free imaging of weakly scattering objects. It allows the quantitative estimation of parameters like
refractive index, thickness etc. It has several applications in microfluidics, which is deals with the handling and
manipulation of small volumes of samples in a system of micron sized channels and chambers. It can be used in
inline, off axis and on axis geometries [1,2,3]. Computer vision (CV) techniques can be used in combination
with DHM for tracking and analyzing the movement and behavior of particles flowing through the channels
[4,5,6]. DHM is an ideal candidate to be coupled with a microfluidic device owing to the transparent nature of
the device thus generating a opt microfluidic device [7,8,9]. Computer vision techniques are applied to the
reconstructed wavefront from the hologram for 3-dimensional cell tracking. This method of optical tracking of
cells using holography offers advantages such as non-invasive three-dimensional imaging, Quantitative analysis,
and study dynamic processes, and quantitative phase information. It allows for the study of cell migration,
interactions, and other complex phenomena with high spatiotemporal resolution, providing insights into cellular
dynamics and biological processes. This method incorporates the following steps: A) image pre-processing to
improve the signal to noise ratio, image quality and visibility. B) cell tracking from the extracted frames of a
sequence of images or video and employing tracking algorithms like centroid tracking, particle filtering etc. C)
feature extraction of the tracked cells, such cell position, velocity, shape, or optical properties, to characterize
their behavior and properties over time. D)Data analysis and interpretation. The tracked cell data can be
analyzed to extract meaningful information about cell dynamics, migration patterns, cell-cell interactions, or
other parameters of interest. Statistical analysis, machine learning techniques, or other analytical methods can
also be applied for interpretation and extraction of relevant insights. The current study deals with the phase
reconstruction from holograms generated from an off-axis hologram, quantitative estimation and dynamic
tracking of the particles flowing through the fabricated channel. We have used two computer vision-based
methods of cell tracking — blob analysis and optical flow method [10,11,12]. The flow of polystyrene
microbeads and human embryonic kidney (HEK) cells in a microfluidic channel are imaged and tracked using
holography base 3d particle tracking method incorporating computer vison.

THEORY

An inhouse fabricated ‘S’ shaped microfluidic channel of depth 50pm and width 300pm is used. It is a
PDMS based channel. The set up for holographic microscopy consists of a Mach—Zehnder arrangement (FIG 1).
The source is a 532 nm laser (green light) (Verdi V2, power 10 mW, Coherent make) from which light spatially
filtered and collimated using an arrangement of spatial filter and beam expander assembly. It is split into two
paths via beam splitter. One arm act as the object beam path and the other acts as the reference beam path. The
object beam after passing through the sample is collected by a microscope objective (63x, 0.9 NA). The light
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from both the beams interferes and the pattern thus created is called a hologram which is recorded using a
digital camera sensor (CMOS camera 1920 px x 1200 px. 2.3 MP, 164 fps).
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Figure 1: set up for digital holographic microscopy. SF — spatial filter, L — lens,
M — dichroic mirror, MO -microscope objective, CMOS - sensor

The reconstructed complex wave front (v (&, n; z)) from a hologram after propagating a distance z using
angular spectrum propagation method can be expressed as follows

V@ 2= [ [ Al fy 2 expli (fxx + fy)] dfedf, (1)

Angular spectrum at plane z is given as A (fy, f,; z): &1 are coordinates of image plane, f, and f, are the
spatial frequencies. Amplitude contrast image (A(x,y)) and phase ®(x,y) is obtained from the array of
complex numbers, T'(x, y).

A(m,n) = Re['(m,n)]?> + Im['(m,n)]? 2)
Im[ I'(m,n)] (3)
Re[ I'(m, n)]}

®(m,n) could be wrapped as it corresponds to modulo of 2z which can be corrected using phase
unwrapping algorithms.

The sequence of phase reconstruction should be segmented by thresholding, (contrast-limited adaptive
histogram equalization, binarization) and connected component analysis (perimeter overlay). Blob detection
involves identifying and characterizing regions or objects of interest, often referred to as blobs or regions of
interest (ROIs), within an image. It involves the steps of blob filtering, (where relevant blobs are retained based
on their size, shape etc.) and blob characterization (where appropriate features or properties of the particles can
be extracted and analyzed). The tracking of particles over time can also be done using optical flow algorithms. It
is the estimation of apparent motion of the scene points from an image sequence. In Images we can measure the
motion of brightness patterns or optical flow. It may or may not correspond to motion flow. It is difficult to
measure the optical flow uniquely at each pixel solely based on the brightness variation of a particular pixel.
The length of the vector gives an estimate of the speed of motion and the direction is indicated by the arrow in
the vector. A method based on constraint equation can be used to constrain the optical flow at a pixel for
constraining the problem and solving for the optical fluid at each pixel using a neighborhood of pixel. It is an
under-constraint problem This is done using Lucas — Kanade method. It is based on the local derivatives of the
image. To solve for the optical flow it uses the premise that optical flow in a very small neighborhood in the
scene is same for all points within that neighborhood around that pixel. Consider an image I(x,y), where (x,y)
indicate pixel positions. Consider a smaller motion where pixel displacement be (u,v). The new image be
H(x,y). For (k1) e W: Ii(k.)u + I, (k.)u + I(k.1) =0. If we assume W has a size n x n. In matrix form

®d(m,n) = arctan{

L(LD) L(LD) I,(1,1) @)
L&D L] [u] L&D

: : v :
I,(n,n) IL.(n,n) I;(n.n)
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which can be expressed in the form of A u = B, which can be solved using least squares using pseudo —
inverse method when ATA is be invertible and well-conditioned.

METHODOLOGY

The suspension of microbeads and HEK cells in distilled water was kept in a syringe pump and was
passed through the microfluidic channel at flow rate of 1300 nL/min. The hologram is recorded sequentially
digitally. The frames are extracted and reconstructed numerically. The particle tracking is performed using the
computer vision toolbox of MATLAB R2020a. The phase images are segmented, and objected perimeter is
overlayed. Cells are detected as individual blobs based on their properties compared to the surrounding
background. It focuses on identifying regions or objects with distinct characteristics, such as intensity, size, and
centroid location. We have also employed optical flow method as mentioned above using Lucas — Kanade
method to track the particles under observation to describe the image motion.

RESULTS

After numerical reconstruction the channel is amplitude and phase image of the channel is reconstructed.
The thickness map is also plotted (Fig 3). The depth of the channel is 50 micron, and the obtained reconstruction
agrees the actual value. The hologram vedio is recorded for microbeads and HEK cells flowing through the
channel and reconstructed to obtain the phase images. Figure 4 shows the phase reconstruction at random time
points of flow. The phase reconstruction of objects (microbeads and HEK cells) during the observation period
are also shown.
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Figure 2: (a) hologram of the microfluidic channel (b) amplitude image (c) phase image (d)
thickness map
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Figure 4: (a) Phase reconstruction of polystyrene microbeads (b) HEK cells flowing through the channel

Tracking of the cell using blob analysis method is performed by detection of the phase images and
extraction of the features. The phase images are segmented by applying a threshold to binarize the image to
separate out the individual blobs. and the blob filtering is performed based on the shape and size of the blobs to
mark the cell boundaries. It is followed by the characterization of the individual blobs by extracting the features
like area, diameter, centroid, orientation extra for the 8 -connected components in the image. This is done using

the computer vision toolbox in MATLAB. In the current work centroid is used as the characterization property.
The result from the tracking is depicted in Fig 5.

(a) (b)
Figure 5: Tracking HEK cells using blob detection method at time points (a) t=24 ms (b) t= 54 ms . Red
rcle indicates the detected centroid of the cell and the green outline is the detected perimeter of the cell.
Optical flow method has also been employed for the tracking of the cells through the channels. Optical
flow of the moving object is calculated from the solution of the optical flow constraint equation using Lucas-

Kanade method. The determined flow vectors are overlayed on the corresponding points on the phase image
(Fig 6) for tracking.
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(@) (b)
Figure 6: Tracking HEK cells using optical flow method at time points (a) t=24 ms (b) t= 54 ms . Blue

arrow indicate the speed and direction of motion of dynamic objects in the image
Blob detection primarily focuses on the identification of objects or region of interests based on distinct
features that separates them from the surroundings. It can precisely localize particles like cells with from these
features. It is based on simple processes like thresholding and connected component analysis methods which
makes it faster compared to optical flow method. Each cell is considered as a separate entity in this method and
the interactions or association of the objects are disregarded. It is not an effective method when cells are
overlapping or closely packed together, and to distinguish between cells having similar characteristics. Optical
flow method is used to track the apparent motion of the pixels between consecutive frames by capturing the
motion of the objects in the image to generate dense motion vectors. The flow of individual cells can be tracked
continuously while maintaining the cell identity. The challenge in this method arises in case of occlusions,

appearance changes and complexities in motion patterns. It is a computationally intensive process.

CONCLUSION

A label free 3D tracking methodology for micro-optofluidic platforms has been developed using digital
holography and compute vision. It is a fast and effective technique for imaging and tracking non-invasively. It is
also possible to extract features of the object from the individual frames of the phase image. Two methods of
tracking are applied in this study — blob analysis and optical flow method. It was possible to detect and track the
cells under study accurately using both the methods.. The method of tracking of cells in a microfluidic platform
depends on the cell characteristics, motion of the fluid and cells, computational efficiency, and accuracy
requirements. An integrated approach promises an improved performance and robustness. Future directions in
this study will be on tracking specific cells from a population of several objects in lab-on-a-chip applications for
cell growth and disease screening
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ABSTRACT

We present a novel approach for deep tissue blood flow imaging using laser speckles. Our method utilizes
a cost-effective system with low frame rate cameras for diffuse correlation spectroscopy (DCS) measurements.
We demonstrate the effectiveness of our system through phantom and in-vivo studies, including stroke
measurements in mice and number processing tasks in humans to measure the changes in cerebral blood flow.
Additionally, we present our recent work on simulation of speckles using stochastic differential equation with
desired statistical properties. Our studies contribute to the development of affordable solutions for high density
deep tissue blood flow imaging.

INTRODUCTION

Blood flow is a fundamental physiological parameter that plays a vital role in maintaining the normal
functioning of tissues and organs in the human body [1]. Accurate measurement and assessment of blood flow
are crucial for understanding various physiological processes, diagnosing medical conditions, and guiding
treatment strategies. Several optical imaging techniques have been developed to quantify blood flow non-
invasively, including Laser Speckle Contrast Imaging (LSCI), Laser Doppler Flowmetry (LDF), Diffuse
Correlation Spectroscopy (DCS), and Diffuse Correlation Tomography (DCT) [2,3].

These techniques exploit the unique properties of laser speckles, which arise from the interference and
scattering of coherent light by tissues [4]. Laser speckles, appearing a randomly fluctuating intensity noise,
carries valuable information about the underlying blood flow dynamics, which can be analyzed to extract
meaningful flow-related parameters [5,6].

While LSCI and LDF have proven effective in assessing blood flow in superficial tissues, the
measurement of deep tissue blood flow remains challenging [3]. DCS and DCT have emerged as promising
approaches for non-invasively probing deep tissue blood flow by harnessing the speckle properties of scattered
light. These techniques utilize the inherent noise present in laser speckles to derive quantitative information
about blood flow dynamics and perfusion. DCS, in particular, utilizes intensity autocorrelation measurements at
multiple distances from the source to quantify blood flow. However, it has limitations in terms of confined
detection sites and the requirement for expensive multiple detectors [7].

To overcome these limitations, one alternative approach is to explore the use of array detectors in DCS.
While array detectors are not commonly used in DCS, they offer potential solutions to the challenges associated
with confined detection sites and the requirement for expensive multiple detectors. However, implementing
array detectors for DCS requires high frame rate detectors with reasonable signal-to-noise ratio (SNR) at low
exposure time, which are currently not readily available and tend to be more expensive [7,8]. Nevertheless, in
light of these challenges, speckle contrast-based methods like SCOS [9], DSCA [10], SCOT, scDCT [11] and

their variants [12] have been proposed as alternative techniques to enhance flow quantification in DCS. Speckle
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contrast, which represents the ratio of the standard deviation to the mean intensity, serves as a key parameter
that relates to the integrated intensity autocorrelation over the exposure time [2].

In this paper, we present an overview of our novel algorithm and a cost-effective system that utilizes low
frame rate CCD \or CMOS cameras for DCS measurements. Our approach exploits the fact that multi-exposure
speckle contrast data contains information on the intensity autocorrelation [13]. The algorithm employs a multi-
step Volterra integral method (MVIM) to recover the full auto-correlation function from the multi-exposure
speckle contrast data. We demonstrate the effectiveness of our system through experiments conducted on tissue-
mimicking phantoms and human subjects, including hand-cuff occlusion and voluntary tasks such as apnea and
number processing. Furthermore, we validate our system by measuring stroke in mice using a new small animal
platform.

Additionally, we establish the equivalence between laser speckle contrast-based methods and DCS,
supported by the Volterra integral equation theory [7, 13]. We emphasize the importance of regularized fitting in
multi-exposure speckle contrast imaging to accurately recover the auto-correlation function. Moreover, we
introduce M-DCT [14], a high-density DCT system that incorporates a spatially weighted filter to improve
depth localization and eliminate unwanted surface artefacts. The iterative use of autocorrelation measurements
at multiple delay times enhances the reconstruction results, which are validated through simulations, phantom
experiments, and in-vivo human studies.

Lastly, we present our recently published novel approach to simulating laser speckles using a stochastic
differential equation [15]. This method enables the generation of speckles with desired statistical properties,
including different blood flow profiles and realistic noise models. The simulations encompass both superficial
and diffuse speckles, making them applicable to deep tissue blood flow imaging. The validity of our simulation

model is confirmed through comparisons with in-vivo studies conducted on mice and healthy human subjects.
METHODS

M-DCS algorithm:
The M-DCS algorithm utilizes the multi-step Volterra integral method (MV1M) to recover the field auto-
correlation function. The relationship between speckle contrast (x) and the normalized electric field auto-

correlation function (g,) is represented by the equation

k2 (1) =2 [ (1-2)|g3(r,Dlde (),
which is a Volterra integral equation of the first kind. To solve this equation, it is discretized using the
trapezoidal rule and expressed in matrix form. The resulting matrix equation is then solved using Tikhonov
regularized least square minimization, where the cost function is minimized to obtain the best estimate of g1.
The algorithm incorporates the selection of important parameters such as correlation delay time (r) and
exposure time (T) to ensure accurate recovery. Furthermore, an iterative scheme is implemented to update the
prior information (x,) at each iteration, enhancing the accuracy of the recovered g,. Detailed steps of the

algorithm can be found in Algorithm (Fig 1(b)), and further information is available in reference [7].
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Algorithm 1 M-DCS Algorithm - Recovering Field Auto-Correlation Function
1: procedure gy (r tau)(f)rom x(r.T)
2: Initialize parameters and variables
3: Discretize the range of correlation time (7ar) and exposure time (7Ty) PHANTOM
4 Set the correlation delay time step (A7)
5: Set the tolerance / error level for convergence
6: Set the regularization parameter ()
7: Set the maximum number of iterations
8: Initialize prior information (xp) for g;(7) based on CDE
9 Calculate the size of the kernel matrix A (N x N)
10: while not converged or maximum number of iterations reached do
11: Update the field auto-correlation function using MVIM
12 Discretize the integral using the trapezoidal rule
13: Represent the integral equation in matrix form: Ax =b
14: Solve the matrix equation using Tikhonov regularized least square
minimization
15; Update the prior information using an iterative scheme
16: end while
17: return Recovered field auto-correlation function (g;)

18: end procedure

Figure 1: (a) Schematic of the M-DCS / M-DCT system; The system consists of a focused laser source
(LD- Laser diode; AL- Aspheric lens; AM- Anamorphic prism; AP- Aperture; FL- Focusing lens; GM — Galvo
mirror) illuminated on the sample/ Phantom. The scattered light is captured to camera via objective lens (Obj).
(b) A pseudocode of the M-DCS algorithm to recover g1. (c) Photograph of the system.

Figure 2: Schematic of the human head for illustrating the M-DCT system; The idea is that short SDs
that has information from extracerebral layers whereas the long SDs contain information from extracerebral as
well as deep layers of brain. We design a filter based on short SD and use it to remove artefacts and
extracerebral interferences from long SDs.

M-DCS system:

The M-DCS system used in this study employs a low frame rate camera, specifically the Basler 640-120-
um camera for phantom and small animal experiments, and the Photometrics Prime BSI camera for human
studies. For deep tissue blood flow measurements, a pointed source illumination with a wavelength of 785 nm
(Thorlabs L7850P90) laser is used, while uniform illumination is employed for surface blood flow
measurements. The system configuration is illustrated in Figure 1(a) and includes the camera, laser source, and
appropriate optical components. The system enables the measurement of multi-exposure speckle contrast at a
specified source-detector separation.

High Density M-DCT system:
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To overcome challenges associated with extracerebral interferences in diffuse correlation tomography
(DCT) measurements, a high-density system is proposed. This system utilizes an array of sources and detectors,
modeled as multi-speckle DCT (M-DCT), and incorporates multiple delay-times in an iterative reconstruction
approach [14]. The goal is to improve depth localization and accurately measure blood flow in deep tissues. The
modified Born approximation is utilized, where a filter design based on short source-detector separation is
implemented to enhance discrimination between deep tissue blood flow signals and surface effects, as depicted

in Fig (2).
The reconstructed filtered autocorrelation function,
17,2
92F (ry,14,7) = 2UK0 [ 1GF (ry, 7, T)GF (1,175, YW (r)DEdr , is computed using the proposed algorithm.

G (r,7q,0)
Here gf‘F is the filtered autocorrelation and W(r) is the weight function designed to address the biased
sensitivity of the reconstruction towards shallower region. In addition, by implementing our previously
proposed algorithm [16], which can eliminate the requirement for inverting the Jacobian matrix, and could
reduce the computational time. All human and animal studies were approved by the Institute ethical committee
at Indian Institute of Technology — Bombay and APT research center, Pune.

RESULTS AND DISCUSSION:

Phantom and in-vivo studies:

Here, we present two representative figures illustrating the capability of the M-DCS algorithm and system
to recover the autocorrelation function using a low frame rate camera. Figure 3(a) displays the results of g1
obtained from multi-exposure speckle contrast at two different flow conditions. Figure 3(b) demonstrates the
relative cerebral blood flow (rCBF) acquired during a number processing task performed by a given subject
(n=3 trials). With an SD separation of 2 cm, it can be observed that blood flow increases during the task and
decreases after completion, thereby validating the effectiveness of the M-DCS system and algorithm. Further
details can be found in Ref [7,8,14].
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Figure 3: (a) g, recovered from multi exposure speckle contrast using M-DCS algorithm for two different flow. (b)

in-vivo blood flow changes quantified as rCBF during a number processing task;

Animal studies:

To validate our algorithm in pre-clinical studies, we developed a portable modular small animal imaging
platform (details in Ref [17]). Using this platform, we measured blood flow in different tissue types of the
mouse brain, including arteries, veins, and parenchyma. Figure 4(c) illustrates the measurements obtained from
our proposed M-DCS system in both the alive and post-sacrifice conditions. Furthermore, we present a 3D
tomographic reconstruction of a blood flow changes associated with stroke in the left hemisphere of mice
induced by photo-thrombosis in Figure 4(d).
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All dimensions are in cm [

Figure 4: A custom-built modular portable animal imaging platform is depicted. (b) An anesthetized
animal placed in a stereotaxic frame is shown. (c) The results obtained from the M-DCS algorithm reveal
distinct flow patterns in the artery (R1-L), vein (R2-L), and parenchyma (R3-L) regions, both when the animal
was alive (indicated by suffix L) and after sacrifice (indicated by suffix D). (d) A tomographic reconstruction
demonstrates blood flow during stroke in the left hemisphere induced by photo-thrombosis.

Simulation of speckles using SDE:

All the above-mentioned speckle-based blood flow imaging methods requires testing with calibrating
phantoms before translation. There are many different ways to simulate speckles in the literature most of which
rely upon either the Fourier-based methods or statistical tools. We present a novel method for simulating laser
speckles in blood flow imaging using stochastic differential equations (SDE) [15]. This method allows us to
generate speckles with predefined probability density functions and temporal auto-correlation, enabling the
modelling of different blood flow profiles and the simulation of both superficial and deep tissue speckles. We
validated our simulation by comparing the results with in-vivo studies conducted on mice and healthy human
subjects. Our method provides a valuable tool for the analysis and development of laser speckle-based imaging
techniques. The algorithm, shown in Fig 5(a), utilizes the solution to the SDE based on the Milstein scheme,

In+1 = In + a(ly)At + b(I,) AW, + 0.5b(I,)b’ (1) [(AW;,)? — At] @),

where I(t) represent the intensity of the speckles. The parameters 'a’ and ‘b’ are determined by the optical
and dynamic properties of the tissue, and further details can be found in Ref [15]. The representative figure of
the speckles generated using our proposed method is shown in Fig 5(b), along with their validation using
autocorrelation and speckle contrast in Fig 5(c) and 5(d) respectively.
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Figure 5: Speckle simulation tool using SDE. (a) The algorithm used to simulate speckles for mimicking
deep tissue blood flow is shown. The parameters ¢ and a~ contain information on tissue optical and dynamic
properties, which are fed into the SDE algorithm in equation (2). The intensity speckles (as shown in (b)) that
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follow an exponential probability density function and the autocorrelation based on the blood flow are
generated. Speckle noise is added based on the detector. The algorithm is validated by quantifying either the
autocorrelation (as shown in (c)) or the speckle contrast (as shown in (d)).
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ABSTRACT

A lot of individuals residing in resource limited settings where timely access to medical care is a
challenge and healthcare infrastructure is usually poor have no access to laboratory facilities. Disease diagnosis
in such sites is dependent on the presence of point-of-care (POC) devices. These POC diagnostics play a key
role in ensuring rapid patient care because they are simple to use, inexpensive, portable, instrument independent
and do not require a trained technician to operate. To date, optical spectroscopy has become the most important
and promising approach in every field of medical, analytical, life, food, and pharmaceutical sciences. However,
most currently available spectrometers are bulky and cannot be easily integrated in miniaturized devices. In this
work, different biophotonics techniques, artificial intelligence and machine learning models are used to expedite
POC diagnostic apparatus for different pathogens, non-communicable diseases, substandard drugs and towards
application in food safety as well as security.

INTRODUCTION

Lately, there has been a growing interest in incorporating artificial intelligence and machine learning
techniques in biophotonics (1). Biophotonics is an interdisciplinary field that combines the principles of optics,
photonics, and biology to study biological systems at the molecular, cellular, and tissue levels. It has a wide
range of biomedical applications, including medical diagnostics, drug discovery, and tissue engineering (2). The
use of light-based technologies in biophotonics allows for non-invasive, label-free, and high-resolution imaging
of biological samples. One of the key advantages of biophotonics is its ability to provide label-free and high-
resolution imaging of biological samples (3). This allows the study of biological structures and processes
without the need for exogenous labels or dyes, which can alter the natural behavior of the sample. Additionally,
the use of light-based technologies in biophotonics allows for non-invasive and real-time monitoring of
biological systems (2).

On the other hand, machine learning is proving to have great potential as a tool for disease diagnostics
(4). Classical machine learning (ML) has proven to be highly effective in various tasks, including classification,
regression, and clustering (5). However, there are limitations to classical algorithms, particularly when handling
large and complex datasets. This necessitates the development of quantum algorithms (6). Quantum-enhanced
machine learning (QEML) can provide significant improvements in the speed and accuracy of ML algorithms
for specific tasks. Quantum machine learning offers more efficient and faster computational capacity, making it
advantageous when dealing with complex and high-dimensional data. Furthermore, quantum computers can
encode complex feature representations that surpass the capabilities of classical computers. Quantum
optimization algorithms also offer advantages over their classical counterparts in parameter optimization.

Separately, the growing prevalence of HIV around the globe has continued to promote the growth of the
HIV diagnostic market. Sub-Saharan Africa remains the most severely affected region where 70% of HIV
positive people in the world reside (7). The global HIV diagnostic market by region comprises of North
America, Acia Pacific, Europe, South Africa, and the rest of the world. Tuberculosis (TB) an airborne infection
caused by mycobacterium tuberculosis (MTB), until the coronavirus (COVID-19) pandemic, TB was the
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leading cause of death from a single infectious agent, ranking above human immunodeficiency virus, an
acquired immunodeficiency syndrome (HIV/AIDS) (8). In other reports, the production of substandard
medication has become a growing concern in the pharmaceutical industry due its infiltration across all the
continents, reaching a billion-dollar estimated value by the World Health Organization (WHO). They also report
that the lack of knowledge pertaining to the formulation and distribution of these drugs, affects third world
countries who are burdened with various health diseases (9). In general, the most basic way to probe
pharmaceutical drugs is by focusing on their chemical behaviour in terms of reaction kinetics and molecular
bonding (10-12). Many re-search methods have been proposed and applied for quality control of drugs and such
include subdisciplines of chromatography, mass spectrometry and electrochemistry (13-15). Although these
methods are successful in detecting and analysing pharmaceutical drugs, their application in large scale drug
monitoring and quality control remains limited due to their inherent disadvantages such as complex preparation
steps, expensive reagents, long processing times and sample destruction (16-17).

