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Abstract. Light sources based on light-emitting diodes (LED) can be created for
almost any wavelength suitable for exciting photosensitizers (PS). This paper
presents the main approaches to develop LED-based light sources for well-
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vivo and photodynamic studies, as well as for irradiation of various pathological
foci during photodynamic therapy. © 2021 Journal of Biomedical Photonics &
Engineering.

Keywords: light emitting diode; power density; wavelength; light divergence;
distribution of light energy.

Paper #3457 received 8 Sep 2021; revised manuscript received 25 Oct 2021; accepted for

publication 26 Oct 2021; published online 11 Nov 2021. doi: 10.18287/JBPE21.07.040308.

1 Introduction

The photodynamic action (PDA) causes photo-oxidative
destruction of molecular structures important for
functioning of tumor cells and pathogens such as bacteria
and viruses. Photosensitizer (PS) molecules catalyze the
generation of reactive oxygen species (ROS) upon
excitation with light. Light transfers the energy necessary
for this process to the medium containing the PS.
However, only part of the light energy is absorbed by PS.
The relative absorbed photodynamic dose (RAPD) [1]
depends on properties of PS (extinction, concentration in a
sensitized medium, wavelength and shape of the spectral
contour at this concentration) and properties of the
medium (scattering and absorption by endogenous
pigments and other components, in particular, hemoglobin
and water). PDA is enhanced with increasing the volume
density of the energy absorbed by PS, which depends on
the light intensity and the RAPD.

Light-emitting diodes (LED) are widely used as light
sources for PDA [2—7]. These sources provide light with
high intensity, and their light spectrum is narrow
(Ahiep =20-30 nm) in comparison with the spectral
width of the PS absorption band. LED can generally be
created with most wavelengths suitable for PS excitation
(at least in the red and near infrared spectral ranges).
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Modern LEDs form a diverging beam of light with a
power of up to hundreds of milliwatts coming out of the
surface of chip with dimensions of less than 2 mm?. The
light power density is uniformly distributed over the chip
surface, but non-uniformly distributed over the angle.
Installing a short-focus semi-spherical lens close to the
chip can significantly reduce the angle in which the main
part of the light power is concentrated, but an angle
distribution of power density after this lens remains non-
uniform. Typically, the such LED with a lens has a bell-
shaped angular distribution of power, close to a Gaussian
distribution, and consequently the light power density
distribution of such a single high power LED on
irradiated surface of any significant size will be non-
uniform. Angular divergence of LED light can be
characterized by the value of the characteristic angle at
which the light intensity decreases to the level of 1/e of
the value perpendicular to the LED surface.

For many applications, it is important to ensure a
uniform light power density over the irradiated area (in
particular, for multi-sample PDA studies in microplates,
it is advantageous to be able to uniformly irradiate a large
area with dimensions of at least 8x12 cm or 14.5 cm in
diameter). This requires designing special LED sources
with the proper spatial uniformity of the light power
density at some distance. As a solution of this problem a
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matrix device was created that contained a large number
of identical LEDs [8], however, it was an insufficient
approach since power density in the peripheral part of
irradiated zone at about half of the power density at the
center of it. To compensate for this inhomogeneity, it was
necessary to use separate regulation and power supply of
LEDs [9], which significantly increased the cost and
complicated the devices. But such a device, being a set of
local LEDs, can align values only in those specific wells,
the centers of which are located strictly along the axis of
the LED light beam. Due to the finite geometric
dimensions of the LED, it is almost impossible to
equalize the power density in all wells of multi-well (96
or more wells) plates.

The main approaches to the use of LED for PDA are
related to the spatial distribution of the exciting light
energy, which should ensure its efficient use for PS
excitation. The sources of light based on LED can be used
to irradiate tumor foci of both small (about 1 cm) sizes
and superficial foci of a large area. An important task in
photodynamic therapy of tumors is to achieve a high
intensity of PDA in the deep layers of tumor nodes,
which makes it necessary to provide high values of the
light energy absorbed by the PS in these layers. The main
loss of light energy in biological tissue is caused by the
absorption of endogenous substances (hemoglobin and
water), the total absorption of which is minimal in the
range of 660—950 nm (so-called “spectral window of bio-
tissue transparency”). The absorption of melanin (in the
skin of dark-skinned patients, as well as in PDT of
melanoma) can also decrease the density of light power
in the deep layers of the tumor and reduce the
effectiveness of PDT. Another approach of using LEDs
for PDA is photodynamic inactivation (PDI) of
pathogens [10, 11]. PDI is usually carried out on surfaces
of a sufficiently large area in thin layers of a sensitized
biological medium. PDA in thin sensitized layers is also
executed during in vitro screening studies of PS, that are
carried out to assess the sensitivity of different cells to
PDT, to study its mechanisms and properties of PS
[6,12]. For small layer thickness and low PS
concentrations (less than 10 uM) used for such a PDA, a
significant part of the light can pass through the layer
without participating in the PDA process. This loss
results in decreased PDA efficiency. It can also lead to
errors in screening studies of PS with various extinction
and concentration since both the losses and the amount
of the absorbed energy in the sensitized layer for various
PS will be different. To increase the efficiency of the
PDA in thin layers, the LED wavelength should be close
to the spectral absorption maximum of the PS [13].