Amidst the modern and complex solutions discussed earlier, it often slipped our minds that optics and
photonics can be readily integrated into the field of agriculture. The simplest examples would be the adjustment
of plantation direction for optimum sunlight exposure, as well as the usage of incandescent light bulbs in egg
incubation and hatching (18). Over recent decades, academics have been alerted to the potential of optics and
photonics in the agricultural industry. This has led to progressive developments that utilize optics and photonic
techniques in maximizing the quality and productivity of agricultural products.

METHODS

Different optical, photonics and spectroscopy methods are applied in these studies, detailed laboratory
protocols can be found in our published literature. Figure 1 (adopted from (19)), below is an example of some of
the custom-built optical setups applied in the diagnosis of different microorganisms, work that is intended for

point of care diagnostics.
LED
é 512 nm green light source

L1

ND filter
Iris

o ! © Au-coated biosensor chip

B W XVZstage

10x microscope objective

CCD
camera

50/50 beam splitter

Mirror _—@
Optical fiber .

Spectromet

Figure 1: The biosensing rig applied in measuring transmitted light. The system is based on a 512nm
green light source with a power of 3.1 mW, collimating lenses (L1 and 2), XYZ stage, a 10x microscope
objective, and an imaging system consisting of a CCD camera and computer, focussing lens (L3), an optical
fiber, and a portable USB spectrometer connected to a computer (19).
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Whilst the current setup is a lab-based tool towards diagnosing communicable with potential applications
in assessing markers for non-communicable diseases, the eventual aim is to miniaturize the setup for
applications in POC settings.

The field of biophotonics has seen rapid advances in recent years, with new applications being developed
all the time. Machine learning techniques have played a significant role in these advancements, as they have the
potential to improve the performance and accuracy of biophotonics systems. As machine learning algorithms
continue to evolve, the potential for further improvements in biophotonics is expected to continue to grow. Of
note, ML algorithms, such as CNNs, have been used to automate the process of image segmentation, which
involves separating the foreground of an image from the background. This is an important step in image analysis
as it allows for the study of specific regions of interest within an image. In biophotonics, image segmentation
has been used to identify and isolate individual cells or structures within a tissue sample. In object detection,
ML algorithms have been used to automate the process of identifying and locating objects within an image. This
is important in biophotonics as it allows for the identification and tracking of specific cells or structures within a
tissue sample. Then in image classification, ML algorithms, such as CNNs and SVMs, have been used to
classify images into different categories, such as normal vs. abnormal tissue.

This is important in biophotonics as it allows for the automated diagnosis of diseases such as cancer based
on the analysis of microscopic images. Additionally in cell tracking, ML algorithms have been used to automate
the process of tracking the movement of cells over time. This is important in biophotonics as it allows for the
study of dynamic biological processes, such as cell migration, and can provide insight into the mechanisms of
disease (20). Finally in spectral imaging, Machine learning algorithms have been used to process and analyze
spectral images, which can contain large amounts of data. Spectral imaging can provide information about the
molecular and cellular structure of a tissue sample, and machine learning can be used to extract this information
and classify the tissue as normal or abnormal.

The work here follows supervised learning where the algorithms (a convolutional neural network, a
support vector machine and a decision tree) are provided with labeled sample data for training to predict
outputs. The algorithms are optimized by employing hyperparameter optimization techniques. The techniques
were implemented using Python programming language on Google Colab (21-22). The aim of the work is to
develop an optimized automatic TB detection system to classify chest X-ray images into healthy and TB
infected. The research methodology follows these steps: dataset preparation, hyperparameter optimization,
convenient model, comparison of the optimized models and comparisons of the models under study with
different lightweight deep learning systems using different performance metrics. The process of classifying
chest X-ray images is shown in Figure 2.

r b < Optimized Models
- - , *«CNN

Pre-processing  imjp

*SVM

* Decision Tree

Data e
Analysis

Tuberculosis

Figure 2: An illustration of the approach followed in our research.
The input chest X-ray images were adopted from publicly available Kaggle datasets (23-24). The input
images are enhanced with image processing techniques (image reshaping, flattening and normalization) to
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minimize error rates and improve detection performance. The output of the preprocessing stage are updated
image inputs (25). Thereafter optimized models perform the classification of the images into healthy or
tuberculosis, for which their accuracy is evaluated.

CONCLUSION

With the rapid advances in the field, new applications are being developed all the time, and the potential
for machine learning to improve the performance and accuracy of biophotonics systems is expected to continue
to grow. With the increasing demand for high-precision and real-time data analysis, the use of machine learning
in biophotonics will become increasingly important. Continued research and development in this field, allows
anticipation to new breakthroughs and advancements in biophotonics.

REFERENCES
[1] P.Pradhan, S. Guo, O. Ryabchykov, J. Popp, and T. W. Bocklitz, Deep learning a boon for biophotonics?
Journal of Biophotonics, 13(6). https://doi.org/10.1002/jbi0.201960186, 2020.
[2] E. Spyratou, M. Makropoulou, E. Mourelatou, and C. Demetzos, Biophotonic techniques for
manipulation and characterization of drug delivery nanosystems in cancer therapy. Cancer Letters, 327(1-2),
111-122, https://doi.org/10.1016/j.canlet.2011.12.039, 2012.

[3] S. Melzer, R. Ankri, D. Fixler, and A. Tarnok, Nanoparticle uptake by macrophages in vulnerable plaques
for atherosclerosis diagnosis. Journal of Biophotonics, 8 (11-12), 871-883.
https://doi.org/10.1002/jbi0.201500114, 2015.

[4] E. Valla, S. Nomm, K. Medijainen, P. Taba, and A. Toomela, “Tremor-related feature engineering for
machine learning based Parkinson’s disease diagnostics,” Biomed Signal Process Control, vol. 75, doi:
10.1016/j.bspc.2022.103551, 2022.

[5] L. Zhou, S. Pan, J. Wang, and A. V Vasilakos, “Machine learning on big data: Opportunities and
challenges,” Neurocomputing, vol. 237, pp. 350-361, 2017.

[6] N. G. Paterakis, “Hybrid quantum-classical multi-cut Benders approach with a power system
application,” Comput Chem Eng, vol. 172, 2023, doi: 10.1016/j.compchemeng, 108161, 2023.

[71 A.Buvé, K. Bishikwabo-Nsarhaza and G. Mutangadura, The spread and effect of HIV-1 infection in sub-
Saharan Africa, The Lancet, 359, 2011-17, 2002.

[8] World Health Organisation, WHO Global Tuberculosis Report, 2022.

[9] https://www.who.int/news-room/fact-sheets/detail/substandard-and-falsified-medical-products

[10] A. Jouyban and E. Rahimpour, Sensors/nanosensors based on up conversion materials for the
determination of pharmaceuticals and biomolecules, Talanta., 121383. https://doi.org/10.1016/j.talanta, 121383,
2020.

[11] . 1Izo, S. Jesus, R. De, Lobenberg and NA, Bou-chacra, Raman Spectroscopy for Quantitative Analysis in
the Pharmaceutical Industry. J Pharm.Sci., 24-46. DOI: 10.18433/jpps30649, 2022.

[12] S. Adomavigiiite, M. Velic¢ka, V. Sablinskas, Detection of aspirin traces in blood by means of surface-
enhanced Raman scattering spectroscopy. J Raman Spectrosc.; 51(6):919-31. https://doi.org/10.1002/jrs.5853,
2020.

[13] O. Heydari Shayesteh, R. Mahjub, A. Ranjbar, K Derakhshandeh and M. Jamshidi M, Nano optical and
electrochemical sensors, and biosensors for detection of narrow therapeutic index drugs, Microchimica Acta
188(12):411 Available from: https://doi.org/10.1007/s00604-021-05003-, 2021.

[14] S. Er, U. Laraib, R. Arshad, S. Sargazi, A. Rahdar and S. Pandey, Amino Acids, Peptides, and Proteins:
Implications for Nano-technological Applications in Biosensing and Drug / Gene Delivery, Nanomaterials
(Basel); 1-36. doi: 10.3390/nan011113002, 2021.

[15] E.C. Le Ru and P.G. Etchegoin, Single-Molecule Surface-Enhanced Raman Spectroscopy, Annu Rev
Phys Chem; 63(1):65-87. doi: 10.1146/annurev-physchem-032511-143757, 2012.

105


https://doi.org/10.1016/j.canlet.2011.12.039
https://doi.org/10.1002/jbio.201500114
https://www.who.int/news-room/fact-sheets/detail/substandard-and-falsified-medical-products
https://doi.org/10.1016/j.talanta
https://doi.org/10.1002/jrs.5853
https://doi.org/10.1007/s00604-021-05003-

[16] I. Aretz and D. Meierhofer, Advantages and Pitfalls of Mass Spectrometry Based Metabolome Profiling
in Systems Biology. Int J Mol Sci., 17(5):632. doi: 10.3390/ijms17050632, 2016.

[17] D. Sadutto and Y. Picd, Sample Preparation to Determine Pharmaceutical and Personal Care Products in
an All-Water Matrix: Solid Phase Extraction. Molecules, 25(21):5204. doi: 10.3390/molecules25215204, 2020.

[18] S. Sumriddetchkajorn, How Optics and Photonics is Simply Applied in Agriculture? Proceedings of the
International Conference on Photonics Solutions (ICPS), Pattaya City, Thailand, p. 888311, 2013.

[19] C. Maphanga, S. Manoto, S. Ombinda-lemboumba, Y. Ismail and P. Mthunzi-Kufa, Localized surface
plasmon resonance biosensing of Mycobacterium tuberculosis biomarker for TB diagnosis, Sens. Bio-Sensing
Res. 39, 2023.

[20] S. Corsetti and K. Dholakia, Optical manipulation: advances for biophotonics in the 21st century, Journal
of Biomedical Optics, 26 (07). https://doi.org/10.1117/1.jb0.26.7.070602, 2021.

[21] E. Bisong and E. Bisong, Google colaboratory. Building machine learning and deep learning models on
google cloud platform: a comprehensive guide for beginners, pp.59-64, 2019.

[22] T.B. Kimber, Y. Chen, and A. Volkamer, Deep learning in virtual screening: recent applications and
developments. International Journal of Molecular Sciences, vol. 22, pp.4435, 2021.

[23] L. Quaranta, F. Calefato and F. Lanubile, KGTorrent: A dataset of python Jupyter notebooks from
kaggle., IEEE/ACM 18th International Conference on Mining Software Repositories (MSR), pp.550-554, 2021.
[24] M.D. Kohli, R.M. Summers and J.R. Geis, 2017. Medical image data and datasets in the era of machine
learning — whitepaper from the MIMI meeting dataset session, Journal of digital imaging, vol. 30, pp.392-399,
2016.

[25] S.I. Nafisah, and G. Muhammad, Tuberculosis detection in chest radiograph using convolutional neural
network architecture and explainable artificial intelligence, Neural Computing and Applications, pp.1-21, 2022.

106


https://doi.org/10.1117/1.jbo.26.7.070602

DOI 10.24412/cl-37136-2023-1-107-112

INVESTIGATION OF THE INFLUENCE OF THERMALLY-INDUCED METHEMOGLOBIN
IN THE SKIN LAYERS ON THE EFFICIENCY OF LASER SCLEROSING OF
TELANGIECTASIAS

ANDREY BELIKOV'? VIKTOR CHUCHIN®®

'Institute of Laser Technologies, ITMO University, Russia
?Research Institute of Dentistry and Maxillofacial Surgery, Pavlov First St. Petersburg State Medical
University, Russia
3Sector of Medical Laser T echnologies, “NPP VOLO” LLC, Russia

avbelikov@gmail.com
ABSTRACT

Lasers are widely used in dermatology for the treatment of telangiectasias, which are persistent dilation of
the dermis blood vessels (venules, capillaries, arterioles) [1]. Blood absorbs electromagnetic radiation in the
visible range effectively [2]. The small penetration depth of visible light into the skin is the problem of using
visible lasers for sclerosis of the deep telangiectasias, which are not amenable to such treatment. Effective
treatment of large telangiectasias requires a high energy density, which causes heating, undesirable damage to
the surrounding tissues and increases the healing time [3]. Changing the skin optical properties is necessary to
increase the sclerosis efficiency of deep and large telangiectasias with visible laser radiation. There is a known a
method for increasing the optical transmission of human blood at certain wavelengths up to 50% by heating it
up to 65 °C [4], which may be associated with the transformation of hemoglobin to methemoglobin [5]. We
assume to heat the skin locally, achieve maximum increase of the optical transmission, and then perform
sclerosis of the pathological vessel with a visible laser pulse.

First of all, it is necessary to develop an adequate skin optical model for a theoretical assessment of the
effect of thermally induced methemoglobin on the optical properties of skin and on effectiveness of sclerosis. A
seven-layer optical model of the skin is relevant today (Fig. 1): the stratum corneum, the layer of living cells of
the epidermis, the papillary dermis, the superficial vascular plexus, the reticular dermis, the deep vascular
plexus and the subcutaneous fat [6-10]. The thicknesses of the layers are presented in [6]. The refractive indexes
of these layers are given in [11-13]. The stratum corneum and living epidermis absorption coefficients ware
calculated using the equations from [8]. The absorption coefficients of other skin layers and whole blood were
calculated using the equations from [14], the volume concentrations of chromophores are presented in [8, 15-
30]. Then, the absorption coefficients were calculated for the case when all hemoglobin was replaced by
methemoglobin [31, 32] in the skin layers and whole blood. Methods for calculating scattering coefficients and
anisotropy factors are described in [7].

Stratum corneum
Living epidermis
Papillary dermis

Superficial vascular plexus

Reticular dermis

Deep vascular plexus

Subcutaneous fat

Figure 1: Skin layers in the model
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The transport extinction coefficients (utr) for both cases (containing hemoglobin and methemoglobin)
were calculated for whole blood [33]. The change in optical transmission of whole blood (OT) resulting from
the replacement of hemoglobin with methemoglobin was estimated using the equation:

tr
oT =

ptr

MetHb

The wavelengths with the highest and lowest OT values of whole blood were selected for optical
simulation. Optical simulation of skin was performed by the Monte Carlo method in the TracePro 7.0.1
(Lambda Research Corporation, USA). Laser exposure was carried out by a 4 mm diameter parallel beam
(10,000 rays) perpendicular to the skin surface. The absorbed optical power distributions in skin at selected
wavelengths were obtained for both cases for further thermophysical simulation as a volume heat source.

Thermophysical simulation was performed in COMSOL Multiphysics (COMSOL Inc., USA) and was
performed by the method of radiative-conductive heat transfer. The values of the thermophysical properties of
the skin layers are presented in Table 1. The maximum temperature of skin heating by laser radiation and depth
which a temperature of 42 °C (start temperature of the coagulation process) was reached at have been estimated
as a result of thermophysical simulation for both cases and compared with each other.

Table 1. Thermophysical properties of the skin layers [34]

. Stratum Living Papillary Superficial Reticular Deep Subcutaneo
Thermophysical property corneum | epidermis | dermis vascular dermis | vascular us fat
plexus plexus
Thermal conductivity,
C( J j 3600 3800 2250
kg x K
. k
Density, p(—g) 1200 1200 850
m
Thermal conductivity,
k( w ) 0.21 0.53 0.19
mx K

The results of OT calculations showed that the largest OT growth is observed at 441 nm (OT=1.96) and
574 nm (OT=2.50), and the largest OT reduce — at 629 nm (OT=0.37) and 1105 nm (OT=0.55). The distribution
of absorbed optical power in the skin at these wavelengths was obtained as a result of optical simulation.

Heating of the skin with 100% concentration of hemoglobin in the blood by laser radiation at a
wavelength of 441 nm with a power of 2 W for 1s showed a maximum temperature of 113 °C (Fig. 2a).
Heating of the skin with 100% concentration of methemoglobin in the blood by laser radiation at this
wavelength with same parameters showed a maximum temperature of 103 °C (Fig. 2b) due to a decrease in
absorption at this wavelength.
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a b
Figure 2: Heating of skin with 100% concentration of hemoglobin (a) and 100% concentration of
methemoglobin (b) in the blood by 441 nm radiation

Heating of the skin with 100% concentration of hemoglobin in the blood by laser radiation at a
wavelength of 574 nm with a power of 2 W for 1 s showed a maximum temperature of 92 °C (Fig. 3a). Heating
of the skin with 100% concentration of methemoglobin in the blood by laser radiation at this wavelength with
same parameters showed a maximum temperature of 78.8 °C (Fig. 3b) due to a decrease in absorption at this
wavelength.

degC degC
A 92 A 708

a b
Figure 3: Heating of skin with 100% concentration of hemoglobin (a) and100% concentration of
methemoglobin (b) in the blood by 574 nm radiation

Heating of the skin with 100% concentration of hemoglobin in the blood by laser radiation at a
wavelength of 629 nm with a power of 2 W for 1 s showed a maximum temperature of 53 °C (Fig. 4a). Heating
of the skin with 100% concentration of methemoglobin in the blood by laser radiation at this wavelength with
same parameters showed a maximum temperature of 70.4 °C (Fig. 4b) due to an increase in absorption at this
wavelength.
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Figure 4: Heating of skin with 100% concentration of hemoglobin (a) and 100% concentration of
methemoglobin (b) in the blood by 629 nm radiation
Heating of the skin with 100% concentration of hemoglobin in the blood by laser radiation at a
wavelength of 1105 nm with a power of 2 W for 1 s showed a maximum temperature of 44.5 °C, (Fig. 5a).
Heating of the skin with 100% concentration of methemoglobin in the blood by laser radiation at this
wavelength with same parameters showed a maximum temperature of 58.5 °C (Fig. 5b) due to an increase in
absorption at this wavelength. There is a heating zone in the area of the deep vascular plexus.

N

a b
Figure 5: Heating of skin with 100% concentration of hemoglobin (a) and 100% concentration of
methemoglobin (b) in the blood by 1105 nm radiation
The results of assessing the heating depth to a temperature of 42 °C (hy,) are shown in Figure 6. It can be
seen that when hemoglobin is replaced by methemoglobin this heating depth increases at all wavelengths.

degC
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a4

® Skin with 100% concentration of hemoglobin in blood
® Skin with 100% concentration of methemoglobin in blood
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Figure 6: Comparison of the heating depth to a temperature of 42 °C (h4,) at each wavelength

For 441 nm and 574 nm, the depth hy, increases due to the decrease in absorption coefficients at these
wavelengths in the skin layers. However, for 629 nm and 1104 nm, the depth also increases on the contrary due
to an increase in absorption at these wavelengths in the skin layers, which does not allow laser energy to be
dissipated over the entire volume of the skin.

The paper considers the possibility of using thermally induced methemoglobin to control the optical
properties of a biological tissue. It has been established that methemoglobin in the composition of the skin leads
to the greatest growth in its optical transmission at wavelengths near 441 nm and 578 nm and reduce optical
transmission at wavelengths near 629 nm and 1105 nm. It has been demonstrated that the hemoglobin to
methemoglobin transformation leads to a change in the absorbed optical power in the skin layers and affects the
maximum temperature and depth of heating at selected wavelengths. Numerical methods have shown the
possibility of using thermally induced methemoglobin to control the optical properties of the skin, which can be
used to create laser systems and technologies for the treatment of skin diseases, including laser sclerosing of
telangiectasias.
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ABSTRACT

In order to successfully solve optical problems related to the effect of light on hair, it is necessary to know
their optical parameters, such as refractive index, absorption and scattering coefficients (extinction), as well as
anisotropy factor [1]. Unfortunately, data on optical properties of hair, unlike other biotissues, are rather scarce
and fragmentary [2]. Therefore, obtaining the most detailed spectra of optical parameters of hair is an actual task
of biophotonics.

The information about the optical properties of hair can be used for the creation of cosmetological devices
for laser hair coloring. Laser hair coloring is a new approach to hair coloring. The idea is that exposure to
radiation under certain parameters is able to change the color of the hair without damaging its integrity. Earlier
it was shown that broad-spectrum light sources can cause noticeable yellowing and discoloration of hair [3,4].
Research into the possibility of using monochromatic radiation for hair coloring is the next step towards the
creation of a new laser hair coloring technology.

Melanin pigments are responsible for hair color. Melanins come in two varieties: brown and black
eumelanins and yellowish and reddish pheomelanins. Combinations of these pigments in different
concentrations produce all sorts of natural hair tones. It is the change in concentrations of melanins in the hair
when exposed to radiation that contributes to the change in hair color [5]. It is important to keep in mind that the
initial differences in chemical composition between hairs of different colors create differences in their
interaction with radiation.

The aim of the study was to obtain continuous spectra of the extinction coefficient of human hair of
different colors for their laser coloring. The goal was achieved in two ways: by means of computer simulation
and by experimental measurements.

To calculate the extinction spectra of hair of different colors, an optical model of hair was created in
TracePro program (Lambda Research Corporation, USA; version 7.0.1). The model consisted of a three-layer
parallelepipedal structure with dimensions of 2000x2000x60 microns: the middle layer, the cortex, 50 microns
thick was enclosed between identical 5 microns thick cuticle layers (Fig. 1). The number and thicknesses of the
layers corresponded to those of the real hair, except for the medulla, the inner hair layer, which was not included
in the model because of its negligible effect on hair properties [6]. In addition, the cylindrical shape of the hair
was not considered in the model, because it would introduce noticeable losses due to reflection of radiation from
the surface, which are not of interest for the measurement of the desired coefficient.
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Figure 1: (a) Hair model scheme (not in scale); (b) optical simulation scheme.

In optical modeling it was assumed that the cuticle consists of pure Kkeratin, and the cortex consists of
keratin, water, eumelanin, and pheomelanin. Concentrations of cortex components were calculated according to
literature data for five hair colors: dark, white, gray, brown, and chestnut [7]. The required optical coefficients
of cortex components were taken from the literature [8-13]; the total cortex optical coefficients were estimated
as the sums of the products of cortex component coefficients by the corresponding concentrations. In the
TracePro program, the hair model was irradiated with a 1 W monochromatic circular radiation source with a
diameter of 1 mm and zero divergence. The wavelength of the source was varied in the range from 330 to 2240
nm in increments of 20 nm. At each wavelength, 100,000 rays were calculated by the Monte Carlo method and
the power of the transmitted radiation was recorded. The ratio of the incident radiation power to the transmitted
radiation power gave the permittivity of the hair, which when divided by the total thickness of the model gave
the extinction coefficient. Thus, the spectra of extinction of hair of five colors were obtained (Fig. 2).

Figure 2 shows that the character of hair spectra of different colors is similar, there are differences in the
values of extinction coefficients. The maxima in the range from 330 to 400 nm and six peaks (1200, 1520, 1740,
1940, 2060 and 2180 nm) are clearly visible. The large values of the extinction coefficient in the ultraviolet
(UV) range are associated with the absorption of melanins, the peaks at 1200 and 1740 nm give the stretching
vibrations of CH molecules, the peak at 1520 nm gives the stretching vibrations of OH molecules, the peak at
1940 nm gives the stretching vibrations of OH molecules and the scissor vibrations of H,O molecules, the peaks
at 2060 and 2180 nm give amides [5,8,14]. Fluctuations of OH and H,O molecules occur in water, and
fluctuations of CH molecules and absorption by amides in keratin, which is part of the hair.
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Figure 2: Calculated extinction spectra of hair of five colors from 330 to 2240 nm.
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To apply the data obtained according to the purpose of the study, it is important to understand what
effects occur in the hair under the action of radiation of different wavelengths, primarily in terms of changes in
their color. A number of works are devoted to the study of photodegradation of hair under the influence of
radiation of the optical spectrum: UV, visible and infrared (IR). Effects of UV and visible light are studied in
more detail due to the fact that melanins, responsible for hair color, are well absorbed by this radiation [5]. We
know that UV and visible light can cause yellowing of blond, red, dark and brown hair, as well as reducing the
yellowness of gray hair [3]. Yellowing in this case refers to the positive color coordinate b in the CIELAB
system. It was found that UV radiation is capable of destroying the structure of hair, including through the
destruction of disulfide bonds. In general, it can be argued that UV and visible radiation, with the former to a
greater extent, contribute to the photodegradation of melanin, i.e. change its reflection spectrum, which
determines the coloration of the entire hair [15]. As for the effects of infrared radiation, it has been shown that it
can cause yellowing of gray hair, as well as its bleaching, similar to what is achieved by washing hair with
hydrogen peroxide. However, to change the coloration of hair, infrared light requires a higher power density and
a longer exposure time than UV or visible light [4]. Thus, the most preferred sources for laser hair coloring
appear to be low-power UV sources capable of changing hair color without causing significant damage.

The initial step in the experimental determination of hair extinction spectra was to evaluate the colors of
four hair samples. For this purpose, the CIELAB color system is used, as it more accurately shows how the
human eye perceives colors. In this system, color is given by three coordinates: L — the lightness, a — the
coordinate between red and green, and b — the coordinate between yellow and blue. There are different ways of
measuring color coordinates. In this work, the color assessment was carried out by means of a scanner and a
computer. Using a scanner allows you to evenly illuminate the samples and ensure identical image registration
conditions. High-resolution photos of four hair samples were fixed with a scanner and averaged color
coordinates of each sample were obtained on the computer in Adobe Photoshop (Adobe Systems, USA; version
number 24.0.1). According to these coordinates, the names of hair colors closest to the experimental data were
selected according to the palettes of hair dyes of the largest manufacturers (Fig. 3)

Coondinates 35,17, 23 14,2, -4 76, 6, 24 30,7, 9
L,ab
Hair color Light Brown o Light ash Dark ash
name blond brown

Figure 3: Results of hair samples color evaluation.

A UV/VIS T90 spectrophotometer (PG Instruments, United Kingdom) was used to measure hair spectra.
Samples were prepared from blond hair. Hair was cut with scissors into fragments no longer than 1 cm in length
and ground using a mechanical mill (manufacturer, country) to obtain a fine powder. Next, a piece of
transparent scotch tape with a width of at least 1 cm and a length of at least 2 cm was attached to the inside of
the mill cover with an adhesive side inside the mill. The thickness of the adhesive tape was 2045 um. The mill
was then run for about 10 seconds more, and the hair powder was deposited on the piece of scotch tape in the
center of the inside of the lid. The piece of tape was then carefully removed from the cover and cleaned of
excess powder and coarse hairs with a metal blade. Then, a piece of the same scotch without powder was placed
on this piece of tape on the side containing particles of hair powder, and in this way a 90+5 microns thick
sample for the experiments was obtained. Thus, in the sample, the hair powder was enclosed between the two
pieces of scotch tape. Before the measurements of the hair spectrum, the baseline was measured: samples
similar to those described earlier, but without hair powder, were placed in both channels of the instrument.
Correction of the baseline made it possible to exclude the influence of light interaction with the tape on the
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desired result. The measurements were performed in the fast mode with the spectral step equal to 1 nm. A total

of 20 spectral measurements were made and the average extinction spectrum was calculated from them (Fig. 4).
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Figure 4: Measured extinction spectrum of light ash blond hair from 190 to 900 nm.

Thus, as a result of the study, the spectra of extinction of hair of five colors in the spectral range from 330
to 2240 nm have been obtained using computer optical modeling, and the characteristics of the extinction peaks
have been given. Data on the effects occurring in the hair under the influence of radiation of different
wavelengths were systematized. Using a scanner and a computer, the color of four real samples of human hair
using the CIELAB system was evaluated. Using a spectrophotometer, experiments were carried out to measure
the spectrum of light hair extinction. Comparison of the calculated and experimental data showed the similarity
of the characters of the extinction spectra with differences in the values of the extinction coefficient. This could
be due to the difference between the concentrations of melanin in the model and in the experimental samples,
which influenced the results, especially in the UV range, where melanin strongly absorbs radiation. In addition,
the shredded hair structure in the samples may have somewhat different scattering characteristics, which could
also affect the final values of the extinction coefficient.
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ABSTRACT

BACKGROUND

Gold nanoparticles mediated photodynamic therapy (PDT) has been reported to boost the efficiency and
specificity of cancer treatment; however, their impact on oesophageal cancer is limited. In this study, we
performed an in vitro assessment of aluminium phthalocyanine (AlPcS,Cl)-gold nanoparticle (AuNPs) mediated
PDT targeting oesophageal cancer cells. The AIPcS,CI-AuNPs conjugate was synthesized through a non-
covalent method. The synthesized AIPcS,CI-AuNPs were confirmed by ultraviolet-visible (UV-vis) absorption
spectral analysis and high-resolution transmission electron microscopy. In vitro, effects of AIPcS4CI-AuNPs
based PDT in an oesophageal cancer cell line (HKESC-1) was examined. Cellular parameters which include cell
viability, cellular proliferation, and cytotoxicity, were assessed by MTT assay, ATP cell proliferation assay, and
lactate dehydrogenase (LDH) assay respectively. Fluorescent microscopy was used to determine the
internalisation of the conjugates in cellular organelles. Furthermore, Mitochondrial membrane potential (MMP)
integrity and reactive oxygen species (ROS) generation indications of cell death were also examined. The
findings showed that PDT with aluminium (I1l) phthalocyanine chloride tetra sulfonic acid (AIPcS,Cl)
conjugated gold nanoparticle (AuNPs)(AIPcS,CI-AuNPs) significantly inhibit cell viability/cellular
proliferation, increase cytotoxicity, and ROS generation. Fluorescent microscopy revealed that AlPcS,ClI-
AUNPs was localised in the mitochondria and Endoplasmic reticulum (ER), suggesting that the induction of
biochemical cell death pathways could be mitochondria and ER-dependent. More importantly, AIPcS,CI-AuNPs
significantly altered the mitochondrial membrane integrity in HKESC-1 cells. This further means the
mitochondria-dependent cell death pathway may be involved. In conclusion, our findings demonstrated that
AIPcS,CI-AuNPs conjugates improved the anti-cancer effects of PDT in oesophageal cancer cells, proposing a
better measure to boost the therapeutic efficiency of PDT in oesophageal cancer.

INTRODUCTION

Oesophageal cancer is a lethal digestive tract tumour, representing the eighth cancer-associated illness
and the sixth cancer-associated death worldwide [1]. Risk factors associated with the emergence of oesophageal
cancer include tobacco intake, alcohol ingestion, poor oral health, ingestion of carcinogenic agents,
gastroesophageal reflux disease (GORD), obesity, and genetic and epigenetic changes [2]. The conventional
therapy for oesophageal cancer consists of surgery, chemotherapy, and radiotherapy or combinations of these
therapies. These treatments have tremendously improved the treatment of oesophageal. However, conventional
treatments are faced with unfavourable side effects, ineffective treatment outcomes, treatment resistance,
tumour relapse, low survival rate [3]. Hence, the search for an effective treatment measure, efficient at
eliminating tumour cells without relapse, improving prognosis and without adverse effects, is critical.
Photodynamic therapy (PDT), an efficient, non-invasive modality, has emerged for the treatment of cancer and
other neoplastic disorders. Concerning conventional treatments, PDT has minimal side effects, providing safe
and efficient measures that preferentially eradicate cancer cells from non-cancerous cells. Photodynamic therapy
consists of three vital parameters, a photoactive agent called a photosensitiser (PS), molecular oxygen and light
of the correct wavelength. These three parameters work together to eliminate tumour cells [3, 4]. Various PSs
have been employed for PDT of different tumours, including Aluminium (I11) Phthalocyanine Chloride Tetra
Sulfonic Acid (AIPcS,CI). The PS AlPcS,Cl has attracted much attention due to its high tissue penetration and
increased reactive oxygen species (ROS) production. Studies have investigated the effects of AIPcS,CI-
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mediated PDT in different cancers [5-7], including oesophageal cancer [8]. Nevertheless, cellular internalisation
is slow due to the repulsion that is created between the negative charges of the sulfonated group on the PS and
the cell membrane. Hence an efficient delivery of AIPcS,Cl into tumour cells is needed.

With the emergence of nanotechnology, the application of nanoparticles as carriers to deliver drugs has
been investigated. Several nanoparticles have been used as carriers for drug delivery in PDT. Gold nanoparticle
(AuNPs) has gained much interest among several nanoparticles as a nanocarrier due to their chemical
uncreativeness, efficient optical features and biocompatibility [4]. The effects of AuNPs mediated PDT have
been reported on different cancer types [9-12]; however, its impact on oesophageal cancer is limited. Therefore,
in this study, we evaluated the effects of AIPcS,CI-AuNPs conjugates in enhancing the therapeutic efficiency of
PDT in oesophageal cancer using in vitro assays.

MATERIALS AND METHODS

Reagent Preparation and Characterisation of AIPcS,CI-AuNPs

The AIPcS,Cl (Frontier Scientific, AIPcS-834) with a molecular weight of 895.21 g/mol was
reconstituted to a concentration of 1.0 mM, covered with aluminium foil and kept in the dark at room
temperature. AuNPs (Sigma Aldrich, 765457), with a diameter size of 10 nm, functionalised with PEGylated
carboxylic acid end (AuNP-PEG3000-COOH) with a stock concentration of 3 mg/ml were used in this study.
The AIPcS,Cl was adsorbed onto AuNPs as previously described [10]. Briefly, the AIPcS,Cl and AuNPs were
first filtered using a filter of 0.22-mm. The conjugation was achieved by adding AlPcS,Cl and AuNPs in a 1:2
ratio and vortexed for five minutes without a wash step. This method was adopted to retain the concentration of
the conjugates. The ultraviolet-visible (UV-vis) absorption spectral of AIPcS,Cl, AuNPs, and AIPcS,CI-AuNPs
conjugates were evaluated using a UV-vis spectrophotometer (Jenway, GENOVA NANO Spectrophotometer,
67912). A high-resolution transmission electron microscope (JEOL Ltd., Tokyo, Japan, HR-TEM; JEM-2100)
was used to determine the size and shape of AuNPs, and AIPcS,CI-AuNPs using varying magnification using a
method previously demonstrated [12].

Culture of oesophageal cancer cells, HKESC-1 and WS1 cells (control cells)

The human oesophageal cancer cell line (HKESC-1) (Cellonex, Johannesburg, South Africa) was
propagated in T75 culture flasks in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich, D5796)
supplement with 10% Fetal Bovine Serum (FBS) (Biochrom, S0615), 1mM sodium pyruvate 1% antibiotic
(Amphotericin B and Penicillin-streptomycin). The human skin fibroblast cell line (WS1) (ATCC®, CRL-
1502™) was used as normal control cells. The cells were cultured in a complete growth medium composed of
Minimum Essential Medium (MEM) from SAFC (51412C). The medium was supplemented with 0.1 mM
MEM Non-essential Amino Acid Solution (NEAA) from Sigma-Aldrich (M7145), 2 mM L-Glutamine solution
(L-Glut) from Sigma-Aldrich (G7513), 1 mM Sodium pyruvate solution, 10% fetal bovine serum (FBS), and
1% antibiotics. All cells were cultured under 5% CO,, 37°C and 80% humidity. The culture medium was
changed every two days intervals. Experimental cells were seeded at a density of 5 x 10° cells in 35mm diameter
culture plates containing 2mL of pre-warmed DMEM.

Intracellular Localisation of AlPcS,CI-AuNPs conjugate

Fluorescent microscopy was used to determine the cellular localisation of AIPcS,CI-AuNPs in
oesophageal cancer with the aid of organelle trackers labelled with fluorescence dyes. Oesophageal cancer cells
(HKESC-1) were cultured at a seeding concentration of 5 X 10° cells in 35mm culture plates in pre-warmed
growth media containing glass coverslips. Following the attachment, 20 uM of AIPcS,CI-AuNPs conjugate was
added and incubated for four hours. After incubation, cells were washed with Hank's balanced salt solution
(HBSS). Cellular organelles in the cytoplasm were immediately stained with Mito-Tracker (100 nM) (M7514,
Invitrogen™),) Lyso-Tracker (65 nM) (L7526, Invitrogen™), and ER-Tracker (65 nM) (E12353, Invitrogen™).
After staining, the cytoplasmic organelle cells were rinsed with HBSS, and the nuclei were stained using 40—6-
Diamidino-2 phenylindole (DAPI) (ID1306, Invitrogen™) and then rinsed with HBSS. Coverslips were
removed and mounted onto sterile glass microscope slides. The slides were observed, and images were taken
with a live imaging microscope (Carl Zeiss Axio Z1, Gottingen, Germany).

In vitro Photodynamic treatment
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HKESC-1 cells were cultured at a concentration of 5 x10° concentration in 35mm cell culture plates
containing 2 mL of complete culture medium and were grouped into control and test groups. Cells were
incubated with DMEM, AIPcS,Cl, (1,25, 2.5, 5, 10, and 20 uM) and AIPcS,CI-AuNPs (1,25, 2.5, 5, 10, and 20
uM) for four hours in the dark. After incubation, the cells were irradiated at 673.2 nm with 5 J/cm? fluence
using a continuous wave semiconductor diode laser (Oriel Corporation). The cells were further incubated for 24
hours post-irradiation, after which biochemical assays were performed.

MTT assay

Cellular proliferation was measured using the CyQUANT™ MTT Cell Proliferation Assay (V13154,
Invitrogen™)). This assay relies on the ability of the mitochondria from live cells to hydrolyse MTT (dimethyl
thiazolyl diphenyltetrazolium bromide) to an insoluble formazan resulting in yellow-to-purple colour formation.
Briefly, twenty-four hours following treatment, 100 pL of cell suspension was added in a 96 microwell plate,
and 10 pL of 12nM MTT solution was pipetted to each well, and the cells were then incubated at 37°C for three
hours. After incubation, 150 uL. of DMSO (dimethyl sulfoxide) was added, mixed properly, and incubated for
10 minutes at 37°C. Absorbance at 570 nm was read using a plate reader PerkinElmer, VICTOR NivoTM.

ATP proliferation assay

Adenosine Triphosphate (ATP) level, which is directly proportional to cellular proliferation and cell
viability, was evaluated using the CellTiter-Glo® 3D luminescence (G968A, Promega) according to the
manufactural instruction as previously described [8].

Cytotoxicity assay

A cytotoxicity assay was conducted to measure the lactate dehydrogenase (LDH) enzyme released by the
damaged cell membrane. Following the manufacturer's instructions, the test was achieved using the Cyto Tox
96® Non-Radioactive Cytotoxicity assay (Promega, G179A).

Reactive oxygen species measurement

To determine the levels of reactive oxygen species (ROS) within the cells, the fluorescent probe 2',7'-
dichlorofluorescein diacetate (DCFDA/H2DCFD) was utilised. The cellular ROS assay (ab113851, Abcam) was
employed for this test. HKESC-1 cells were grown in 96-well tissue culture plates and treated with 5 uM
AIPcS,Cl for 4 hours, followed by photodynamic therapy (PDT). After a 24-hour post-PDT incubation, the cells
were incubated with DCFH-DA (5 uM) at 37 °C for 10 minutes. Subsequently, the cells were transferred to a
96-well black plate. The fluorescence intensity was measured using the PerkinElmer VICTOR Nivo™ plate
reader with an excitation/emission filter set at 485 nm/538 nm. The amount of ROS produced in the treated cells
was estimated as a ratio in relation to the control cells.

Mitochondrial membrane potential assay

The rhodamine-123 efflux fluorimetry assay (ab275545, Abcam) was employed to assess the
mitochondrial membrane potential (MMP) on oesophageal cancer cells. Rhodamine-123, a fluorescent dye that
localises in mitochondria, was used for this purpose. When the mitochondrial membrane potential is
compromised, rhodamine leaks out of the mitochondria, resulting in reduced cell fluorescence intensity. After
24 hours of PDT treatment, the cells were detached, harvested, and washed twice with 1x PBS. The cells were
then resuspended in 100 pL. of 1x PBS and stained with a 25 uM solution of rhodamine-123 for 15 minutes at
room temperature, protected from light. Following staining, the cells were washed twice with 1x PBS, and 400
ul of PBS was added, mixed, and transferred into a 96-well black plate. The cells were then incubated for 30
minutes at room temperature, protected from light. The fluorescence signal of rhodamine-123 was quantified
using the PerkinElmer VICTOR Nivo™ plate reader with a filter of 485 nm excitation and 538 nm emission.

Results

Characterisation of AlPcS,CI-AuNP

AIPcS,CI-AuNPs were synthesised as previously described [10] and characterised using a UV-vis
absorption spectroscopy and TEM. Following the successful adsorption of AIPcS,Cl to AuNPs, the absorption
band of AuNPs was 520nm Figure 1(b) before adsorption was shifted to 540nm after adsorption, as
demonstrated in Figure 1(c). The TEM analysis revealed that the AuNPs exhibited a uniform spherical shape
with a smooth surface, and there was no evidence of agglomeration observed Figure 19(e). Both the AIPcS,Cl-
AuUNPs and the AuNPs displayed similar surface characteristics. However, the AIPcS,CI-AuNP had a larger
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diameter (33.20 £1.93 nm) compared to the AuNPs (14.74+£3.37 nm) Figure 1(f), indicating that the
combination of AlPcS,Cl with the AuNPs was successful and stable.
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Figure 1. UV-Vis spectral characterisation of (a) AIPcS,CI (Amax 675nm), (b) AuNPs (Amax 520nm), (c)
AIPcS,Cl-AuNPs (Amax 672nm and 540nm) and (d) combinations of (a)-(c). Transmission electron microscopy
images of (e) AuNP and (f)AIPcS4CI-AuNPs. Scale bars, 20 nm.

Subcellular Localisation of AIPcS,CI-AuNPs in oesophageal cancer

Localisation of the AIPcS,CI-AuNPs in HKESC-1 oesophageal cancer cells was examined using the Zen
Pro (3.1) Carl Zeiss software on a Carl Zeiss fluorescent microscope. A remarkable accumulation of AIPcS,Cl-
AuNPs was observed in the nucleus, mitochondria, and the ER of HKESC-1 oesophageal cancer cells, as
depicted in Figure 2. This was clearly demonstrated by the merging of the blue fluorescence from the nuclei,
green fluorescence from the mito tracker and ER tracker and red fluorescence from the AIPcS,CI-AuNPs,
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resulting in a yellow colour. The yellow colour showed that the AIPcS,CI-AuNPs were specifically
accumulating in the nucleus, mitochondria, and ER. This

Nucleus (Dapi) AlPcS4Cl-AuNPs auto Mitochondria/Endoplasmic
fluorescence (AF660) reticulum (ER) FITC (green) Merge
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Figure 2. AIPcS,CI-AuNPs localisation in HKESC-1 oesophageal cancer cells displaying intracellular

organelle localisation. The nuclei are counterstained with DAPI (blue), mitochondria, ER stained with FITC

(green), and AIPcS,CI-AuNPs auto fluoresces (red). The merged yellow/white colour showed an accumulation
of AIPcS,Cl-AuNPs in the mitochondria, ER and the nucleus. Scale bar:50um

In Vitro Effects of AIPcS,CIl-AuNPs Conjugates Mediated PDT on Oesophageal Cancer

Dose-Response Evaluation of AlPcS,CI-AuNPs Conjugates

A dose-response was performed on HKESC-1 cells to obtain the appropriate concentration of AIPcS,Cl,
and the conjugates required for the downstream application of PDT on HKESC-1 cells. The ICs, values were
evaluated by using MTT cell viability assay post 24 h treatment with increasing concentrations of AIP¢cS,Cl and
of AIPcS4CI-AuNPs (1.25, 2.5, 5, 10, and 20uM). The results showed that AIPcS,CI-AuNPs have a low ICs, of
2.88 uM (p<0.001) when compared to AIPcS,Cl with an ICsyof 5.21 uM as depicted in figure 3.
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Figure 3. Determination of 50% inhibitory concentration (ICsp) using MTT Cell Viability assay of
AIPcS,CI-AuNPs and the free AIPcS,Cl in Oesophageal cancer. The results are depicted as £+ SEM (n = 3);
(***p <0.001).

Cytotoxicity Evaluation
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Cytotoxicity assay was performed by evaluating the quantity of lactate dehydrogenase (LDH) enzyme
leakage in the cell culture media of HKESC-1 oesophageal cancer cells and normal cells (WS1, fibroblast cell).
Cells that have damaged cell membrane integrity leak out LDH indicative of cytotoxicity. LDH release was
measured following PDT at a light dose of 5 J/cm? at concentrations of 5 uM each for AlIPcS,CI-AuNPs and
AlPcS,Cl. At 24 hours post-PDT, statistically significant results were observed for all PDT concentrations tested
in the HKESC-1 oesophageal cancer cells (AIPcS,Cl 5 uM at 5 J/cm?, and AIPcS,CI-AuNPs 5 uM at 5 J/ecm?),
as depicted in Figure 4(a). The significance levels were reported as ***p < 0.001, compared to the control group
untreated. No statistical significance was found when comparing the AIPcS,CI-AuNPs dark cells and AlIPcS,Cl
dark cells to the control dark cells. Conversely, no statistical significance was demonstrated in the normal
control cells both between the treated and untreated group and within the treated and untreated cells (Figure

4(b)).
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Figure 4. The cytotoxic effects of AIPcS,CI-AuNPs and AlPcS,Cl were determined by LDH release
cytotoxicity assay. (a) The cytotoxic effects of AIPcS,CI-AuNPs and AlIPcS4Cl on HKESC-1 oesophageal cancer
cells. The amount of LDH release after AIPcS,CI-AuNPs and AlPcS,Cl with 5 J/cm? irradiation, with AIPcS,CI-

AUNPs conjugate showing increased LDH release compared to AIPcS,Cl and the control. (b) The cytotoxic
effects of AIPcS,CI-AuNPs and AIPcS,Cl on normal cells (WS1 fibroblast cells). No statistical significance was
observed in the. The results are depicted as + SEM (n = 3); (**p < 0.01, ***p <0.001).

ATP Cellular Proliferation Assessment

Oesophageal cancer cells were evaluated for cellular proliferation ability with and without
photoactivation using ATP proliferation assay. Proliferation results showed that the non-irradiated cancer cells
displayed high proliferation activity with increased ATP levels. While the irradiated cells at a concentration of 5
uM at 5 J/cm? showed a significant decrease of ATP activities in the cells administered with the AIPcS,CI-
AUNPs conjugate (**p<0.01) and AIPcS,Cl (*p<0.05), with the conjugate showing a more ATP inactivity
(Figure 5).
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Figure 5. The cellular proliferative effects of AIPcS,CI-AuNPs and AlIPcS,Cl on oesophageal cancer
cells. Blue: the non-irradiated cells showed increased proliferative ATP activities with no significant difference
between the control cells and cells administered with AIPcS,Cl and the conjugate. Red: the irradiated cells at 5
Jicm2 demonstrated reduced proliferative actions with reduced ATP levels between the conjugate and the free

PS (*p < 0.05 ***p < 0.001). The values shown are = SEM (standard error of the mean) (n=3).

Mitochondria membrane potential Assessment
Oesophageal cancer cells were evaluated for MMP function using the rhodamine-123 efflux fluorimetry

assay. The MMP results revealed that the untreated cancer cells displayed high MMP integrity. While the
treated irradiated cells at a concentration of 5 uM at 5 J/cm?® showed a significant decrease of MMP integrity in
the cells administered with the AIPcS,CI-AuNPs conjugate (***p<0.001) and AIPcS,Cl (***p<0.001), with the
conjugate showing a more MMP impairment (Figure 6).
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Figure 6. AIPcS,CI-AuNPs conjugate and AIPcS,Cl mediated PDT effects on Mitochondrial Membrane
potential (MMP) Integrity of oesophageal cancer cells. Blue: the non-irradiated control cells showed decrease
MMP impairment. Red: the irradiated cells treated with AIPcS,Cl-AuNPs conjugate and AlPcS,Cl at 5 J/cm?
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demonstrated significant MMP alterations (**p < 0.01 ***p < 0.001). The values shown are + SEM (standard
error of the mean) (n=3).

Measurement of Reactive Oxygen Species (ROS)

Fluorescent probe 2',7'-dichlorofluorescein diacetate (DCFDA/H2DCFD), cellular reactive oxygen
species (ROS) probe was used to quantify intracellular ROS generation of AIPcS,CI-AuNPs conjugate and
AIPcS,Cl based PDT in HKESC-1 cells. The ROS generated was measured post-PDT at a light dose of 5 J/cm?
at concentrations of 5 uM for both AIPcS,CI-AuNPs and AIPcS,Cl. The results showed a statistically significant
increase in ROS production PDT treated group AlPcS,Cl (**p<0.01) and AIPcS,CI-AuNPs (***p<0.001) when
compared with the untreated controls as seen in Figure 7.
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Figure 7. Intracellular ROS production of AIPcS,CI-AuNPs conjugate and AIPcS,Cl mediated PDT in
HKESC-1oesophageal cancer cells. Blue: the non-irradiated control cells showed decreased ROS generation.
Red: the irradiated cells treated with AIPcS,CI-AuNPs conjugate and AIPcS4CI at 5 J/cm? increase ROS
generation (**p < 0.01 ***p < 0.001). The values shown are £ SEM (standard error of the mean) (n=3).

DISCUSSION

In this study, we investigated the effects of AIPcS,CI-AuNPs conjugates in enhancing the therapeutic
efficiency of photodynamic therapy (PDT) in oesophageal cancer. Nanoparticles, specifically gold nanoparticles
(AuNPs), have garnered significant interest as potential nanocarriers for drug delivery due to their chemical
inertness, efficient optical properties, and biocompatibility. While the use of AuNPs as carriers for drug delivery
in PDT has been extensively studied in various cancer types, its impact on oesophageal cancer remains limited.
Therefore, we evaluated the therapeutic efficiency of PDT using AIPcS,CI-AuNPs conjugates by assessing
various parameters such as intracellular localisation, cell viability, LDH enzyme release, MMP integrity and
ROS production.

The synthesised AIPcS,CI-AuNPs were confirmed by UV-Vis spectral absorption spectroscopy and TEM
analysis. The results showed a red shift in the maximum absorption band of the AuNPs from 520nm before
synthesis to 540nm after synthesis (Figure 1 (b) and (c). While the AIPcS,Cl showed a left shift from 675nm
before synthesis to 672nm after synthesis (figure 1(a) and (c). The TEM analysis was performed to determine
the morphological variation of the AuNPs before and after synthesis. The results showed a change in the
diameter of AuNPs from 14.74 nm + 3.37 before synthesis to 33.20 nm #1.93 after synthesis. This result
confirms the successful adsorption of AIPcS,CI-AuNPs (Figure 1(e)(f).
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Intracellular localisation evaluation was performed to determine the preferential accumulation sites of the
AIPcS,CI-AuNPs in oesophageal cancer cells. Understanding the impact of AIPcS,CI-AuNPs on organelle-
specific responses to cell death machinery can be modulated to boost the therapeutic efficacy of PDT. For
instance, targeting photosensitisers to specific organelles through nanoparticle conjugation or other delivery
strategies can potentially enhance the selectivity and effectiveness of PDT. In this investigation, we discovered
that AIPcS,CI-AuNPs selectively internalised in the mitochondria, ER, and nucleus (Figure 2). This suggests
that these organelles may be necessary for the AIPcS,Cl-AuNPs enhanced PDT action of cell damage. This is
consistent with a study by Mkhobongo and colleagues that showed that AIPcS,CI-AuNPs are localised in the
mitochondria and lysosomes of melanoma cells [11].

Findings from cell viability analysis using MTT assay revealed that AIPcS,CI-AuNPs and the free
AlPcS,Cl mediated PDT significantly inhibited cell viability (Figure 3). However, the AIPcS,CI-AuNPs
mediated PDT group had enhanced reduction in the cell viability when compared to the AlPcS,CI group. The
results also showed that AIPcS,CI-AuNPs mediated PDT has a statistically significant lower 1Cs, concentration
of 2.88 uM when compared to the ICsy of AIPcS,Cl-mediated PDT of 5.02 uM on HKESC-1 oesophageal
cancer cells (Figure 3).

The cytotoxicity evaluation of AlIPcS,CIl-AuNPs and AIPcS,Cl mediated PDT on HKESC-1 oesophageal
cancer cells and on normal control cells was conducted using the LDH release cytotoxicity assay. This assay
evaluates the extent to which LDH enzymes leak out after cellular insult. We observed statistically significant
high efflux of LDH enzyme in the AIPcS,CI-AuNPs and AlPcS,Cl mediated PDT group when compared with
the control cells as shown in Figure 4(a). However, the AIPcS,CI-AuNPs PDT group has more enhanced
cytotoxicity effects. This aligned with the finding by Mkhobongo and co-worker which showed that AIPcS,Cl-
AUNPs mediated PDT enhanced the cytotoxicity effects in Melanoma cells [11] and lung cancer cells and
cancer stem cells [9, 13]. We further determine the effects of the conjugates and the free PS on normal non-
cancerous cells using the concentration of 5uM, to ascertain if it is toxic to normal cells. Our finding showed
that the AIPcS,CI-AuNPs and the free AIPcS,Cl do not induce any cytotoxic effects on normal cells. This
implies that the conjugates and the free PS preferentially accumulation in tumour cells.

The effects of AIPcS,CI-AuNPs on ATP cellular production levels in oesophageal cancer cell which
serves as an indicator of cellular metabolic activity was evaluated. ATP is an essential molecule that serves as a
primary energy source for cellular processes. Tumour cells rely on aerobic glycolysis, a metabolic pathway
known as the Warburg effect, to generate ATP. Mitochondria play a crucial role in producing ATP during
cellular respiration[14]. The decrease in ATP production observed in oesophageal cancer cells following the
photodynamic action of the AIPcS,CI-AuNPs conjugate and AIPcS,Cl photosensitiser suggests that the
photosensitiser localised in specific subcellular organelles involved in maintaining cellular homeostasis. By
targeting these organelles, the photosensitiser disrupts their normal functioning and leads to the inhibition of
oesophageal cancer cells. This observation is similar to the finding of AIPcS,CI-AuNPs conjugates inhibiting
the ATP cellular proliferation activity in lung cancer stem cells [13].

The mitochondrial is known to be the powerhouse of cellular ATP production and damage to this
organelle can alter its function. In this study we investigated the effects of AIPcS,CI-AuNPs mediated PDT on
the MMP activity of oesophageal cancer cells. The results demonstrated that AIPcS,CI-AuNPs and AIPcS,ClI
mediated PDT significantly alter the MMP of the cell. The AIPcS,CIl-AuNPs mediated PDT group has more
MMP dysfunction. This finding agrees with the reduced ATP cellular production observed in this study. Finally,
the effects of AIPcS,CI-AuNPs mediated PDT in promoting ROS generation was examined. Our results showed
increased ROS production with the AIPcS,Cl-AuNPs mediated PDT group than the free AlPcS,Cl mediated
PDT. Suggesting the conjugate enhances the PDT effects in oesophageal cancer cells.

CONCLUSION

The findings showed that PDT with aluminium (l1) phthalocyanine chloride tetra sulfonic acid
(AIPcS,Cl) conjugated gold nanoparticle (AuNPs)(AIPcS,CI-AuNPs) significantly inhibit cell viability/cellular
proliferation, increase cytotoxicity, and ROS generation. Fluorescent microscopy revealed that (AlIPcS,Cl-
AUNPs) was localised in the nuclei, mitochondria and ER suggesting the biochemical cell death pathways
induction could be mitochondria and ER dependent. More importantly, AlIPcS,CI-AuNPs significantly altered
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the mitochondrial membrane integrity in HKESC-1 cells. Further confirming the mitochondria dependent cell
death pathway. In conclusion, our findings demonstrated that AlIPcS,CI-AuNPs conjugates improved the anti-
cancer effects of PDT in oesophageal cancer cells, proposing a better measure to boost the therapeutic efficiency
of PDT in oesophageal cancer.
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ABSTRACT

Photoacoustic molecular imaging possesses the merits of both high optical contrast and large acoustic
penetration. It is expected to play a more and more important role in both fundamental research and clinical
applications, and has the potential to revolutionize the playground of tumor and cardiovascular disease
management and treatment. In this talk, | will focus on how we improve the speed of photoacoustic molecular
imaging. | will start with conventional photoacoustic microscopy using point-by-point mechanical scanning.
Then 1 will move on to fast optical scanning based on MEMS and polygon mirror devices. After that, | will
introduce single pixel imaging method without the need of scanning. Combined with sparse sampling, the
imaging speed can be improved by 20 times. Besides photoacoustic microscopy, we also built photoacoustic
computed tomography system which uses an array of ultrasound transducers to sense the signals. Due to
simultaneous acquisition of photoacoustic signals, PACT can acquire 100 frames of two-dimensional images in
one second. We applied our technology and instrumentation to study tumor microenvironment and evolution of
tumor, as well as to investigate the mechanism of neurovascular coupling in the brain. We also intraoperatively
guided a biopsy needle with photoacoustic imaging to extract tissue samples from sentinel lymph node to
monitor tumor metastasis status. Our technology has also been successfully translated to human imaging to
diagnose vascular plaques and image periphery blood vessels, aiming at better management of diseases such as

diabetic foot or varicosity.
\ VA ?

129



Figure 1: Photoacoustic imaging of microvessels at different organ sites
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Figure 2: Photoacoustic imaging of calf gastrocnemius region of five human volunteers, M: male, F:
female
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ABSTRACT

Modern optical imaging techniques provide powerful tools for observing cortical structure and functions
at high resolutions. Various skull windows have been established for different applications of cortical imaging,
and each has its advantages and limitations. Most critical of the limitations, none of the current skull windows is
suitable for observing the responses to some acute craniocerebral injuries on a large scale and at high resolution.

In order to develop a skull window technique capable of simultaneously meeting requirements, including
maintenance of the internal environment and provision of a wide field of view, high resolution, and durability,
we developed a chronic optical clearing window skull, named “Through-Intact-Skull (TIS) window” by firstly
removing the collagens and lipids in skull, and secondly stabilizing its transparent state using an ultraviolet
curing adhesive. Fig.1 and 2 shows the performance of TIS window.

TIS window enables the observation of an immune response on a bilateral cortical scale and at single-cell
resolution after traumatic brain injury without affecting the pathological environment of the brain. What we
have observed in this research, including simultaneously discerning the movements of immune cells in different
regions and perceiving random hemorrhages that occur in the bilateral cerebral cortex after acute traumatic brain
injury (TBI), could not be achieved before now using previous skull window techniques. In addition, the TIS
window also has the advantages of craniotomy-freeness, centimeter-field of view, synaptic resolution, large
imaging depth, long-term observation capability, and suitability for awake mice.
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Figure 2: Three-photon fluorescence imaging of deep=cortical neurons through TIS window.

Therefore, the TIS window is a promising new approach for intravital cortical microscopy in basic
research in neuroscience. The craniotomy-free TIS window with easy and quick steps, as a chronic skull optical
clearing window, has advantages over the open-skull glass window, thinned skull window, “transparent skull”
window, and skull optical clearing window, and is capable of continuous cortical monitoring at high resolution
and on a centimeter-scale, with minimized influence on the brain environment. Therefore, the TIS window
technique holds great potential for physiological and pathological research in brain science.
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ABSTRACT

Breast cancer is the most common cancer diagnosed among women in the world [1-5], which accounts for
30% of all new cancer diagnosis in women. It is noticeable that breast cancer mortality rates improve
dramatically when breast tumor can be detected with imaging tools at an earlier and more treatable stage[6].

Fig. 1 depicts current main imaging modalities for breast cancer screening, diagnosis, and treatment.
Although conventional breast imaging modalities may be useful for breast cancer screening or diagnosis [7-9];
however, these approaches are largely dependent on tumor size or structural features of abnormalities and
provide comparatively little functional information about molecular-level changes in breast tissue [10], which
limits opportunities to detect smaller lesions at early stage before lesions spread regionally and symptoms
develop.

X-ray mammography

2777

Figure 1. Clinical breast imaging modalities.

As a non-invasive and low-cost imaging modality [11], near infrared spectral tomography (NIRST) has a
great potential in breast cancer diagnosis and monitoring therapeutic response of neoadjuvant chemotherapy.
The aim of NIRST is to use near infrared light to illuminate the breast, and to infer the internal distribution of
chromophore concentrations from acquired signals. However, NIRST alone may not replace existing imaging
modalities due to its poor spatial resolution (near 4-7 mm), which limits tumor size detection [12].

Since MRI has extremely high sensitivity and provides good structural a prior information about the breast,
while NIRST provides functional information about the breast tissue, the integration of NIRST into MRI has
attracted much attention in recent years. Fig. 2 shows an MRI-NIRST imaging system designed for breast
imaging, and the details about the system can be found in Ref. [13]. To incorporate MRI images into NIRST,
the widely used methods are hard [14] or soft [15] priors-based algorithms. However, the main shortcoming of
the above two techniques is that both methods require manual segmentation to identify regions. This
segmentation may lead to the objectivity in the process of combining images. Additionally, the segmentation
step can be time-consuming, and requires sufficient segmentation experience to avoid segmentation bias or
error.
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To overcome the shortcoming of segmenting the MRI images, a direct regularization imaging (DRI) method
has been developed for NIRST reconstruction [16]. However, T1-weighted (T1W), T2-weighted (T2W), T1-
weighted dynamic contrast enhanced (DCE) and diffusion weighted (DW) images are often acquired in standard
clinical breast MRI. Among the NIRST absorber concentrations, total hemoglobin (HbT) and water have shown
the greatest potential to distinguish malignant from benign breast abnormalities [17]. Considering that total
hemoglobin (HbT) values are highly related to DCE contrast, and water values are expected to be highly related
to DW contrast, we presented a reconstruction algorithm to encode directly the spatial information derived from
DCE and DW MRI into multiple regularization matrices for recovering NIRST HbT and water contents [16].
The motivation for pursuing this algorithm is to improve the accuracy of estimating HbT and water
simultaneously. Simulation studies were used to test the approach, and the results are shown in Fig. 3. By
combining prior information from dynamic contrast enhanced (DCE) and diffusion weighted (DW) MR images,
the absolute bias errors of HbT and water were reduced by 35% and 34% compared to the no-prior case.
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Figure 2. The MRI-NIRST imaging system used in the folfowing patient experiments. More details about the
system can be found in Ref. [13].

Figure 3. Simulation breast study. (a) MRI T1 image; (b) DCE image; and (c) DW image in the plane z=-9.7
mm from a patient MRI exam. (d) Simulated true HbT (left) and water (right) images; (e-h) reconstructed HbT
(«M) and water (%) images guided by no-prior information (e), DCE prior (f) DW prior (g) and both DCE and
DW (DCE-DW) priors (h). Reconstructed images are overlaid on the MRI T1 images. Red arrows in (b) & (c)

indicate the tumor. White lines in (d) denote cross sections, through the center of the tumor.
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Although DCE MRI is recognized as the most sensitive examination for breast cancer detection, it has a
substantial false positive rate and gadolinium (Gd) contrast agents are not universally well tolerated. As a result,
alternatives to diagnosing breast cancer based on endogenous contrast are of growing interest. Considering this,
endogenous NIRST guided by T2 MRI was evaluated to explore whether the combined imaging modality,
which does not require contrast injection or involve ionizing radiation, can achieve acceptable diagnostic
performance [18]. Twenty-four subjects were simultaneously imaged with MRI and NIRST system shown in
Fig. 2 prior to definitive pathological diagnosis. MRIs were evaluated independently by three breast radiologists
blinded to the pathological results. Optical image reconstructions were constrained by grayscale values in the T2
MRI. MRI and NIRST images were used, alone and in combination, to estimate the diagnostic performance of
the data. Outcomes were compared to DCE results. Sensitivity, specificity, accuracy, and area under the curve
(AUC) of noncontrast MRI when combined with T2-guided NIRST were 94%, 100%, 96%, and 0.95,
respectively, whereas these values were 94%, 63%, 88%, and 0.81 for DCE MRI alone, and 88%, 88%, 88%,

and 0.94 when DCE-guided NIRST was added, as shown in Fig. 4.
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Figure 4. ROC curves for a DCE-guided NIRST, DCE MRI, and combined DCE MRI and DCE-guided
NIRST, and b T2-guided NIRST, T2 + DWI MRI, and combined T2 + DWI MRI and T2-guided NIRST. DCE
dynamic contrast-enhanced, MRl magnetic resonance imaging, NIRST near-infrared spectral tomography.

Note that DRI does not need to segment anatomical images; however, it still needs to model light

propagation in tissue, and model errors due to mesh discretization, imperfect boundary conditions, and
approximate governing equations, are inevitable in NIRST image reconstruction. Deep learning (DL) has been
investigated and shown to improve certain image reconstruction problems [25-26]. Inspired by these
developments and with the unique opportunity to incorporate anatomical images into these networks that can
further improve NIRST image quality, we developed a DL based algorithm (Z-Net) for MRI guided NIRST
image reconstruction [27]. In our approach, segmentation of MRI images and modeling of light propagation are
avoided and the concentrations of chromophores of oxy-hemoglobin (HbO), deoxy-hemoglobin (Hb), and water
are recovered from acquired NIRST signals guided by MRI images through end-to-end training with simulated
datasets. Fig. 5 shows the Z-Net architecture for 2D experiments. Optical signals at 9 wavelengths (661, 735,
785, 808, 826, 852, 903, 912, and 948 nm) and MRI images provide the input to the network. Fig. 6 shows
representative recovered images of HbO, Hb and water in the case of a phantom with three inclusions.
Compared to reconstructed images by DRI, images recovered with Z-net have values much closer to their
ground truths with fewer artifacts. the proposed Z-net method provided accurate recovery of HbO, Hb and water
concentrations and errors in recovered values were less than 2% of known values. Compared with DRI, MSE
obtained with Z-Net was 92.6%, 99.7% and 91.7% lower for HbO, Hb, and water, respectively. Finally, we
applied the Z-net approach to image reconstruction of patient data, and the results are shown in Fig. 7.
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In conclusion, MRI image-guided NIRST improves quantification of breast tissue chromophore and breast
cancer diagnosis.
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Figure 6. Reconstructed images of HbO, Hb, and water in the case of three inclusions. (a) MRI images, (b)
source/detector positions around the phantom, (c)-(e) true and reconstructed images of HbO, Hb, and water,
respectively.
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Figure 7. The reconstructed HbO, Hb, and Water images for two patients with the Z-net. The first row shows
the Z-net results from a breast cancer patient with a malignant lesion, and the second row is the results from a
subject with a benign lesion. Reconstructed images are overlaid on the DCE-MRI.
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ABSTRACT

Stimulated emission depletion (STED) microscopy is an advanced imaging technique that was first
proposed in 1994 and later experimentally performed. This technique requires two laser beams to achieve super-
resolution imaging. The first laser beam is pulsed and is used to transfer fluorescent dyes to excited states,
generating a fluorescent spot due to optical diffraction. The second laser beam, called the STED laser, has a
larger pulse width and produces a doughnut-shaped spot that selectively deactivates fluorescent dyes lying in the
overlapping region of the excitation and STED laser spots. The doughnut-shaped STED beam suppresses
fluorescence photon emission in the periphery of the excitation beam, ensuring almost zero intensity at the
center, and thus determining the imaging resolution.

To achieve better spatial resolution in STED microscopy, it is important to select appropriate fluorescent
dyes with excellent nonlinear response, especially for biological samples. All the fluorophores around the focal
excitation spot need to be in their fluorescent "off" state to attain exceptionally high resolution since the
stimulated emission rate has a nonlinear dependence on the intensity of the STED beam. The high-resolution
images are obtained by scanning the focal spot across the object. Increasing the intensity of the STED pulses
can theoretically compress the full-width-at-half maximum (FWHM) of the point spread function (PSF) at the

excitation focal spot, as presented in equation (1).

A
Ar = ————MecT0 119 $OpPMYJIbIL. (D)

V1+Imax/Is
Where, Ar is the lateral resolution, A represents the FWHM of the diffraction limited PSF, .o is the peak

intensity of the STED laser, and I stands for the threshold intensity needed in order to achieve saturated
emission depletion.

Where, Ar is the lateral resolution, A represents the FWHM of the diffraction limited PSF, I, is the peak
intensity of the STED laser, and I stands for the threshold intensity needed in order to achieve saturated
emission depletion.

STED microscopy is a powerful imaging technique that can achieve lateral resolutions of 10-80 nm and
longitudinal resolutions of 30-600 nm with high imaging speed. These capabilities have led to its increasing use
in visualizing and understanding complex biological structures and dynamic functions at the nanoscale level in a
wide range of cell and tissue types. However, when used for live cell imaging, the intense laser required for
STED microscopy can cause significant photodamage to cells, tissues, and fluorophores. Additionally, the use
of an intense STED laser beam can accelerate the photobleaching process of fluorophores, which can impede
long-term STED imaging. Therefore, optimizing the STED laser power is crucial to achieving high-quality
STED images while minimizing photodamage and photobleaching.
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Figure: (a) Scheme of fluorescence spatiotemporal modulation (FSTM) nanoscopy. (b) FSTM imaging of
nuclear pore complex (NPC).

In this presentation, | will discuss our recent advances in STED microscopy and related work. Our
research has focused on two major strategies to achieve successful STED imaging with reduced STED laser
power. The first approach involves the development of novel STED imaging techniques, such as adaptive optics
STED, phasor analysis STED, and digitally enhanced STED. These techniques have been designed to lower the
depletion power required during STED image acquisition.

The second significant method to minimize STED laser power involves the development of new
dedicated STED probes and fluorophores with improved photostability and lower saturation intensity (IS). Our
team has successfully developed several new fluorescent materials, including perovskite quantum dots, carbon
dots, organosilicon nanohybrids, and enhanced squaraine variant probes. These materials enable STED imaging
with very low STED laser power, exhibit superior photostability, and much lower saturation intensity compared
to traditional STED probes.

Furthermore, we have developed a dual-color STED microscope with a single laser source, which has
achieved spatial resolutions of 75 nm and 104 nm for mitochondria and tubulin in HelLa cells. These
advancements in STED microscopy hold great promise for improving our understanding of complex biological
structures and functions at the nanoscale level while minimizing the risk of photodamage and photobleaching.

In addition, we have made significant progress by developing a deep-learning-based algorithm for the
generation of super-resolution images directly from diffraction-limited confocal images.
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ABSTRACT

At the beginning of this century, super-resolution fluorescence microscopy techniques have been invented
to break the diffraction limit of traditional optical microscopy, thereby provide unprecedented accesses to life
science researches at the micrometer and nanometer scales. Nowadays, a variety of super-resolution techniques
have been developed continually, which can be mainly divided into two classes: (1) Patterned illumination-
based microscopy involving stimulated emission depletion microscopy (STED) [1] and structured illumination
microscopy (SIM) [2]; (2) Single-molecule localization microscopy (SMLM) such as photoactivated
localization microscopy (PALM) [3] and stochastic optical reconstruction microscopy (STORM) [4]. Owing to
the straightforward principle, relatively easy implementation, and outstanding spatial resolution, SMLM has
gain more and more attention from researchers.

Single fluorophore labels can be switched "on™ and "off" in a controllable manner in SMLM [5].
Afterward, a series of diffraction-limited images featuring each subset of temporarily active and spatially
distinct fluorophores can be acquired by repeated imaging sparse stochastic subsets of blinking fluorophores in a
sample. Individual fluorophores are localized at sub-diffraction precision by finding the centers of their point
spread functions. Finally, the superposition of the calculated particle positions will generate a super-resolution
reconstruction image. Based on the sparse fluorophore detection, localization and superposition, SMLM can
discern and pinpoint individual molecules even with dense labeling, thus allow molecular localization
accuracies at the nanometer level. The spatial resolution of the reconstructed SMLM image is determined by the
number of photons detected from individual molecules, as well as the labeling efficiency or density [6].

The application of SMLM offers new opportunities to resolve the three-dimensional ultrastructure,
organization, and dynamics of subcellular nanostructures at the nanoscale [7]. For instance, dual-color STORM
imaging unveils the fantastic periodic structure of membrane-associated skeleton in neuron synapses [8].
STORM clearly resolves the radial eight-fold symmetry structure of nuclear pore complex [9], the radial nine-
fold symmetry structure of ciliary basal body [10], as well as the nanoscale architecture of necrosomes [11].
STORM also demonstrates the spatial colocalization and functional link of purinosomes with mitochondria [12].
At the meantime, PALM maps the nanoscale protein organization in subcellular molecular assemblies including
focal adhesions [13] and podosomes [14]. On the other hand, SMLM have been widely used to measure the
nanoscale clustering of membrane receptors such as T cell receptors (TCR), glucose transporter GLUT1 and
glutamate receptors (GIuR) [15-17]. Besides, SMLM can also be applied in visualizing the dynamic information
of cellular organelles and proteins in live cells [18,19].

Utilizing three-dimensional (3D)-STORM super-resolution microscopy, we studied the ultrastructural
spatiotemporal organization and regulation of podosome clusters formed in primary mouse peritoneal
macrophages (Figure 1) [20]. Podosomes are actin-based protrusive devices critical for cell migration, invasion,
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mechanosensing and extracellular matrix remodeling [21]. The unique “core-ring-cap” architecture and highly
dynamic natures of podosomes have made them fascinating and attracted many scientists to develop new
technologies for their analysis [22]. We first visualized the nanoscale 3D landscape of individual macrophage
podosomes with ~20/50 nm (lateral/axial) spatial resolution (Figure 1a). We presented rich information on how
podosomes are organized into cluster-like mesoscale superstructures in mouse peritoneal macrophages. 3D-
STORM clearly delineates a snowman-like portrait of macrophage podosome core. Then, we performed dual-
color 3D-STORM microscopy to reveal the nanoscale mutual localization of the F-actin core, paxillin ring, and
myosin A ring in the macrophage podosomes. Through a particle superimposing method, we provide the
precise mutual localization of podosome actin core and ring component proteins. We thus determined a ~90 nm
difference in the axial localization between the paxillin ring and the myosin IlA ring in macrophage podosomes,
which is indistinguishable from diffraction-limited microscopy (Figure 1b). Moreover, by dual-color 3D-
STORM, we revealed a direct mechanical link between podosomes and microtubules cytoskeletons at the layer
of myosin I1A in primary macrophages (Figure 1b). Combined with pharmacological approaches, we suggested
that microtubules physically stabilize podosome clusters formed in macrophages in addition to regulate their
assembly through the commonly assumed Rho/ROCK-myosin 1A signaling (Figure 1c). These results enriched
the information of the nanoscale architecture of podosomes, as well as provide novel insights in the regulation
mechanisms of podosomes.
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Figure 3 3D-STORM reveals nanoscale architecture and regulation of podosome clusters in primary
macrophages. a) The nanoscale 3D landscape of individual podosomes in mouse peritoneal macrophages with
different culture time. b) The spatial relationship of podosome components and the crosslink between podosome
and microtubules revealed by two-color 3D-STORM. ¢) Schematic diagram of the mechanisms on microtubules

disruption-caused disassembly of podosomes in macrophages.

Furthermore, by combination of ultrastructure expansion microscopy (U-ExM) with SMLM, we developed
a method of U-EXSMLM to resolve the skeleton organization of erythrocytes, a textbook prototype for the
submembrane cytoskeleton of metazoan cells [23]. Using poly-I-lysine to treat the glass slide substrate and fix
the expanded gel, we realized resistance to shrinkage at the two-dimensional scale, successfully combining ExM
and SMLM with a 4.3-fold physical expansion. It increases the 25 nm resolution of SMLM to a molecular
resolution of about 6 nm (Figure 2a). We investigated the nanoscale spatial distribution of several skeleton
proteins, including N/C-terms of B-spectrin, protein 4.1, as well as tropomodulin. Our results by U-EXSMLM
were in good accordance with the acknowledged model of erythrocyte skeleton structure. Then, we created
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weak adhesion conditions that can maintain the native biconcave shape of erythrocytes, and performed imaging
with U-ExXSMLM. It was found that spectrin skeleton in the erythrocyte dimple region is longer than that in the
rim region, while the density of the spectrin skeleton in the dimple region is greater than that in the rim region
(Figure 2b). These findings provide direct molecular resolution evidence for the asymmetry of the cytoskeleton
in biconcave human erythrocytes. It also provides a novel super-resolution imaging method for studying the
subcellular structure and functions near-cytoplasmic membrane.
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Figure 2 U-EXSMLM achieves molecular resolution. a) Conventional, U-ExM, STORM, and U-EXSMLM
images of N-termini of p-spectrin of representative erythrocytes. b) U-ExSMLM image of the rim region and
dimple region of a biconcave-shaped erythrocyte with N-termini of f-spectrin labeled. Statistics of density and
the peak of NND (nearest neighboring distance) of the dimple and the rim regions in biconcave erythrocytes.

To sum up, based on SMLM super-resolution microscopy, we elucidate the nanoscale arrangement of
podosome clusters in primary peritoneal macrophages with ~20/50 nm (lateral/axial) spatial resolution.
Furthermore, we demonstrate that microtubules pass through podosomes at the layer of myosin 1A and
physically stabilize podosome clusters in addition to regulate their assembly through the commonly assumed
Rho/ROCK-myosin signaling. We also proposed a strategy for the combination of SMLM and ExM relied on
poly-I-lysine adhering, reaching the molecular resolution of ~6 nm, and directly revealed the asymmetry of the
erythrocyte cytoskeleton, providing a molecular explanation for understanding the unique biconcave
morphology in human erythrocytes. These findings will provide new information and innovative methods for
the exploration of the ultrastructure and function of subcellular nanostructures.
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ABSTRACT

In the past decades, functionalized nanomaterials have well been developed and attracted increasing
attentions in biomedical research. They have found wide applications in biocimaging, biosensing and disease
diagnosis and therapy. However, up to date, there has been very few formulations adopted in clinical practices.
Among all nanomaterials, inorganic nanoparticles, such as semiconductor quantum dots, carbon nanomaterials,
up-conversion nanoparticles, various 2-D nanomaterials, and metallic nanoparticles, have demonstrated
outstanding physicochemical properties in biomedical applications. Recent reports have shown their great
potential in targeted imaging, tracking, drug delivery and therapy. However, almost none of these inorganic
nanoparticles have been approved by the FDA for clinical settings. One of the most discussed hurdles is their
potential risk when introduced in vivo. No matter how many advantages they share, their accumulation in the
major organs and the unclear long-term route in the biological system have greatly discouraged the clinicians.
To sort out this problem, one should thoroughly and carefully examine the interactions between the
nanoparticles and the biological system in details. In this contribution, we would like to introduce the recent
developments in nanoparticle design and the efforts made in understanding the interactions between them and
the biological system, down to the subcellular level. Due to their inert chemical properties, noble metal
nanoparticles were regarded as chemically stable in biological system, and over previous study have shown that
the gold nanoparticles would be intact and last over three months in mice, yet did not cause any adverse
influence to the animal. In this work, gold nanoparticles have been adopted as a model nanoparticle to probe the
interactions between the nanoparticles and the cells. Due to the localized surface plasmon resonance, the gold
nanoparticles could be easily tracked through dark-field imaging and colocalized with subcellular organelles
through fluorescent imaging. Through tracking and imaging, we found that the functionalized gold nanoparticles
were transferred from endosomes to lysosomes and excreted through exocytosis. Also, the cell cycle of the
macrophage was arrested at different stages for nanoparticle with different surface modifications. Further
investigation has shown that the surface modification of the nanorods could alter the interactions between the
nanoparticles and the proteins and lead to different results. The nanoparticles were further labelled with Raman
reporters and the interactions between them and the subcellular structures were probed with Raman
spectroscopy. These findings would provide some details on the nanoparticle—cell interactions and help us to get
a better understanding on this issue.
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ABSTRACT

High-speed and high-resolution imaging for large volume biological samples is always an aspirational
goal of microscopists. The unprecedented developments in optical imaging tools and fluorescence probes have
provided numerous visual access to biological structure and function at cellular resolution, such as confocal
laser scanning microscopy (CLSM), two photon—excited fluorescence laser-scanning microscopy (2PLSM),
light field microscopy (LFM) and so on. Beyond these advanced techniques, however, perfect optical imaging
complex larger volume samples also demands fast acquisition, wide field of view (FOV), protection against
photobleaching and photoxicity and so on. One of promising approaches is light-sheet fluorescence microscopy
(LSFM) combined with the optical clearing methods, which has been proved a powerful choice for large
volumetric imaging in recent years.

Here, we provide two fast optical clearing methods for mouse and human brains, respectively. FOCM is a
nontoxic ultrafast optical clearing method, which could clarify 300-pm-thick mouse brain slices within 2 min
without morphology distortion [1]. The cheap reagents and easy operation make FOCM have great potential in
the exploration of neuroscience. On this basis, we developed a multiscale aqueous method of rapid clearing and
staining for human brain, which achieving high quality transparency of 1mm-thick human brain tissue within 1
day while maintaining deformation (Fig. 1a). Besides, this method can greatly increase the depth of staining and
achieve exploration of the three-dimensional structure of the human brain (Fig. 1b). Overall, our method will
provide great assistance to chart the cellular and molecular architecture of human brain and exploring the
ultimate territory of humanity. In addition, we have developed imaging systems and image processing
algorithms that are suitable for these two transparent methods [2-3], and established a high-throughput 3D
imaging platform.

a Before After

2mm

Figure: (a) Transparency of 1mm-thick human brain cleared by our method.
(b) 3D imaging of 1mm-thick human brain with blood vessels labelled.

148



REFERENCES

[1] Zhu X, Huang L, Zheng Y, et al. Ultrafast optical clearing method for three-dimensional imaging
with cellular resolution. Proc Natl Acad Sci U S A. 2019.

[2] Chen J, Du Z, Xu C, Xiao X, Gong W, Si K. Ultrafast 3D histological imaging based on a
minutes-time scale tissue clearing and multidirectional selective plane illumination microscopy. Opt Lett.
2022.

[3] Hu L, Hu S, Gong W, Si K. Image enhancement for fluorescence microscopy based on deep
learning with prior knowledge of aberration. Opt Lett. 2021.

149



DOI 10.24412/cl-37136-2023-1-39-46

RESEARCH ON SYNERGISTIC IMMUNOTHERAPY TRIGGERED BY PHOTOTHERAPY
WEN SONG, FEIFAN ZHOU

School of Biomedical Engineering, Hainan University

songwen@hainanu.edu.cn
ABSTRACT

In recent years, an increasing number of patients with advanced cancer have benefited from
immunotherapy (1). However, attributing to the heterogeneity of tumors and the limited efficacy of these
therapeutic modalities in eliminating solid tumors, the proportion of benefited cancer patients is less than 15%.
Moreover, some modalities of immunotherapy could also cause side effects mainly due to insufficient targeting,
which could sometimes be even fatal to patients. Therefore, finding efficient modalities of immunotherapy is of
great importance.

Phototherapy, including photodynamic therapy and photothermal therapy, have gained great popularity
among researchers (2). In particularly, phototherapy has a very high precision therapeutic effect on tumor
regions due to its high spatio-temporal selectivity (3), while the toxic side effects on normal tissues are
extremely limited. Therefore, is it possible to develop a synergistic immunotherapy triggered by phototherapy to
achieve precise immunotherapy on tumors?

In this presentation, | will give an introduction to our recent works, which are focused on the development
of strategies on synergistic immunotherapy triggered by phototherapy for tumor therapy.

In the first part (4), we designed and synthesized an amphiphilic chimeric peptide P-1IMT to construct a
strategy of immunotherapy triggered by photodynamic therapy. By designing the certain amino acid sequence,
we combined 1-methyltryptophan (1-MT), a small molecule inhibitor of IDO pathway, with Asp-Glu-Val-Asp
(DEVD), a caspase-responsive peptide sequence. Photodynamic therapy by protoporphyrin (PplX) could induce
tumor cell apoptosis and activate the expression of Caspases-3 to achieve precise release of 1-MT in tumor area,
thereby inhibiting the IDO downstream pathway and ultimately achieving eradication of both primary and lung
metastasis tumor.
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In the second part (5), we designed and developed a photoactivated immunotherapy nanoplatform
(Apt@AuUNC) to construct a strategy of immunotherapy triggered by photothermal therapy. Gold nanocage
(AuNC) was chosen as the photothermal material of the nanoplatform. A single-stranded DNA with a thiol
modification at the 5’-terminus, 5'-SH-T-TTT-TTT-TTT-T-GTA-GTG-CAG-GGA-3', was attached to the
surface of AuNC through gold-sulfur bonds. The aptamer Apt that could target PD-1 protein, 5'-FAM-GTA-
CAG-TTC-CCG-TCC-CTG-CAC-TAC-A-3', is connected to the outermost layer of AUNC through the
principle of complementary base pairing. At the same time, the Apt was modified with a fluorescent molecular
FAM at the 5°-terminus. The fluorescence of FAM was quenched initially due to the localized surface plasmon
resonance (LSPR) of AuNC. When illuminated, the thermal unwinding reaction of DNA double strands was
activated via the heat generated by AuNC. Simultaneously, the aptamer Apt was released from the surface of
Apt@AuNC and the fluorescence of FAM was recovered. Then, Apt combined with PD-1 protein on the surface
of T lymphocytes to activate the immune system in tumor area, while the AUNC continued to kill tumor cells
through photothermal effect.

In the third part (6), we constructed a nanoplatform (M@P@HA) to develop a strategy with amplification
of the activation of STING pathway via photodynamic therapy to achieve activation of the innate immune
system. Under light irradiation, the generated reactive oxygen species (ROS) disrupt the cellular redox
homeostasis to lead cytoplasm leakage of damaged mitochondrial dSDNA which is the initiator of STING
signal. Simultaneously, the decomposition of hollow mesoporous manganese dioxide could significantly
increase the activity of related protein of STING signal to further amplify STING signal of tumor cells.
Subsequently, the STING signal of tumor associated macrophages (TAM) is also activated by capturing dsDNA
and Mn*" escaped from tumor cells, so as to enhance innate immunity and ultimately strengthen the efficacy of
anti-tumor therapy.

In summary, phototherapy-triggered synergistic immunotherapy strategy will provide new ideas for the
clinical application for antitumor precision immunotherapy.

REFERENCES

[1] Kalbasi, A.; Ribas, A. Tumour-Intrinsic Resistance to Immune Checkpoint Blockade. Nat. Rev.
Immunol. 2020, 20, 25-39.

[2] Xiong, J.; Chu, J. C. H.; Fong, W. P.; Wong, C. T. T.; Ng, D. K. P. Specific Activation of
Photosensitizer with Extrinsic Enzyme for Precisive Photodynamic Therapy. J. Am. Chem. Soc. 2022,
144, 10647-10658.

[3] Chen, A.; Yang, F.; Kuang, J.; Xiong, Y.; Mi, B. B.; Zhou, Y.; Hu, J. J.; Song, S. J.; Wan, T,;
Wan, Z. Z.; Huang, H. Y.; Li, X. R.; Song, W.; Qiu, W. X. A Versatile Nanoplatform for Broad-Spectrum
Immunotherapy by Reversing the Tumor Microenvironment. ACS Appl. Mater. Interfaces 2021, 13,
45335-45345.

[4] Song, W.; Kuang, J.; Li, C. X.; Zhang, M.; Zheng, D.; Zeng, X.; Liu, C.; Zhang, X. Z., Enhanced
Immunotherapy Based on Photodynamic Therapy for Both Primary and Lung Metastasis Tumor
Eradication. ACS Nano 2018, 12, 1978-1989.

[5] Song, W.; Hu, J.-J.; Song, S.-J.; Xu, Y.; Yang, H.; Yang, F.; Zhou, Y.; Yu, T.; Qiu, W.-X,,
Aptamer-Gold Nanocage Composite for Photoactivated Immunotherapy. ACS Appl. Mater. Interfaces
2022. 14, 42931-429309.

151



[6] Song, W.; Song, S. J.; kuang, j.; Yang, H.; Yu, T.; Yang, F.; Wan, T.; Xu, Y.; Wei, S. T.; Li, M.
X.; Xiong, Y.; Zhou, Y.; Qiu, W. X.. Activating Innate Immunity by a STING Signal Amplifier for Local
and Systemic Immunotherapy. ACS Nano 2022. 16, 15977-15993.

152



DOI 10.24412/cl-37136-2023-1-153-153

INSTRUMENT DEVELOPMENT AND APPLICATIONS OF LASER SPECTROSCOPY/MASS
SPECTROMETRY

YIXIANG DUAN! QINGYU LIN!, WENWEN LI* AND ZHONGJUN ZHAO*

!School of Mechanical Engineering, Sichuan University, China
yduan@scu.edu.ch

ABSTRACT

At present, cancer seriously hampering the increasing life expectancy, developing an instant instrument
and method has become an urgent objective. We developed a series of analytical instruments and further use
them to recognition of tumor cells or early diagnosis of lunger cancer. We further focused on the analysis of
tumor cells and tissue with Laser-induced breakdown spectroscopy. LIBS instrument and method can be used
as the diagnostic analysis of clinical lung cancer tissues based on label-free imaging. The tumor cell can be also
recognized by the corresponding aptamer sequence and can be detected by this SERS method. We proposed a
novel PTR-TOF-MS instrument and developed a novel diagnostic method based on the detection of expired gas.
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Figure: Diagnostic lung cancer with the PTR-TOFMS instrument.
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ABSTRACT

Fiber-optic-based localized surface plasmon resonance (FO-based LSPR) is a label-free analytical
technique for directly analyzing cancer cells. FOs with different geometries have been reported to improve the
sensitivity, including U-shaped” # and Q-shaped fiber optic®®. The Con A-modified U-shaped fiber optic enables
a sensitive cytosensor for breast cancer cells. The limit of detectionof U-shaped fiber optic is 29-fold higher than
that of the traditional straight one?. Further, an original Q-shaped FO (Q-FO) with high refractive index
sensitivity was fabricated®. It was demonstrated that the enhanced binding area in Q-FO improves sensitivity for
cancer cell detection®. Due to the advantages of simple operation, compactness, and ease in fabrication, Q-FO-
based LSPR shows a promising application for cytosensor. Further, the induction of gold nanoparticles into gold
nanorods for hybridized nanolayers enhances the electronic field and plasmonic photothermal effect®. Therefore,
the Q-FO-based LSPR shows great potential for a new platform for diagnosis and treatment of cancer.
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ABSTRACT

Acute pharyngotonsillitis (PT) is a common clinical condition found in medical emergency outpatient
clinics[1]. It can be broadly categorized as infectious (usually viral or bacterial) and non-infectious diseases.
However, the symptoms of viral pharyngitis largely overlap with pharyngitis caused by treatable pathogens such
as group A beta-hemolytic Streptococcus (SBHA)[2]. These clinical conditions present symptomatic pictures of
serious conditions such as acute HIV infection and highly contagious infections such as coronavirus disease
2019. Although SBHA are always susceptible to penicillin, treatment failure occurs in up to 20% of treated
patients[3]. Interruption of antibiotic therapy, the patient's immune status, internalization of SBHA, and
penicillin tolerance may be the cause of the standard treatment failures. SBHA recovered from tonsils of
patients, even those with tonsillectomy, can produce beta-lactamase that protect SBHA by inactivating penicillin
in recurrent infections. Antimicrobial Photodynamic Therapy (aPDT) is a multistage process that includes
topical photosensitizer (PS) administration, light irradiation, and interaction of the excited state with ambient
oxygen, which has demonstrated antimicrobial activity in vitro and in vivo. The reactive oxygen species
produced by photoactivation have non-specific targets of action including proteins, lipids and nucleic acids
present in microbial cells. An clinical research was composed by PT treatment using PDT in adults with the
objective of evaluating the therapeutic efficacy as a adjuvant. The participants underwent a rapid test for the
detection of SBHA. Participants with streptococcal PT were divided into two groups: Group Al = Antibiotic
therapy + PDT; Group A2 = Antibiotic therapy + PDT placebo. Participants with non-streptococcal PT were
divided into two groups: Group B1 = PDT; Group B2 = PDT Placebo.It was possible to observe in addition to
PDT being safe in the treatment of PF presented a gain in the therapeutic effect with the association with the
conventional treatment of acute PT caused by Streptocuccus sp. PDT acting locally to fight the infection caused
the death of pathogenic bacteria and may aid in the repopulation of bacteria in the normal flora of the
oropharynx that may have helped to fight the infection. The results showed that PDT can be indicated to avoid
antibiotic failures in the treatment of PTs, as these cases are increasing by 10% every 10 years in some
countries, which underlines the importance of the study. The cases of non-GABHS PT, caused by
Fusobacterium necrophorum, Staphylococcus aureus, Group B Beta-hemolytic Streptococcus and virus, showed
a reduction in symptoms in PDT referring to the same time of symptomatic treatment. PDT may be a treatment
option for these cases, considering that we have observed a reduction in some symptoms characteristic of the
infection.
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ABSTRACT

Melanoma is a pigmented tumor that originates from melanin-producing cells called melanocytes.
According to the National Cancer Data Base (NCDB-US), approximately 91.2% of melanomas originate in the
skin [1]. Its main cause is prolonged exposure to the sun, especially in childhood and adolescence, due to
ultraviolet rays (UV) [2]. Even representing only 5% of skin cancers, it is the most aggressive and invasive type,
due to its high possibility of causing metastasis, being responsible for the highest rate of deaths from skin
cancer, with approximately 80% to 85% [3]. First-line diagnostic procedures include clinical analysis of the
lesions, mainly their ABCDES macroscopic characteristics, which are evaluated in terms of asymmetry, borders,
diameter, color and evolving [4]. Dermoscopy is also performed, which is a noninvasive means of evaluating
suspicious lesions using magnification and light to visualize structures in the epidermis and superficial dermis
that are not visible in routine exams with the naked eye [5]. When malignancy is suspected, an excisional biopsy
is performed, where the melanoma is confirmed by histopathological examination. In the initial stages, the most
used treatment today is surgery [6,7]. In more advanced cases, palliative treatments such as radio, chemo and
immunotherapy are used. The difficulty in finding an effective treatment is mainly due to the presence of
melanin: a highly absorbing and light-scattering agent, in addition to having an antioxidant and photoprotective
action [8-10]. Knowing the limitations of melanoma treatment, new therapies such as photothermal therapy
have been studied. It needs a molecule that is sensitive to light (photosensitizer) and to light in the NIR region
(700-2000nm). By absorbing the energy from light, the photosensitizer goes to an excited state of higher energy
level and undergoes a process called vibrational relaxation, where it returns to its fundamental state of energy,
releasing heat [11,12]. This increase in temperature causes protein aggregation and denaturation, cytosol
evaporation and cell lysis, leading to cell and tissue death. In biological systems, the range of 42 to 60°C is
known as hyperthermia, and this is where conformational changes occur in molecules, accompanied by
destruction of bonds and membrane changes and cell immobility. At 60°C, protein and collagen denaturation
occurs, which leads to tissue coagulation and cell necrosis [13]. The photosensitizers with the best response to
photothermal therapy are nanomolecules with strong absorbance in the infrared region [14]. Indocyanine green,
used as a fluorescence imaging probe, is an FDA-approved photothermal agent with low dark toxicity and rapid
clearance by the liver [15,16]. Because it has these characteristics, it has been studied encapsulated in
nanoparticles or associated with drugs [17,18], for example. However, no study showed melanoma eradication
in vivo. Therefore, we have been investigating the use of an ICG nanoemulsion (NanolCG) developed by Prof.
Gang Zheng (University Health Network, Toronto, Canada), differing from other photothermal nanoparticles,
since the ICG is not located inside the nanoparticle, but outside, and its interior is composed of glycerol
trioctanoate (Figure 1). Its physical-chemical characterization demonstrated the stable formation of dimers and,
therefore, greater applicability for photothermal and photoacoustic applications.
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Figure 1: (A) Estructure of NanolCG; (B) Molecule ICG.

The animals used are immunosuppressants, balbC/nude and B16F10 melanoma cells injected
intradermally. Treatment was performed when the tumor reached 3mm in thickness. Two concentrations of
NanoICG (100 and 200uM) and two irradiances (1 and 0.5W/cm2 ) were tested in an in vivo model for
intratumoral administration. The nanoemulsions were also administered intraperitoneally and its kinetics and
treatment responses were measured by intradermal needle and thermographic camera. This group received 9.6
mg/kg of NanolCG and were irradiated with 0.5 W/cm2 for 10 minutes. So far, the group that presented the best
results was with 200 uM of NanoICG intratumorally. The control group had a temperature increase of 12°C,
which is expected since melanin is a highly light absorbing component and the treatment one of 33°C. With the
thermographic camera, it was possible to visualize a localized temperature increase, meaning that the molecule
did not spread to other tissues (Figure 2).

Figure 2: (A) Cinical image of melanoma; (B) Thermographic image while the tumor was being
irradiated.

The Kepler-Meier curve was performed for the best experimental group, where within 25 days there was
no tumor regrowth (Figure 3-A). Qualitatively, the tumors right after irradiation showed a whitish aspect due to
the damage caused by the treatment and there was growth of a scab, showing a therapy-induced tumor necrosis
(Figure 3-C). On the fourteenth day of treatment, there was skin regeneration in 67% of the animals and the
absence of melanoma cells Immunohistochemical analyzes are being carried out to confirm with certainty that
there were no remnants of tumor cells, and studies are also being carried out to determine whether there was any
type of metastasis. Intravenous administration will also be performed and finally associate photothermal therapy
with optical clearing agents (OCAS).
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Figure 3: (A) Kepler-Meier curve for intratumoral administration of 200 uM and systemic administration
of 3.1mM; (B) Cinical image of melanoma before treatment; (C) Melanoma 3 days after treatment; (D)
Melanoma after 14 days of treatment with regrowth.

OCAs are non-toxic hyperosmic compounds with a refractive index ~ 1.4. They promote local osmotic
dehydration, and tissue refractive index matching, reducing light scattering and improving the light penetration
into the tumor [19-22]. Our group has previously demonstrated its potential to enhance light-based therapies in
cutaneous pigmented melanoma, enabling the eradication of lesions with up to 1mm in thickness, using
photodynamic therapy [23,24]. When the treatment is associated with clearings, it has already been verified that
the light reaches deeper into the melanoma, making it more optically homogeneous [25]. Therefore, associating
photothermia with OCAs leads us to believe that the response to treatment will be even more effective and the
best protocol tested so far.
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ABSTRACT

The ageing of the global population is one of the most important medical and social demographic
problem worldwide. According to World Health Organization, in 2020 there was 1 billion people aged 60 years
and over and this population will double by 2050 [1]. In Brazil, elderly population corresponds to 14.7% in
2021 and they increased 39.8% in the last nine years [2]. In this scenario, illness and the well-being of elderly
population became a global public health challenge. Especially in this population, edentulism (or teeth lost) is a
healthcare problem associated with education and income status [3], leading to masticatory dificulties, speech
alteration, impairment of systemic health, self-steem, and social life (4). Although the complete edentulism has
decreased, partial edentualism has increased [5] and dental prostheses are required to restore the functions of the
oral cavity. In addition to edentulism, elders may suffer from chronic diseases and debilitating conditions, such
as Alzheimer, Parkinson, cancer, immunosuppression, etc., which affect their ability to selfcare, including oral
hygiene [6]. Thus, elderly people may be more prone to oral diseases, such as caries, periodontal diseases, and
also oppotunistic infections caused by fungi. Oral candidiasis is the most common oral fungal infection caused
by species of Candida and associated with systemic and local predisposing factors, such as diabetes, antibiotic
therapy, reduced salivary flow (xerostomia), poor hygiene, and, especially, immunosuppresion [7]. As
opportunistic infections, yeasts thrive when the host’s immune defences are debilitated. Among the
manifestations of oral candidiasis, denture stomatitis is a chronic infection of oral mucosa beneath the denture
characterized by mucosa inflammation ranging from to red dots to hyperplasia, usually without symptons, and
with high prevalence in women [8]. An in vivo study with rats demonstrated that dentures with Candida
albicans induce a shift in the oral microbiome from aerobic, health-associated species to anaerobic,
inflammatory species [46]. Oral candidiasis may spread to oropharynge, causing oropharingeal candidiasis [9],
and in immunosupprised patients the infection may reach the blood stream and cause candidemia, which have
high mortality rates and it is a relevant nosocomial infection [10]. The genus Candida encompasses more than
150 species, but only a few are responsible by infections: C. albicans, C. glabrata, C. tropicalis, C. krusei, C.
parapsilosis, C. guilliermondii, C. dubliniensis, and C. lusitaneae [11]. C. albicans is the most prevalent and
virulent species found as commensal in the human body, such as skin, oral and genital mucosae. Among the
virulence factors shown by C. albicans, polymorphism is the most striking feature and corresponds to the ability
of reversebly changing its round shape cell morphology of yeast to elongated filamentous form of hyphae
(parallel sides without constiction) and pseudo-hyphae (eliptical cells with constrictions) (Figure 1) [12]. The
filamentous form is pathogenic, able to invade the host’s epithelium and promote infection [13]. Other species,
despite less virulent, are isolated from infections alone or with C. albicans, they show intrinsic resistance to
antifungal agents, such as C. glabrata and C. krusei [14], and C. tropicalis is the most virulent non-albicans
species commonly verified in Latin America and Asia [15]. The treatment of ora candidiasis involves the use of
antifungal agents, which may be topical or systemic. Different from the wide range of antibiotics, there are only
three classes of antifungal agents available commercially: polyenes, azoles, and echinocandins [16]. Different
from bacteria, fungal cells are eukariotic cells, similar to mammalian cells, and hence they share similar
features, which hinder the development of antifungal agents against specific fungal targets without cytotoxicity
to the host. Polyenes (nystatin and amphotericin B) were the first antifungal agents discovered in 1949 and
clinically used [16,17], they bind to the ergosterol and disrupt the fungal cell membrane. Therefore, they are
fungicides, but nystatin is only topical and amphotericin B, despite systemic, has nefrotoxic side effect. In the
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1960s, the first azoles (imidazoles) were introduced in the market, such as ketoconazole, miconazole,
clotrimazole; they inhibit an enzyme responsible for the synthesis of ergosterol, thus they are fungistatic and,
most of them, topical [16,18]. In the 1980s, in parallel to the HIV pandemic and other immunosuppression
conditions caused by the development of medicine, such as organ transplantations, opportunistic fungal
infections rose and the triazole drugs (fluconazole, itraconazole, voriconazole) emerged and revolutionized the
antifungal treatments of systemic fungemia due to their efficacy and safety [16,19]. However, the widespread
and the miuse of azoles brought up the problem of antifungal resistance, which is currently a big challenge of
public health and involves all classes of antifungal drugs [20]. In 2020s, a new class of antifungal drugs,
echinocandins (caspofungin, micafungin, and anidulafungin), was introduced in the market, they inhibit the p-
glucan of the fungal cell wall, they are fungicide against some specias and fungistatic against other yeasts and
they are systemic only administered by intravenous route [16,21]. Although these antifungal agents have
demonstrated efficacy against superficial and systemic fungal infections, some species has developed resistance
against one or more classes of antifungal agents and new species has emerged with multidrug resistance, such as
Candida auris [22]. Therefore, this current scenario has imposed the search of new therapeutic modalities.
Antimicrobial Photodynamic Therapy (aPDT) has been empolyed as an alternative or adjuvant method against
Candida spp. and candidiasis in in vitro and in vivo studies, including animal models and clinical trials [23-26].
Several photosensitizers (PS) have been used, from first to third generation, such as porphyrins, clorins,
phthalocyanines, curcumin, etc. But studies have shown that planktonic (free-floating cells) are more susceptible
to aPDT than biofilms [23,24], which are complex communities of microrganisms attached on a biotic or abiotic
surface and encased in a selfproduced polymeric matrix [27]. The matrix acts as a barrier that protect microbial
cells against external antimicrobial agents and the host’s immunity cells. Therefore, cells in biofilms are tolerant
to antimicrobial approaches and infections caused by them are difficult to treat. This is the reason why several
studies have been shown that, although planktonic cultures have been suscessfully inactivated by aPDT,
biofilms have shown only reduction in their viability. When Photodithazine (PDZ) was used as a PS in aPDT
against strains of C. albicans, C. glabrata, and C. tropicalis, their planktonic cultures showed complete
inactivation or reduction raging from 4 to 5 log10, while their biofilm cultures have their viability reduced by
60% to 70% [28]. However, clinical infections, including oral diseases, are not caused by monospecies biofilms,
but instead they are characterized by multispecies biofilms, where the pathogens share a consortium of mutual
benefits. When a multispecies biofilm formed by C. albicans, C. glabrata, and Streptococcus mutans (the main
bacterium involved in dental caries) was submitted to PDZ-mediated aPDT, significant reduction in their
viability was observed, but the biofilm biomass was not reduced, suggesting that aPDT inactivated the microbial
cells, but was not effective in disrupting the biofilm structure [29]. Therefore, an effective therapy may require
several applications of aPDT instead of a single one. Using the same multispecies biofilm, three applications of
PDZ-mediated aPDT resulted in higher inactivation than a single application, reducing the biofilm viability and
also its total biomass [30]. aPDT mediated by PDZ was also used in vivo for the treatment of oral candidiasis in
mice. It reduced the fungal load on the tongue of mice without harm the tissue [31] and demonstrated similar
results to nystatin [25]. Similar efficacy was observed in vivo against fluconazole-resistant strains of C. albicans
[32]. The biofilm maturation also influences its susceptibility to photoinactivation. Thus, the multispecies
biofilm grown at 24 and 48 hours was submitted to aPDT mediated by curcumin (CUR), and 24-h biofilm
showed higher reduction of viability and total biomass than 48-h biofilm [33]. aPDT mediated by CUR also
inhibited biofilms of C. dubliniensis [34], a species genetically similar to C. albicans discovered in oral
candidiasis of a HIV patient. CUR is an interesting PS because it is a natural compound with several therapeutic
properties, such as antioxidant, anti-inflammatory, anticancer, and antimicrobial activities. However, CUR is not
soluble in water (lipophilic) and unstable in solution, requiring toxic solvents, which hinder using CUR in vivo.
Therefore, drug delivery systems have been employed to carry and solubilize CUR [35]. When CUR was
encapsulated in polymeric nanoparticles and used as a PS against single and multispecies biofilms of C.
albicans, S. mutans and methicillin-resistant Staphylococcus aureus (MRSA), the nanoparticles showed suitable
chemico-physical properties and photoinactivation. Although cationic (positive charge) nanoparticles were more
effective than anonic (negative charge) ones on biofilm photoinactivation, cationic nanoparticles were cytotoxic
[36]. These nanoparticles were also used as PS in vivo in a murine model of oral candidiasis and significant
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reduction of C. albicans from the tonghe of mice was verified without toxic effect on tissue, although the
application of nystatin resulted in higher fungal inactivation [37]. However, in these studies the efficacy of
CUR-loaded nanoparticles was lower than free CUR, which could be attributed to slow release of CUR from
nanoparticles, which may be a shortcoming for topical use. Therefore, recently a smart nanosystem, a
photoresponsive micelle was developed to load CUR and to be used as PS in aPDT. The photo-responsive
micelle showed nano features similar to convencional micelles, improved the CUR release, and demonstrated
photoinactivation of biofilms of C. albicans, MRSA, and Pseudomonas aeruginosa similar to CUR loaded in
conventional micelles [38]. When nanotechnology is employed against microbial cells and biofilms, ideally the
nanosystem should be cationic, i.e., it should have positive superficial charge. The superficial charge of
microbial cell wall and of biofilm matrix is negative (anionic) due to their composition of polyssaccharide and
also extracellular DNA in the matrix. Thus, the attraction between the different charges improves the
antimicrobial activity [39]. Another PS, a phthalocyanine loaded in cationic nanoemulsion, demonstrated
photoinactivation of a multispecies biofilm of C. albicans, C. glabrata, and S. mutans, although the total biomass
was not reduced [40]. When used in vivo, aPDT mediated by phthalocyanine in cationic hanoemulsion also
reduced the viability of C. albicans recovered from oral candidiasis in mice without adverse effect on the
tongue’s tissue [41] and reduced the virulence factors of adhesion and biofilm formation of C. albicans [42].
Other strategies have been also used to improve the photoinactivation of biofilms. The combination of aPDT
with nystatin in a in vivo model of oral candidiasis resulted in reduction of C. albicans resistant to fluconazole
and remission of the lesions on the mice’s tongue [43]. The association of aPDT with Sonodynamic Therapy
(SDT) demonstrated increased efficacy against biofilms of C. albicans compared with each therapy used alone,
reducing both the fungal viability and the biofilm biomass [44]. Some drugs are able to reverse antimicrobial
resistance by inhibiting the efflux pumps, which are transporters on microbial membrane that carry
antimicrobial agents out of the cell. CUR acted as a efflux pump inhibitor of C. albicans, increasing its
susceptibility to fluconazole and showing synergism with this antifungal agent. Although CUR-mediated aPDT
reduced the viability fluconazole-resistant C. albicans in vitro, in vivo model using systemic infection of the
larvae Galleria mellonella demonstrated that aPDT mediated by CUR did not increase the larvae survival neither
reduced the recovery of C. albicans from larvae. Moreover, verapamil, a calcium blocker, was more effective as
efflux pump inhibitor, incresing the survival of larvae infected with C. albicans resistant to fluconazole [45]. A
clinical trial demonstrated that aPDT mediated by PDZ was effective as nystatin in the treatment of denture
stomatitis, despite recurrent of lesions after both treatments [26]. All these studies have demonstrated that
biofilms are still a challenge to be combated, despite all the technologies and recent advanced of aPDT. The
combination of therapies aimed to target the biofilm matrix and also (but not only) the microbial cells demands

further investigations.
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Figure 1: Morphological forms of Candida albicans: yeast (A), hyphae (B), and pseudo-hyphae (C)
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ABSTRACT

Background. Over the past few decades, Solid Lipid Nanoparticles (SLNs) have demonstrated their
potential as an alternative drug delivery system by overcoming the limitations of polymeric micro and
nanoparticles, liposomes, and emulsions [1]. Solid lipid nanoparticles are site-specific and sub-colloidal lipid-
based nanoparticles composed solid lipid core (within which the drug is located depending on its hydrophobicity
or hydrophilicity) surrounded by a surfactant, which increases the drug stability, the stability and entrapment
efficacy of the drug-loaded system. These particles have numerous benefits, including safeguarding sensitive
compounds from harmful environmental factors like moisture, light, and pH [2,3]. Biological activity would be
greatly diminished if this protection were not provided for the compounds [4]. In addition, SLNs have also
enhanced the biocompatibility and delivery of lipophilic and hydrophobic drug molecules with natural active
ingredients such as Tea tree oil and lauric acid in various medical applications. Therefore, the present study
aimed to formulate, characterise, and determine the antibacterial effect of the Lauric acid (LA) and Tea Tree oil
(TTO)-loaded Solid Lipid Nanoparticles (LT-SLNSs). Lauric acid and TTO are hydrophobic drug molecules that
have difficulty penetrating the skin's epithelial tissue. Lauric acid is a carbon-12 saturated fatty acid commonly
found in palm kernel and coconut oil [5]. Lauric acid possesses good thermal, antibacterial and anti-
inflammatory properties that effectively combat both Gramnegative and Gram-positive bacteria. Additionally, it
facilitates cell migration and preserves the sterility of the wound bed. On the other hand, TTO contains several
compounds, including p-cymene, 1,8-cineole, terpinen-4- ol, and y-terpinene. These compounds are known to
possess antiseptic, antibacterial, and anti-inflammatory properties that work against both gram-negative and
gram-positive bacteria [6,7]. Therefore, using Stearic acid Solid Lipid Nanoparticles to deliver these drugs to the
site of the wound is advantageous. This is because SLNs containing stearic acid have a high entrapment
efficiency and are uniform in size , making them a potentially effective targeted preparation for epidermal
delivery [8]. Furthermore, the usage of Tween 80 to stabilize SASLN results in a reduction of surface energy
and prevents crystal growth. This ultimately leads to the production of smaller nanoparticles [9].

Methodology. The LT-SLNs were prepared by homogenization method at 17,500 rpm for 30 minutes.
The prepared LT-SLNs were then cooled at room temperature to allow the SLN formation. Following this, the
LT-SLNs were then filtered using a 200 nm sterile syringe and stored at 2°C. The LT-SLNs formulation surface
charge, composition, and appearance were analyzed using techniques such as Zeta potential and size, HR-TEM,
XRD, and FTIR. To determine its efficacy against bacterial cells, Pseudomonas aeruginosa was used.
Evaluation methods included bacterial Growth Kinetics, Kirby-Bauer Disk Diffusion, Live/dead cell analysis
using flow cytometry, and bacterial membrane damage study.

Results. Stearic acid, lauric acid and Tea tree oil were dissolved in 99% ethanol and the LT-SLNs were
prepared by homogenization at 17,500 rpm for 30 minutes. Table 1 represents the polydisperse index (PDI),
average particle size, and surface charge (Zp) of the SLN and LT-SLN formulations. In addition, an XRD
experiment was also performed to demonstrate the crystallographic structure and chemical composition for all
SLN and LT-SLN formulations compared to the standard lauric acid and stearic acid standard XRD readings. In
addition, the minimum inhibition concentration results are shown in Figure 1.

Table 1: Surface charge (Zeta potential) Particle size distribution of SLN and LT-SL.
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Formulation | Average Particle size | Zeta Potential (mV) Particle density Index
Distribution (PSD) (d.nm)
F1 239.58 £7.96 -9.36 + 3.89 1.000
F2 284.7+17.74 -13.2+5.30 1.000
F3 2124 +13.20 -12.1+4.53 1.000
F4 344.7+£16.13 -9.05 + 5.20 1.000
F5 270.1 £0.931 -12.3+3.78 1.000
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Figure 1: Growth Kinetic study for the formulated SLN and LT-SLNs using P aeruginosa A) MIC 12,5
Trial 1 and B) 12,5mg/ml Trial 2 for P aeruginosa bacterial study.

Conclusion. This study discussed the potential process of preparing, characterisation, and antibacterial
effect of SLNs and LTSLNs and it may be useful for the treatment of pathogen-infected wounds. The SLNs and
LT-SLNs were welldesigned with good physicochemical properties and biocompatibility,which allowed them to
penetrate deep into the bacterial membrane of P. aeruginosa displaying their antibacterial effect. This makes
them suitable for the treatment of pathogen-infected wounds.
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ABSTRACT

Diabetic wounds present a significant healthcare burden due to their failure to progress through the usual
phases of healing within the expected time, leading to decreased cellular migration, skin ulceration, and
impaired wound healing. Complications arising from these wounds, such as lower extremity amputation, can
decrease patient quality of life and result in premature death. Photobiomodulation (PBM), previously known as
low-level light therapy (LLLT) or cold laser therapy, is a non-invasive medical treatment that uses low-intensity
light sources to stimulate cellular activity and aid healing in various tissues. This therapy has been researched
for its ability to aid wound healing, decrease pain and inflammation, and increase tissue repair. However, the
mechanisms that aid the induction of cell migration and survival using an 830 nm laser are poorly understood.
Therefore, the present study was designed to evaluate the therapeutic efficacy of near-infrared (NIR) PBM at
830 nm in wounded and unwounded human skin fibroblast (WS1) cell models. Models were exposed to an 830
nm diode laser at a fluence of 5 J/cm2 , unirradiated models (0 J/cm2 ) were used as controls. Post-PBM, the
Trypan blue exclusion assay and CellTiter-Glo® 3D Cell Viability Assay (measures adenosine triphosphate
(ATP) luminescence) were used to determine the population of viable cells at 24 and 48 h. Morphological
changes and migration rate in wounded models was also evaluated at 0 h and 24 h. PBM significantly increased
cellular migration and enhanced cell viability, thus improving wound healing in diabetic conditions in vitro at
830 nm.

BACKGROUND

Diabetes mellitus (DM) refers to a group of chronic metabolic disorders that are characterized by
increased blood sugar levels over an extended period. It is worth mentioning that this medical disorder can occur
when the normal physiology of the pancreas is dysfunctional (i.e., Type | DM) or cells are unable to use the
insulin produced by the body (i.e., Type Il DM). The role of insulin is to regulate the body's uptake and
assimilation of blood glucose [1]. Patients with DM are likely to develop major complications, such as stroke,
cardiovascular diseases, retinopathy, angiopathy, neuropathy, and chronic non-healing ulcers, often on the lower
limbs. The projected prevalence of DM in individuals aged 20 to 79 is anticipated to rise to 643 million by the
year 2030, with a further increase to 783 million by 2045 [2]. Current treatment options have shown to be
largely ineffective, highlighting the need for developing innovative strategies to enhance diabetic wounds. PBM
is the non-invasive application of predominantly red and NIR light to stimulate and accelerate cellular processes
to promote tissue repair and regeneration, wound healing, and reduce inflammation [3]. PBM is useful in the
treatment of various disorders and chronic non-healing wounds, including diabetic wounds [1]. Therefore, this
study was designed to investigate the effects of NIR PBM at 830 nm in a wounded and diabetic wounded cell
model.

METHODOLOGY

Cell culture and experimental models This study used commercially available human skin fibroblasts,
WS1 (ATCC®, CRL 1502TM), to create four models, namely, normal (N), normal wounded (NW), diabetic
(D), and diabetic wounded (DW). A wounded cell model was created by performing a central scratch on the
monolayer of WS1 cells seeded in 3.5 cm diameter tissue culture plates using a 1 mL sterile pipette [4]. The
cells were incubated for 30 min post-wounding and before irradiation to allow the cells to acclimatize. A
diabetic model was made by continuously culturing the cells in Minimum Essential Medium (MEM) containing
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an additional 17 mM D-glucose. The diabetic cells were grown in a final glucose concentration of 22.6 mM
since the media already contains 5.6 mM glucose [5]. Experimental cells were irradiated with a fluence of 5
J/icm2 at a wavelength of 830 nm and incubated for 24 and 48 h post-PBM. Non-irradiated cells (0 J/cm2 )
served as controls. Schematic representation is shown in Figure 1.

A central scratch was created =\
using a | ml. sterile pipette to u = An inverted light microscope
muke wounded cell models. [ was used for cell morphology
2 "‘ at 0 h, 24 h and 48 h post-
/ = irradiation,
Cells were sceded in 3.5 ecm >4 / [ ]
diameter ussue culture plates i 4
and allowed to attach overnight. / 2
= = ,j'i Yy / Cellular viability was mcasured
g ¢ e using the Trypan blue exclusion
\\‘ — —> — m | assay at 24 h and 48 h.
WS1  Cells were continuously cultured in All cell models were incubated for \ Adenosine Triphosphate (ATP)
Minimum Essential Medium (MEM) containing 30 min before laser irradiation at luminescence assay was used to measure
5.6 mM glucose and additional 17 mM was a wavelength of 830 nm with a , cellular viability at 24 h and 48 h.
added to produce diabetic models, achieving a fluence of 5 Jiem® and incubated
high glucose concentration of 22.6 mM. for 24 h and 48 h post-irradiation.

Figure 1. General overview of the study methodology.

Morphological analysis and cell migration

Cellular morphology and migration were determined by inverted light microscopy. Three images per cell
culture plate were captured; images along the central scratch in wounded models (NW and DW) were taken in
the same place. The wound distance (in um) between the wound margins was measured using the microscope
software (cellSens) at different time intervals over a period of 48 h (0, 24, and 48 h) to capture cell migration.
The measured wound distances were used to calculate the migration rate using the following formula: Aty -
Atime/ Aton, X 100, where Atg, is the scratch area at 0 h and Atgqe is the correspondent scratch area at different
time points [6].

Cellular viability

The Trypan blue exclusion assay and CellTiter-Glo® 3D Cell Viability Assay (Promega, G9681) were
used to determine cell viability. Trypan blue is a dye that is used to determine the number of viable cells, and its
principle is based on dye exclusion; dead cells take up the dye due to their permeable cell membrane, while live
(viable) cells do not take up the dye as their cell membranes are impermeable. Equal volumes (10 pL) of dye
and cells were mixed and 10 uL loaded into a counting chamber. Viable (unstained) and non-viable (stained)
cells was counted and reported in percentage using the automated cell counter (Invitrogen Countess Il FL). The
CellTiter-Glo® 3D Cell Viability Assay determines cell viability measuring the amount of ATP produced by
metabolically acive cells. Briefly, equal amounts of Cell Tilter-Glo Reagent and cells (50 uL) were added and
mixed on an orbital shaker for 2 min to induce cell lysis, followed by a 10 min incubation in the dark to stabilize
the luminescent signal. Luminescence was read in Relative Light Unit (RLU) on a multilabel counter (Perkin
Elmer, VICTOR3™, 1420). Statistical analysis

All experiments were repeated three times (n=3). SigmaPlot version 14 (Systat Software, Inc.) was used
for statistical analysis. Statistical differences between groups were determined by the Student t test. Results are
shown as standard error of the mean (SEM), and statistical significance compared to the controls in the graphs
are shown as *p

RESULTS AND DISCUSSION

Morphological analysis and cell migration rate

Morphological changes were observed using an inverted light microscope across all cell models, namely,
N, NW, D, and DW at 0 h, 24 h, and 48 h post-PBM. In both non-irradiated (0 J/cm2 ) and irradiated (5 J/cm2)
cell models, high glucose concentrations had no effect on cellular shape. The cells kept their flat, elongated
spindle form (Fig. 2). However, irradiated wounded cells demonstrated an accelerated cell migration from the
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wound margins into the wound site (central scratch) compared to the non-irradiated cells (Fig. 3), where the
wounds were partially or entirely closed at 48 h. The results of the present study are similar to those reported by
Kasowanjete et al., [7] and Mokoena et al., [8]. This is in agreement with the results for migration rate, where a
significant increase was observed in both NW (P=0.03) and DW (P=0.005) at 24 h (Fig. 4). This suggests that
PBM at 830 nm with a fluence of 5 J/cm2 stimulates cellular migration and promotes wound closure.

N 0 J/em? N 5 J/cm? D 0 J/cm? D 5 J/cm?

24 h

48 h

200 pm |

, .
Figure 2: Micrography showing the morphology of non-irradiated (0 J/cm2 ) and irradiated (5 J/cm2)
normal (N) and diabetic (D) WS1 cell models at O h, 24 h and 48 h post-PBM using an 830 nm laser diode. No

cellular morphological differences were observed across all models as they retained their basic morphology
post-PBM.
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Fig_ure 3: Representative micrographs showing the morphology and migration of non-irradiated (0 J/cm2
) and irradiated (5 J/cm2 ) normal wounded (NW) and diabetic wounded (DW) WS1 cellsat O h, 24 h, and 48 h
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post-PBM using an 830 nm laser diode. Irradiated cells displayed accelerated cell migration into the central

scratch to establish wound closure.
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Figure 4: Migration rate (%) in non-irradiated (0 J/cm2 ) and irradiated (5 J/cm2 ) normal wounded
(NW) and diabetic wounded (DW) WSL1 cells 24 h post-PBM using an 830 nm laser diode. Significant
probability is shown as * p<0.05 and **p<0.01 (£SEM)
Cellular viability
Cellular viability was assessed using the Trypan blue exclusion assay, which measures the
number of viable and healthy cells in irradiated and non-irradiated cell models at 24 and 48 h (Fig. 5 and 6). At
24 h, the variation between the controls and PBM-treated N, NW, D, and DW cell models was not statistically
significant (P=0.06, P=0.08, P=0.06, and P=0.07, respectively). However, all cell models (N, NW, D, and DW)
showed a significant increase in cell viability (P=0.02, P=0.008, P=0.005, and P=0.03, respectively) at 48 h.
This indicates the necessity of more extended incubation periods post-PBM to fully observe photobiomodulative
effects in vitro. It also demonstrates that PBM at 830 nm is able to increase cellular viability under
normoglycemic and hyperglycemic conditions. Irradiated cell models displayed higher (insignificant) ATP
luminescence at 24 and 48 h (Fig. 7 and 8, respectively). Moreover, diabetic models have shown higher ATP

production than the normal cell models at 24 and 48 h. However, there was no statistical significance observed.
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Figure 5: Cellular viability (%) of normal (N), normal wounded (NW), diabetic (D), and diabetic
wounded (DW) cell models was determined by the Trypan blue exclusion assay 24 h post-PBM at 830 nm
(£SEM).
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Figure 6: Cellular viability (%) of normal (N), normal wounded (NW), diabetic (D), and diabetic
wounded (DW) cell models was determined by the Trypan blue exclusion assay 48 h post-PBM at 830 nm.
Significant probability is shown as *p<0.05 and **p<0.01(*SEM).
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Figure 7: Adenosine Triphosphate (ATP) luminescenc (relative light units, RLU) as a function of cellular
viability was determined in normal (N), normal wounded (NW), diabetic (D), and diabetic wounded (DW) cell
models 24 h post-PBM at 830 nm (+SEM).
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Figure 8: Adenosine Triphosphate (ATP) luminescenc (relative light units, RLU) as a function of cellular
viability was determined in normal (N), normal wounded (NW), diabetic (D), and diabetic wounded (DW) cell
models 48 h post-PBM at 830 nm (+SEM).

CONCLUSION

In conclusion, this study revealed that high glucose concentrations did not affect cellular morphology in
non-irradiated (0 J/cm2 ) and irradiated (5 J/cm2 ) cell models. The cells maintained their elongated flat spindle
shape. The study also revealed that PBM at 830 nm with a fluence of 5 J/cm2 enhances cellular migration rate,

increases cellular viability, and promotes wound closure, even under hyperglycemic conditions. PBM at 830 nm
could be used to stimulate the healing of slow, non-healing wounds.
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ABSTRACT

In Biomedical Optics applications, either for therapy or diagnostics, it is important to establish the best
strategy for tissue irradiation. The main difficulties rely on the fact that there are several types of equipment and
several types of target tissues. It is noticeable that the best strategy of irradiation is not very simple to determine,
and up to our knowledge, the influence of all these different parameters (technological and biological) has not
been deeply explored yet. It is not clear, for instance, how light dosimetry for a certain phototherapy can be
affected by tissue surface roughness, by the application of a cream or oil during the irradiation, or by the light
delivery device. One of the biggest obstacles for establishment of individualized light dosimetry is that
experimental measurements of all the features of a targe tissue would require an invasive procedure, like the
insertion of an optical fiber, and it is infeasible and impractical. Monte Carlo simulations have been proven to be
a powerful toll to assess light propagation through biological tissues. In this presentation we will address
strategies our group is exploring to achieve an individualized light dosimetry.
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ABSTRACT

Photodynamic Therapy (PDT) is a therapeutic option for the treatment of malignant and potentially
malignant lesions. This technique is based on a photosensitizer (PS) excited with light at a suitable wavelength
for absorption. The interaction of excited PS with molecular oxygen generates reactive oxygen species that lead
to cell death. [1] One of the limiting factors of topical PDT is the cutaneous permeation of the PS or precursor,
as in the case of aminolevulinic acid (ALA) and methyl aminolevulinate (Methyl-ALA). There are reports that
there is a strong relationship between temperature and the synthesis of porphyrin 1X (PpIX) in biological tissue.
This suggests that increasing skin temperature during ALA or Methyl-ALA incubation may increase tissue
accumulation of PplX, improving the effectiveness of PDT, especially in areas that naturally experience lower
temperatures, such as the extremities. [2, 3] In a skin model, Wistar rats were used with the administration of
cream containing ALA or Methyl-ALA, both at a concentration of 20%, for 15 minutes. The animals were
divided into 5 groups: tissue cooling to 20 °C or tissue heating to 40 °C (before or after cream incubation) and
the control group (unchanged temperature). In each animal, two regions of the back were shaved and each group
was composed of 4 treatment regions. From collections of fluorescence spectra, using a laser for excitation at
408 nm, it was possible to evaluate the PpIX emission signal at 630 nm, which is directly related to the
accumulation of the molecule in the tissue. [4] It was found that both ALA and Methyl-ALA showed increased
PplIX production when tissue was heated before cream incubation, showing better penetration (Fig. 1). When the
temperature was changed after incubation of the cream, PplX production decreased by both heating and cooling,
probably because the enzymes that make up biological tissue were no longer at their optimal functioning, which
occurs at normal tissue temperature (around of 37°C), Fig. 2.
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Figure 1: Variation of PplX production due to skin temperature change for 15 minutes before cream
application (A) comparing the regions with methyl application; (B) ALA application; (C) comparing ALA and
methyl without temperature change; (D) comparing ALA and methy! in tissue previously cooled to 20 ° C and

(E) comparing ALA and methyl in previously heated tissue at 40 ° C
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Figure 2: Variation of PplX production due to skin temperature change for 180 minutes after cream
application (A) comparing the regions with methyl application; (B) ALA application; (C) comparing ALA and
methyl without temperature change; (D) comparing ALA and methyl in tissue subsequently cooled to 20 ° C and
(E) comparing ALA and methyl in subsequently heated tissue at 40 ° C.

Another study aimed to test thermogenic/vasodilating agents incorporated into the precursor creams ALA
and MethylALA to assess a possible improvement in the production of PplX, in which menthol, methyl
nicotinate (MN), and the extract of ginger. Again, healthy skins of Wistar rats were used, with 4 regions treated
in each group, in the control group ALA or Methyl-ALA creams were used without the addition of agents. In
each animal, two regions of the back were shaved, the cream containing 20% ALA was applied to one region,
and the cream containing 20% Methyl-ALA was applied to the other. The creams were maintained with an
occlusive dressing for 3 hours. Fluorescence spectroscopy measurements were used to assess PplX formation,

the results are presented in Fig. 3. [5]
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Figure 3: (A) Comparison of the PplIX production of PpIX from the different agents incorporated into the

cream containing ALA and (B) and methyl-ALA.

It is possible to observe in Fig. 3 (B) that MN associated with Methyl-ALA showed the highest
production of PplIX, at the end of 180 minutes this production is about 50% greater than that observed by
Methyl-ALA without an added agent. The use of this agent may present a possible strategy to reduce the
incubation time and/or increase PplX production in more keratinized lesions. A new study was carried out to
evaluate this better formulation (0.5% MN incorporated into 20% Methyl-ALA), in cell culture, non-
cytotoxicity and increased cell metabolism were observed using confocal microscopy to calculate the redox rate.
It was also possible to note the vasodilator effect of MN in a chorioallantoic membrane model (Fig. 4), in which
after incubation with a 1% MN solution, the vessels dilated enough to rupture the smaller vessels and cause a
small hemorrhage. in the demarcated region.

177



Figure 4: Images of vessels in the chorioallantoic membrane model (A)before and (B) after sixty minutes
of incubation with 1% MN.
To evaluate the damage caused by the accumulation of PplX in each situation, we performed PDT with
the illumination using the LINCE® equipment (LINCE, MMOptics, Brazil) at the wavelength of 630 nm, with
an intensity of 125 mW/cm2 for 20 min, totaling a dose of 150 J/cm2 . In Fig. 5 the necrosis generated in the

tissues three days after the treatments using different incubation times of the cream Methyl-ALA with
incorporated MN can be observed.

Figure 5: Necrosis by PDT using (A) Methyl-ALA and MN for 1 hour; (B) Methyl-ALA and MN for 2
hours; (C) Methyl-ALA and MN for 3 hours and (D) pure Methyl-ALA for 3 hours.

The analysis of the photographic images of damages and the histological slides showed that the
incorporation of MN with Methyl-ALA increased the damage induced in the epidermis after PDT. Another
important factor to ensure the effectiveness of PDT is the adequate presence of O2 molecules in the tissue. The
PDT procedure is highly O2 dependent and its effectiveness is affected when there is a dramatic consumption of
02. Thus, to define the best protocol, the irradiance must consider the tissue oxygenation rate via blood flow to
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ensure greater efficiency in the production of reactive oxygen species (ROS). [6-8] In a new study, vascular and
tissue damages were evaluated for different PDT protocols applied in squamous cell carcinoma implanted in
balb/c nude mice. The administration of PS occurred topically or systemically. For topical applications, about
30 pL of cream containing 20% MAL (PDT Pharma®, Cravinhos, Brazil) was positioned over the tumor, and
incubated for one hour to accumulate PpIX. For systemic application, Photogem (Photogem®, Moscow, Russia)
solution was prepared at 1.5 mg/kg of the animal’s body mass concentration, diluted in saline, and injected
intraperitoneally with an incubation time of 6 hours. All animals were irradiated using LINCE® equipment
(MMOptics, Sao Carlos, Brazil) that is composed of LEDs emitting at 630 nm. The fluence deposited was 60
Jicm2 |, varying in sort irradiation (100 mW/cm2 for 10 min) or long irradiation (50 mW/cm2 for 20 min).
Angiographic images in and around the tumor region were recorded by optical coherence tomography (OCT)
using the Telesto 320C model (ThorLab®, USA). Vessel density in the images was evaluated using ImageJ
Software for the different protocols. It is possible to observe greater vascular destruction (lower vessel density)
in tumors treated with topical photosensitization and short irradiation (Fig. 6a).
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Figure 6: Post PDT vessel density for different protocols assessed (a) in the tumor and (b) around the
tumor.

It is also possible to observe that both in the tumor and around it (Fig. 6a and b, respectively), the
treatments with shorter irradiation periods and higher irradiance (all the protocols were set with the same
fluence) presented a greater capacity to eliminate vessels, probably by causing higher temperature rise and
shorter time for cell repair. Understanding tissue vascularization after treatment is essential for planning new
protocols, especially in cases of treatments that require more than one session. The results of these studies are
promising for the development of more effective topical PDT protocols for the treatment of non-melanoma skin
lesions.
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ABSTRACT

Neuromorphic cameras have emerged as a novel sensor technology inspired by dynamic vision that work
on the principle of detecting intensity changes as discrete events. These events are sampled asynchronously,
independent of each pixel, resulting in sparse measurements. This inherent feature makes neuromorphic cameras
ideal for imaging dynamic processes. By leveraging the unique properties of event-based sensors, we
reconstruct event streams into images with temporal scales as low as 100 microseconds. We capitalize on the
asynchronous recording of ON and OFF polarities, corresponding to increasing and decreasing intensity
changes, respectively. This allows us to study the temporal variations of fluorescence emissions from single
fluorescent particles, capturing their response to changes in excitation intensities. Moreover, we exploit the
distinct characteristics of event-based sensors for precise localization of individual particles. By analyzing the
ON and OFF processes independently, we achieve localization precision within the range of 10 nm.
Additionally, through mathematical combinations of these independent processes from the same object, we
surpass the diffraction limit and achieve sub-10 nm precision, pushing the boundaries of resolution. The white
paper demonstrates the power of neuromorphic cameras in capturing dynamic processes and advancing the field
of nanoscale imaging.

MAIN

In addition to its indispensable role in biological research, optical microscopy remains invaluable in the
realms of materials science and nanotechnology. By enabling detailed observations and analyses, this technique
contributes to advancements in various fields and continues to shape our understanding of the microscopic
world. However, the resolution of the images is limited by the diffraction criterion as given by Abbe to be
around 200nm. While this resolution is sufficient for many applications at the cellular level, there are several
applications with regard to biomolecular interactions and organization that require higher resolutions in the
order of a few nanometers. Super resolution microscopy encompasses a diverse range of advanced optical
imaging techniques that surpass the diffraction limit of light, enabling the visualization and analysis of
nanoscale structures and processes. The key principle underlying these techniques involves acquiring sparse
data, either spatially or temporally, from fluorescently labelled samples thus allowing for imaging resolution
limited molecules. By circumventing the limitations imposed by diffraction, super resolution microscopy opens
up new avenues for investigating the intricate details of biological samples and other materials at unprecedented
levels of spatial resolution [1]. While most microscopy techniques have been aided by state of the art detectors
and cameras such as Electron multiplying Charge coupled devices(EMCCD) and scientific Complementary
Metal oxide semiconductor(sCMOS), the detectors do not actively create sparsity in data [2]. Neuromorphic
cameras, also known as event cameras or silicon retinas, revolutionize the field of light sensing by drawing
inspiration from dynamic vision principles [3,4]. Unlike their counterparts, neuromorphic cameras
asynchronously record these intensity changes as spikes, independent of other pixels in the visual field. Each
pixel autonomously samples and detects events, resulting in two types of events: ON events (positive polarity)
representing increases in light intensity, and OFF events (negative polarity) indicating decreases in intensity.
Notably, pixels that perceive no change in intensity do not generate any data, minimizing the camera’s digital
footprint [3, 4]. The sparse nature of measurements obtained from neuromorphic cameras makes them
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particularly well-suited for imaging dynamic processes characterized by sporadic events, such as the stochastic
emission of individual molecules [2]. The unique detection paradigm of event cameras sets them apart from
conventional cameras, such as EMCCDs, in terms of data output. Instead of capturing a stream of images at a
fixed frame rate, event cameras provide data in the form of arrays or tuples containing timestamps, pixel
coordinates, and polarity information. These sparse and asynchronous events represent changes in intensity,
with ON events denoted by 1 and OFF events by 0. To reconstruct frames from the event data, a Computer
Vision-based algorithm is employed on the Python platform. The algorithm accumulates events of different
polarities into separate channel frames within user-defined temporal windows. One notable advantage of this
post-acquisition image reconstruction approach is its flexibility in analyzing phenomena at different time scales.
By reconstructing frames at varying time windows, researchers can gain insights into the dynamics of the
phenomenon under investigation. Furthermore, the frame reconstruction process allows for flexibility in
defining unequal time windows or even operating in the event regime, where each frame represents an arbitrary
number of events and may not align in the time domain. This versatility enables researchers to explore and
analyze the event data from different perspectives, enhancing our understanding of dynamic processes captured
by neuromorphic cameras [2, 4]. Immobilized 100nm single fluorescent beads were illuminated by a 647 nm
laser coupled with an acousto-optic tunable filter from Roper Scientific. The imaging process was controlled
using MetaMorph software in streaming mode, with exposure times of 25 ms, 50 ms, 100 ms, and 200 ms.
Fluorescence signals were captured using a highly sensitive EMCCD camera and a neuromorphic camera
(DAVIS346, Inivation) using the DVS software. Freely diffusing beads in aqueous solution were also imaged
using the same setup [2]. These cameras save continuously acquired data in the form of asynchronous event
streams, typically in *.aedat4 or *.raw file formats depending on the camera model. To visualize and analyze the
events, image reconstruction is performed. In this study, we developed a Python 3.7 code using the Computer
Vision library (commonly known as OpenCV or cv2) to reconstruct the event stream data. The reconstruction of
events into images is achieved by accumulating the events within a specified time or event window [2]. The
accumulation or integration of polarities occurs by visualizing the ON events in the green channel and the OFF
events in the red channel. It is important to note that when there are no intensity fluctuations, no measurements
are recorded. Unlike standard cameras where the frame rate is predetermined, neuromorphic cameras allow the
user to choose the frame rate post-acquisition. This flexibility enables the study of ensemble or single-particle

fluorescence with a wide range of temporal resolutions [2].
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Figure 1: Schematic of the workflow showing spatial(above) and temporal analysis.
The image reconstruction process involved converting the recorded neuromorphic events into image
frames at a rate of 5 ms per frame. The resulting time series clearly reveals the periodic nature of both the ON
and OFF events, exhibiting a phase difference that accurately represents the true nature of the events. The

Frame reconstruction at different time windows
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minimal overlap observed between the two sets of events highlights the low latency capabilities of
neuromorphic cameras, further confirming their suitability for highspeed dynamic imaging applications [2].

To visualize the net polarity change occurring within a single particle over a specific time frame, the ON
and OFF channels were summed together. This representation effectively demonstrates the overall polarity
change exhibited by a single particle within the given time interval. Furthermore, the net polarities were
cumulatively summed up in order to gain insight into the nature of integrated intensity of the fluorescence. In all
three cases, the Fast Fourier Transform confirmed that the fluctuations in fluorescence was synchronous with
the laser intensity [2].
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Figure 2: Distributions of ON and OFF localizations and their combinations by subtraction and
multiplication(from [2])

By reconstructing images from the neuromorphic events and analyzing the resulting time series, we gain
valuable insights into the dynamic behavior of the captured phenomena. This approach not only showcases the
power of neuromorphic cameras in high-speed imaging but also allows for a more comprehensive understanding
of the underlying processes taking place at a microscopic level [2].

183



The localization precisions of the immobilized single fluorescent particles were calculated by localizing
the particles using DeepTrack, a deep learning based centroid tracking algorithm, and using a wavelet algorithm.
The localization was performed on ON and OFF events independently. Furthermore, we were also able to show
that the mathematical combination of the distributions of ON and OFF localizations could lead to further
improving the localization precision. The localization precisions achieved are given in Table 1 [2].

Table 1: Localization precisions [2]

Localisation precision | ON | OFF [ ON-OFF | ONxOFF

X(nm) 18.63(21.57| 8.69 13.2

Y (nm) 17.8 |21.65| 22.54 11.47

On confirming the fidelity of the camera in the temporal and spatial regimes were confirmed, diffusing
single particles were tracked thereby allowing us to study phenomena varying in the spatiotemporal paradigm.
The event data was accumulated into various time windows and the single particles were tracked across this
range of time periods. A panel of 5 single particles representing various amount of fractalization depending on
the accumulation time is shown in Figure 3 [2].

10 ms 20 ms 25ms 50 ms 100 ms

Figure 3: A panel of 5 particles representing increasing fractalization with decreasing accumulation
time[2]

The unique capabilities of neuromorphic cameras enable them to effectively capture transient events,
including the disappearance of fluorescence, making them a powerful tool for surpassing the diffraction limit. In
our study, we have demonstrated that by combining the occurrence of ON/OFF events rather than analyzing
them separately, we can achieve localization precision below the diffraction limit [2]. The localization precision
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of diffraction limited single fluorescent paritcles relies on the number of photons (N) emitted per unit time (¢ X
N 2. Nonlinear detection methods such as neuromorphic cameras, allow the localization of independent ON
and OFF events at a higher precision, allowing these measurements to achieve the super Heisenberg limit (¢ XN
"2 where A>2) [2].
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ABSTRACT

Photodynamic therapy (PDT) is a therapeutical modality which offers a minimally invasive alternative for
high-grade cervical intraepithelial neoplasia (CIN) treatment. This prospective randomized controlled clinical
trial aims to compare two PDT protocols for histopathologically similar high-grade CIN treatment. In protocol 1,
only ectocervix is illuminated; in protocol 2, the patients had both the ectocervix and endocervix illuminated
simultaneously with LED plus LASER (a cylindrical diffuser fiber was coupled inside the squamocolumnar
junction). In both groups was applied 20% MAL overnight (approximately 10 hours) and the irradiance
delivered was 120 mW/cm?, for 21 minutes, in a fluency rate of 150J/cm? Two years of follow-up showed 96%
cure for group 1 and 87% for patients treated by protocol 2. No significant difference was observed between the
two protocols. However, the number of patients who completed the two-year follow-up is still low and we
expect better conclusions with more patients followed.

INTRODUCTION

Cervical cancer is squamous cell carcinoma often caused by Human papillomavirus (HPV) infection and
has been the fourth-most common type of cancer and cause of death in women (1). The high-grade
intraepithelial neoplasia (CIN) precedes cervical carcinoma and its major cause has been the persistent infection
by HPV, and the vast majority of cervical cancer cases are caused by persistent or chronic HPV infection (2).
Aminolevulinc acid (ALA) and methyl aminolevulinate (MAL) mediated photodynamic therapy (PDT) has
showed be promising treatments for HPV-related diseases, such as condyloma acuminate and high grade CIN
3) 4 (5.

AIMS

We conducted a clinical trial designed to evaluate the efficacy and safety of photodynamic therapy (PDT)
using a CerCa 150 System® available for the application of intra-canal fiber or no in patients with high grade
cervical intraepithelial neoplasia.

METHODS

Patient Enrollment

The present study was approved by the Ethics Human Medical Ethics Committee (CEP 827.010, April
2013 CAAE: 90629218.8.0000.5383) and all patients provided informed written consent to participate. Patients
with confirmeddiagnosis of cervical intraepithelial neoplasia (CIN) grades 2/3 by histopathology were selected
and invited to participate in this study. Thirty-seven patients were treated between April 2016 and October 2018
and monitored for two years. The patient inclusion was random and decided by the clinicians involved in the
research, depending on the type of the transformation area and the lesion site: PDT LED ectocervix (1 or 2
session); PDT LED + LASER endocervix group (1 or2 sessions).
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Figure (a) Patient selection and study design. PDT: Photodynamic therapy; Cito: oncotic cervical
cytology; Colpo: colposcopy; LEEP: loop electrosurgical excision procedure, Pap test: Papanicolau test.
Photodynamic Therapy

When patients were treated two times, the interval between sessions was a week. The methyl
aminolaevulinic acid (MAL) 20% cream (PDTPharma, Cravinhos, Sao Paulo, Brazil) was administered by the
patient in the cervix by 10 hours (overnight). For illumination, the patient in the gynecological position was
treated by the equipment CerCa 150 System® (MMOptics, Sdo Carlos, Sdo Paulo, Brazil). This device has
LEDs (light-emitting diodes) emitting at 630 nm and can be anatomically positioned to illumine the entire
ectocervix and also a cylindrical light diffuser (MedLight S.A., model RD30)for homogenous light distribution
to the endocervical canal. The illumination was performed by delivering 120 mW/cm? for 21 minutes and
fluency rate of 150 J/cm? Two months after one or two procedures, a conservative Excision of Transformation
Zone (ETZ) is performed for histopathological analysis. The viral load test (digene® HC2 HPV DNA, Qiagen)
was carried out in two moments: a) before the treatment and b) 60 days after LEEP.

RESULTS

The average age was 38,52+9,79 years to women treated with LED and 33,06+8,84 years to women
treated with LED+LASER. LED was applied to 21 women (11 women received one session and 10 women
received two sessions) and LED+LASER was applied to 15 women (5 women received one session and 10
women received two sessions).

60 days after treatment, the PDT performed on the ectocervix, LED, showed 52% of positive results in
the cytological exams and 19% in the LEEP product. On the other hand, women treated intracanal,
LED+LASER, had a 40% positive overall response in cytological exams and 13% in histopathological analysis.

The decrease in viral load, analyzed 60 days after one or two sessions of PDT, showed exactly the same
percentage of decrease, comparing the two protocols. No protocol showed complete elimination of the viral
load. This result generates an important discussion because this test, despite being recommended and the gold
standard, may present flaws that dependon factors such as sample collection and storage.

Table 1: Summary of results from patients treated with photodynamic therapy (PDT) for cervical
intraepithelial neoplasia(CIN) 2/3.

LED

Results General Response of PDT (%) Total
Positive Negative

60 days follow up Cytology 52 48 100

Pathology of LEEP 19 71 100
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2 years follow up 96 4 (recurrence) 100

LED+LASER

Results General Response of PDT (%) Total

Positive Negative

Cytology 40 60 100
60 days follow up

Pathology of LEEP 13 87 100
2 years follow up 86.66 13.33 (recurrence) 100

Considering all lesions with positive responses to PDT with follow-up of two years, there were 96%
positive responses (n=20) with PDT in patients treated for LED and 4% recurrences (n=1). The intracanal
LED+LASER treatments showed 86.66% (n=13) of positive response and 13.33% of lesion recurrence (n=2).

CONCLUSION

This retrospective study was postponed due to the coronavirus (Covid-19) pandemic. We concluded that
just illuminating the cervix from the outside (ectocervix) with LEDs promoted a higher cure rate than the
protocol that associates LED lighting with LASER (ecto + endocervix). We also concluded that the follow-up of
this type of treatment should always belong-term (two years at least).
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The growth of a number of oncological diseases stimulates extensive development of both early tumor
diagnostics and therapy methods. A promising area of research is using a combination of several methods, for
example, photodynamic therapy (PDT) and plasmonic photothermal therapy (PPT) [1, 2]. Many research groups
have proposed new treatment models that are based on the combination of PDT and PPT, using various types of
nanoparticles and photosensitizers [3-6].

The purpose of the study was to develop a combined technology of PPT and PDT in rats with model
tumors.

As a material of the study 4 outbreed albino male rats with a subcutaneously grafted experimental model
tumors of liver bile ducts cancer (cholangiocarcinoma of the PC-1 line) were used. All rats were injected with a
photosensitizer solution and a suspension of gold nanorods (GNRs) intratumorally at three points each. The
points were equidistant from the center of the tumor to ensure a more uniform distribution of both nanoparticles
and dyes inside the tumor. GNRs were functionalized with PEG-300. For PDT two rats were injected by
Photosens (Niopik, Russia) solution (PS) and two ones were injected by indocyanine green (Sigma-Aldrich
Cheme Gmbh, Germany) solution (ICG). The maximum absorption of the PS solution was at a wavelength of
680 nm, and the maximum absorption of the ICG solution was at a wavelength of 795 nm. The details of
intratumoral injections design are presented in Table 1.

An hour after the injections, the tumors of rats 1 and 2 were irradiated percutaneously with a 660 nm laser
Latus-T (Atkus, Ltd, Russia) at a power density of 0.5 W/cm? for 15 min (for PDT) and then with an 808 nm
infrared laser (LS-2-N-808-10000, Russia) at a power density of 2.3 W/cm? for 15 min (for PPT). The tumors of
rats 3 and 4 were irradiated percutaneously only with an 808 nm infrared laser at a power density of 2.3 W/cm?
for 15 min (for PDT and PPT simultaneously). Figure 1 is shows the design of the experiment. The diffuse
reflectance spectra before laser irradiation, after PDT and after PPT in range 450-2100 nm were taken from all
tumors using commercial available spectrometers USB4000-Vis-NIR (Ocean Optics, USA) and NIRQuest
(Ocean Optics, USA).

The withdrawal of animals and sampling of tumor tissues for histological examination was performed 72
hours and 21 days after the therapy. Morphological studies of tumor tissue were performed on tumor sections
stained by standard methods and with immunohistochemical staining for the proliferation marker Ki-67 and the
apoptosis marker Bax.

Table 1. Design of intratumoral injections of photosensitizer solutions and GNRs suspension.
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Rat | Tumor Volume of Photosensitizer Volume of GNR
| 3 | Photosensitizer Solvent photosensitizer gentration in the : entration in the
0. me, cm . - R suspension .
solution solution uspension
Rat 1 ~3.8 Photosens Saline solution 0.30 ml 2 mg/ml 1.25 ml 400 mg/ml
Rat 2 ~8.2 0.45 ml 2 mg/ml 2ml 400 mg/ml
Rat 3 ~2.5 Indocyanine PEG-300 0.18 ml 10 mg/ml 0.8 ml 400 mg/ml
Rat 4 ~4.7 green 0.20 ml 10 mg/ml 1.57 ml 400 mg/ml

Figure 1. The design of the experiment

The local heating temperature of the skin above the tumor was measured with an IR14010 thermal imager
(IRYSYS, UK). The kinetics of skin surface heating over tumors is presented in Figure 2.

Temperature, °C

70

50

o

m  Rats 1 and 2 (PS group)
v Rats 3 and 4 (ICG group)

6 9
Time, min

12 15

Figure 2. Kinetics of skin surface over the tumor heating averaged by groups of rats

During the combined therapy in PS and ICG groups, there was a pronounced rise in the temperature of
local heating of the tumor up to 55.2+2.8 and 62.4+5.6 °C, respectively. Necrosis of up to 95% of the tumor was
observed in the PS group after 72 hours. In rat 4 (ICG group) after 72 hours, pronounced necrotic changes were
observed in the tumor tissue, necrosis fields occupied up to 80% of the area. Preserved tumor cells were found
only on the periphery of the tumor; they showed a decrease in the expression of the proliferation marker and an
increase in the expression of the apoptosis marker. In rat 3 (ICG group) after 21 days, there was a complete
destruction of the tumor.
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Diffuse reflectance spectra of rat tumors at different stages of the experiment are presented in the Figure
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Figure 3. Diffuse reflectance spectra of rat skin surface over the tumor at different stages of the experiment
averaged by groups

The diffuse reflectance spectra of all tumors demonstrate the presence of hemoglobin in the oxygenated
form in the tumor (Q-bands at 546-548 and 576 nm). It can be seen that in all rats after the PPT the bands
corresponded to the hemoglobin absorption peaks is smoothed out, which may be due to the transition of
hemoglobin to a deoxygenated form. Also visible are dips due to the presence of PS (680 nm in rats 1 and 2) or
ICG (800 nm in rats 3 and 4) in the tumors. In rats 3 and 4, the absorption band at 800 nm disappears after laser
irradiation, which may be due to the photobleaching effect. Absorption bands of water are observed at 1432-
1434 and 1941-1958 nm. The change in the NIR absorption bands of water is associated with dehydration due to
high temperature during PPT.

The proposed combination PPT/PDT therapy technology caused pronounced damage to tumor tissue in
rats with transplanted cholangiocarcinoma. Our results are in a good agreement with the result of other authors
[1-6]. For example, Yan et al, which used ICG liposomes for PTT/PDT treatment of mice breast tumors [3]. The
tumors were irradiated by the 808 nm laser at a power density of 1.0 W/cm? for 10 min. Almost complete
regression of the tumor was achieved.

The work was supported by the RSF grant no. 23-14-00287.
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ABSTRACT

Photodynamic therapy (PDT) utilizes light to activate special compounds known as photosensitizers (PSs)
to produce reactive oxygen species (ROS) from oxygen that is present at the disease sites and cells. The
penetration depth of human tissue by light is quite shallow. One of the photonics approaches in light delivery
toward enhancing PDT includes using laser light sources and optic fiber delivery to reach deep-seated disease
sites. Several innovations are available in the market for light distribution within the disease site at the end of
the optic fiber. PDT has been enhanced by combination with other minimally invasive therapies such as
photothermal therapy (PTT), sonodynamic therapy (SDT), magnetic hyperthermia therapy (MGH), radiotherapy
(RT), cold atmospheric pressure plasma therapy (CAPP), and immunotherapy (IT), to name a few. Photonics
often play well-defined roles in each of these combination therapies, resulting in synergistic enhancement
against cancer and bacterial infections and an increasing scope of other applications. The current state of the art
of PDT involves nanoconjugate systems that are loaded with copious amounts of the PS to improve the
pharmacokinetics, delivery, targeting, and specificity of disease sites and cells. The purpose of the
nanoconjugate approach is to induce very little or no immune response while the nanoconjugate is still in
systemic circulation to selectively target the disease site and cells, where it is selectively taken up and retained
by the disease cells. While an increasing number of modalities of the approach employ systems that respond to
unique characteristics of the disease site and cell external and internal microenvironments to release the PS, an
increasing number of nanoconjugates are stimulated by external stimuli to do so. The external stimuli reported
in the literature include light, MGH, ultrasound (US), and X-rays. Therefore, photonics has a major role to play
in stimulus-responsive PS release. Our research group has developed a number of nanoconjugate systems for
PDT and combinations thereof with other minimally invasive technologies. For example, nanoconjugates
combining PDT with PTT and those combining PDT with MGH have been prepared and are showing good
results against cell lines in vitro. The appropriate literature update on photonics applications to potentiate PDT
introduced in this paper focuses on three key applicators, namely basic, preclinical, and clinical research. The
paper also introduces some of our research results of photonics applications in PDT, PTT, MGH, and
combinations thereof. The paper concludes by highlighting state-of-the-art photonics devices in basic research
and the clinic and recommendations on potential areas of further research and innovation. As part of these
concluding remarks, the paper also comments on the future research directions in our research group based on
the nanoconjugates we have developed and specific disease applications of national interest in South Africa.

INTRODUCTION

Light has been used in hospital physiotherapy and medicine for more than seven decades [1]. In contrast,
according to Dr. Tomislav Mestrovi¢, the light therapy approach itself dates back more than three thousand
years [2]. Nowadays, light has found more nuanced therapeutic applications. For example, in PDT, light is used
to photosensitize the generation of ROS in the disease microenvironment. ROS are molecular species derived
from molecular oxygen that are highly reactive and, therefore, toxic. They include singlet excited state oxygen,
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hydroxyl anions, radical anions, peroxide, and superoxide radicals and anions, that are generated from the type |
mechanism, shown in Figure 1 using a Jablonski diagram.

Photonics in Photodynamic Therapy

According to Algorri et al. (2021), photonics in PDT is composed mainly of three approaches, which
include irradiation using halogen lamps, irradiation with LEDs, and laser irradiation used in the laboratory and
the clinic [3]. To enhance selectivity for the disease over normal host tissue, it is necessary to align the
distribution and dosimetry of the light energy with the morphology of the disease. While this is difficult to
achieve with non-coherent light sources such as halogen lamps and LEDs, coherent laser light sources are often
equipped with specialized optic fiber for transmitting the laser light energy to the disease site. More importantly,
however, these laser light transmission optic fibers are equipped with devices that distribute the light energy
evenly over the disease, depending on the location, histology, and anatomy [4]. The trouble with optic fiber
laser light energy transmission and delivery is that it is quite invasive. Researchers have come up with a number
of non-invasive and minimally invasive technologies for delivering light energy to activate PSs in deep-lying
diseases. These include SDT, MGH, and RT. Additionally, a novel innovation involving miniature implantable
devices that are wirelessly activated to emit the desired light frequency from within the disease site has been
reported [5]. Furthermore, photochemical internalization (PCI) potentiates PDT by incorporating organic dye
PSs into the bilayer of endocytic liposomes, followed by endocytosis. Once inside the disease cells, the PSs are
released by light activation, which causes photodynamic disruption of the endocytosed liposomal vesicle
membrane bilayer into the cytosol [6].
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Figure 1: Jablonski diagram showing the mechanism of photodynamic therapy.
Mechanism of Photodynamic Therapy

Upon light absorption, the PS is excited from its singlet ground state to the singlet excited states
(*PSe—'PSy, 'PSy—'PS, n = 1, 2, ...). Excitation to higher singlet excited states is almost always followed by
non-radiative relaxation back to the first singlet excited state (‘PS,—'PS;), enhancing the population of the first
singlet excited state (*PS;). Due to the enhanced population, the first singlet excited state relaxes by multiple
mechanisms, including non-radiative intersystem crossing, fluorescence, and other non-radiative relaxations.
The critical transition for PDT is the intersystem crossing (*PS;—°PS;) because it involves a spin state change
that takes the PS to an excited triplet state from which radiative relaxation to the singlet ground state is
forbidden. Because the excitation of molecular oxygen from its triplet ground state to its singlet excited state
(*0,—'0,), which requires change from the triplet to the singlet state, has an equal energy differential and
reverse spin state change, the energy transfer between the triplet state of the PS (°PS;) and molecular oxygen in
its triplet ground state (30,) occurs when the molecules collide, in a process known as photosensitization. The
photosensitization of molecular oxygen from its triplet ground state to the singlet excited state
(®PS,+%0,—°PS,+10,) is an essential initial step in ROS production. Excited singlet state oxygen leads to other
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ROS, such as hydroxyl and peroxide radicals and anions. Therefore, this process is made possible by two
critical photonics factors. The first factor is the energy differential between the singlet excited state of molecular
oxygen and its triplet ground state AEo, = [E(*O,) — E(*0,)] and the energy differential between the triplet
excited state of the PS and its singlet ground state AEps = [E(’PS1) — E(*PSo)]. The energy differential between
the PS species, AEps, must be equal to or marginally greater than the energy differential between the molecular
oxygen species, AEq,, which is equal to 94.5 kJ/mol (AEps > AEq, = 94.5 kJ/mol). The second is the spin state
differential between the ground and excited states. This renders the electronic transitions untenable for both the
PS and molecular oxygen because a forbidden change between triplet and singlet spin states is required for each
of these transitions. However, when the *PS; and *0, molecules collide, simultaneous energy transfer and
triplet/singlet spin state change occurs.

Electric field Electric field

Electric field

Electron cloud

Electron cloud

(a) spherical resonance (b) longitudinal resonance (c) transverse resonance

Figure 2: illustration of (a) the resonance mechanism for spherical nanostructures, (b) the
tudinal surface plasmon resonance, and (c) transverse surface plasmon resonance. Reproduced from
er et al. (2015) [7] and Jiang et al. (2014) [11] under the appropriate creative commons attribution

licenses.
Mechanism of Photothermal Therapy

Light is also used to generate therapeutic localized hyperthermia. For example, due to the local surface
plasmonic resonance (LSPR) of their surface electrons, some nanoparticles absorb light and transform the light
energy into heat. Therefore, when such nanoparticles are irradiated after they are embedded in the disease site or
selectively taken up by the disease cells, they can generate heat there. The disease cells will therefore be killed
provided the generated heat exceeds the threshold for the disease cells enough to overwhelm the biological
response of heat shock proteins. The LSPR mechanism of these nanoparticles is shown in Figure 2. Light
comprises perpendicularly orientated synchronous electric and magnetic field components with sinusoidal
intensity variation. The sinusoidally changing electric and magnetic fields cause a coupled resonance of the
nanoparticle surface electrons, thus absorbing the energy and converting it to heat. This energy conversion
occurs mainly by hysteresis [8]. Theoretical analytical research [9,10] and empirical evaluation [11,12] have
shown that the LSPR is more intense with longitudinal nanostructures than non-longitudinal ones. Hence the
LSPR absorption band arising from longitudinal surface electron resonance is more intense compared to the
absorption band arising from transverse surface electron resonance, which is arguably of the same magnitude as
that of non-longitudinal nanostructures of similar diameter. Longitudinal nanostructured materials known for
applications in photothermal hyperthermia include nanorods of gold, silver, iron oxide, and carbon nanotubes.
Others include nanosheets of several chalcogenides, including manganese, molybdenum, and copper. The range
of non-longitudinal structures includes metal nanostructures such as silver and gold, carbon structures such as
graphene dots and fullerenes, and nanostructures of oxides of many metals.
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Figure 3: illustrations of the therapeutic window showing the deepest penetrating light frequencies and
light propagation through the skin according to Rugguiero et al. (2013) [13].
Biomedical Light Sources

For PDT and PTT, halogen lamps and light-emitting diode (LED) light sources are widely used. PDT and
PTT irradiation was also accomplished using laser light sources, most of which generate low-intensity lasers for
direct application or via transmission through optic fibers. For example, while we used an LED light source, the
laser light source used for some of our PDT and PTT experiments was a tunable intensity dual-output frequency
laser light source with optic fiber transmission and an output distribution device that delivered spherically
shaped equal distribution. The first category of biomedical light sources and devices are those used in basic
experimental research. Three important parameters are the intensity and frequency of the light and the
portability of these devices. The frequency depends on the application, including the biomedical agents such as
the PS nanoconjugate and plasmonic nanoparticles used. In cases of direct application to superficial and shallow
disease, the frequency depends on the penetration depth of the tissue. As a result, near-infrared light sources are
preferred because the maximum penetration depth is achieved in the near-infrared therapeutic window. The
therapeutic window may be illustrated using Fig. 3, showing the variation of human tissue penetration with
frequency. The second category of light sources are those used in clinical settings, referred to as medical lasers.
The characteristics of medical lasers depend on specific clinical applications. Whereas some are used for light
therapy, the characteristics of those used for PDT, and PTT, and combinations thereof also depend on the PS
and the plasmonic nanoparticles used.

optical fibre from source optical fibre from source P

() microlens tipped optic fiber (b) spherical diffusor-tipped optic fiber delivery

optical fibre from source optical fibre from source

(c) the cylindrical diffusor-tipped delivery

m (d) balloon-tipped delivery system

Figure 4: schematic illustration of microlens-tipped optic fiber, spherical diffusor-tipped optic
fiber delivery, cylindrical diffusor-tipped delivery system, and balloon-tipped delivery
system

Laser Light Distribution Devices

Delivery of light to clinical disease or disease models in-vitro and in-vivo depends on the shape and size
of the disease model container or disease site. Several light delivery devices are available in the market. While
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overcoming the shallow depth of light penetration through human tissue to reach the disease site, optic fibers are
tipped with lenses that distribute the energy of light evenly over a 2-dimensional plane (Fig. 4a). They are also
tipped with a spherical diffusor to distribute the light over a spherical disease morphology (Fig. 4b). Cylindrical
diffusor-tipped devices are useful for treating disease in tubular organs such as blood vessels and the
gastrointestinal tract (Fig. 4c). The balloon-tipped diffusor is used for distributing light from within the internal
cavities of organs such as the stomach and the bladder (Fig. 4d).

METHODS

Samples were irradiated using one of three light sources; a halogen lamp (tungsten halogen GE Quartzline
lamp; 500 W, 560—780 nm), a light emitting diode array (164.51 J/cm? 660 nm), and laser light source
(continuous-wave NdYVO, air-cooled NIR laser (2.5 + 0.5 W/cm?, 1064 nm).

Irradiation Using a Halogen Lamp

Initially, rudimentary photonics arrangements were used to irradiate our samples. For example, to
evaluate the effect of protoporphyrin-IX and methylene blue-mediated aPDT against biofilm-forming
multidrug-resistant A. baumannii, we irradiated the samples using a halogen lamp, filtering the heat from the
lamp using a water bath, as shown in Fig. 5a [14]. This arrangement was also used to evaluate the aPDT effect
of cationic porphyrin encapsulated gold nanorods on bacterial cell lines [15]. Samples were placed on an opaque
surface at the bottom drawer of the device shown in Figure 5a, and the front lid was closed. The samples were
irradiated from the rectangular irradiation hole at the top of the device. After irradiation, the hole was closed,
and the samples were transferred to an incubator. Despite low power density and low light fluence, the use of
the halogen lamp as a light source for PDT and PTT has been reported widely in the literature [16].

Irradiation Using a Light-Emitting Diode

Due to reduced excess heat, LED and laser light sources were also employed. For example, to overcome
the cytotoxicity of common passivating agents, gold nanorods were passivated with gelatin. The as synthesized
nanoconjugates were then irradiated with an LED in the PTT experiment [17]. Additionally, to overcome the
poor water solubility of porphyrin dye PS molecules and their non-specific binding, ZnCulnS/ZnS quantum dots
were conjugated with the PS meso-tetrakis(3-hydroxyphenyl)porphyrin. In the PDT experiment, the resulting
nanoconjugate was irradiated with an LED light source, as shown in Figure 5a [18]. While the LED was
effective and reproducible, irradiation quantification was still challenging.
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in-vitro measurements. creative commons attribution license.

Figure 5: halogen lamp, LED, and Laser irradiation techniques.

Irradiation Using a Continuous-Wave Optic Fiber-Transmitted Laser

In evaluating their effect against cancer metastasis in the proper axillary lymph nodes in mice, however,
mPEG-passivated gold nanorods were irradiated with a continuous-wave optic fiber-transmitted laser, tipped
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with a spherical diffuser (Fig. 4b) with a focusing diameter of up to 6 mm from a neodymium air-cooled NIR
laser source [20]. Another advantage of using a tunable laser light source is that the desired output is set on the
laser-generating device. These output settings may be reproducibly repeated many times. In addition, the laser
light source is calibrated to a desired narrow monochromatic bandwidth to enable irradiation at specific
absorption bands of the chromophores. This is important to isolate the absorption of the PS from the absorption
of the nanoconjugate and vice versa, thus isolating the PDT from the PTT effect.

RESULTS

In the initial rudimentary irradiation using a halogen lamp, heat from the lamp was absorbed by the water
bath at room temperature, with a depth of at least 120 mm. Therefore, the temperature of the medium-filled
control samples was constant within 2 °C. In the arrangement shown in Figure 5a, initially used with the
halogen lamp, the water bath soon became of little value when the LED was used because the LED produced
significantly less heat. Nevertheless, the water bath was retained to remove any heat from the lamp. In each
case, the light energy was monitored using a light meter, adjusting the distance of the lamp from the samples as
needed. The temperature was also monitored using a thermometer by continuously measuring the temperature of
an identical control sample among the sample cell lines. This arrangement was not needed when using laser
light. Additionally, the laser light source delivered reproducible energy with the same settings (power = 2.5 £
0.5 W/cm2, [lmax = 1064 nm, and beam diameter = 0.6 mm) with a laser focus diameter of up to 0.6 cm)
[Omuodka! 3aknanka He onpegesena.].
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Figure 6: different absorption of the PSs (a) TAP and (b) TPyP, and gold (c) nanorods. Reproduced from
Hlapisi et al. (2021) [15] under the creative commons attribution license 4.0.

CONCLUSION

Photonics has enabled several combinations of PDT, for example, with PTT, thus potentiating the
technology. In all our experiments, irradiation with a halogen lamp and subsequently with an LED served their
purpose well. However, the reproducibility of the laser light source and variable power settings presented
significant advantages for PDT and PTT. Laser light power calibration curves were completed in minutes. There
was no need for the filtration of heat from the light source. It is possible to isolate the PTT effect from the PDT
effect by irradiating at the plasmonic resonance band because it is well separated from the PS Q bands. For
example, it was possible to isolate the PTT response from the PDT response by irradiating at 800 nm, the
longitudinal nanorod absorption where the porphyrin has no absorption. Similarly, irradiating at any of the Q
bands (Q1 ~ 510 nm, Q2 ~ 550 nm, Q3 ~ 580, and Q4 ~ 655 nm) isolated the PDT response from the PTT
response because the PS Q band absorptions are well separated from the nanorod longitudinal absorption (Fig.
6). To overcome the tissue penetration depth challenge, our group has embarked on studies of the combination
of MHT with PDT. We first demonstrated the capping of iron oxide nanoparticles with a meso-tetra(4-
hydroxyphenyl)porphyrin [21,22] and a porphyrin-capped layer of gold [23,24]. These materials exhibited
aPDT and anticancer PDT against cell lines in-vitro. In-vivo studies using mouse models against cancer and
bacterial infection have been initiated. A benchtop magnetic hyperthermia equipment was procured for
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applications in the planned preclinical studies. Additionally, a dual-frequency tunable laser has been made
available to be used for topical aPDT studies in-vivo using mouse models. Our group has plans to test the SDT
ROS generation of the nanoconjugate systems thus far developed as we commence our debut into SDT. The
current focus includes breast cancers and various bacteria, such as multidrug-resistant S. Aureus and A.
baumannii, because they make a significant contribution to the South African national burden of disease. While
located, arguably, at the tail end of the clinical PDT and PTT translation, the development of photonics devices
offers avenues for novel innovations to support the clinical lobby in ways that can be anticipated from the
photonics support for basic PDT and PTT research. One example of current device innovation already showing
promise is the combination of PDT and PTT against superficial cancer, and possibly multidrug-resistant
bacterial and fungal strains, is the microneedle technology [25].
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