2 Results and Discussion: New LED
Devices for PDA

Our study used a number of PS with excitation maxima
within ranges of 662—665 nm (methylene blue, as well as
chlorin derivatives Radachlorin, Photoran and Photolon),
670—675 nm (Photosens), 682—686 nm (Cholosens),
760-765 nm (derivatives of synthetic bacteriochlorin).
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The wavelength of excitation light was usually chosen near
the spectral maximum of the PS absorption band. Light
sources of suitable wavelengths required for PS excitation
were designed using LED models (LC-1DR-G30 for the
spectral range of 660-665nm, LC-1IR1-G42 for
680-690 nm, LC-11R3-G42 for  760-770 nm)
manufactured by Shenzhen Cai Mingzhu Co., LTD
(China).

Power and power density of the incident light as well
as homogeneity of its distribution within the illuminated
area were evaluated with the PM180T Power Meter
(Thorlabs GmbH, Germany). Spectra of emission of
illumination devices were recorded using fiber optic
spectra-analyzer LESA-01-BIOSPEC (Biospec Ltd,
Russia).

A range of compact devices intended for different
spectral ranges based on single powerful LED with an
optical projecting system the chip image onto the
irradiated foci have and a miniature cooling system has
been created for the irradiation of small tumor foci.
Developed devices (Fig. 1) provided irradiation of areas
with dimensions that can be adjusted by the optical
system from 0.8x0.8 cm to 3x3 cm. The light power of
devices reached 160 mW; the inhomogeneity of the
power density over the irradiated area in all cases did not
exceed +7%. Optimum light power density and
uniformity was achieved at a distance of 8-12 cm from
the device. Such a compact powerful device is very
useful and convenient both in clinical application for
photodynamic therapy of small skin, head and neck
tumors, as well as and in experimental oncology for PDT
of model tumors of laboratory animals.

Fig. 1 Device based on single powerful LED.

A powerful device based on a group of LED,
equipped with a heat sink in the shape of a segment of a
spherical surface, has been developed to irradiate large
surface tumor nodes. The optical axes of the LED light
beams with a light divergence of about 48° are directed
to the center of the spherical surface. This design made it
possible to evenly distribute the light of 36 powerful LED
in the irradiated area while keeping compact arrangement
of LEDs and providing good conditions for heat
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Fig. 2 Powerful device based on a group of LED: A) device with a manipulator for adjusting the aiming at the irradiated area;
B) bell-shaped distribution of power density; C) uniform distribution of power density. Distances between the device and
irradiated surface asfollows: (1) 8 cm, (2) 12.5 cm, (3) 18.5 cm, (4) 22 cm.

dissipation (Fig. 2A). The device forms a light spot in the
irradiation zone with an area of about 20 cm? and a bell-
shaped distribution of the power density reaching about
400 mW/cm? at the center of the spot (Fig. 2B). Such a
powerful device is used for photodynamic therapy of large
superficial tumors, in particular, basal cell skin cancer.

The above device was modified for highly uniform
irradiation of large areas, in particular, for in vitro multi-
sample PDA studies in standard 96-well or similarly
sized microplates. To increase the uniformity of the
power density on the irradiated plate, the LEDs located
near the center of the in the mount had lower divergence
of light beam of about 23°), while LEDs at the
periphery — larger of about 48°. Such arrangement
provided a high uniformity of a power density of light
with an average value of about 25 mW/cm? and deviation
below to £10% over an area exceeding 100 cm? (Fig. 2C).

Increasing this distance will make it possible to
implement uniform irradiation of a sufficiently large area
(about 1000 cm?) with light power density of about
2.5 mW/cm?, which can be used for photodynamic
antiviral disinfection [11].

Another group of light sources has been developed
based on single high-power LEDs of different spectral
ranges to use in studies of PDA in vitro in individual
optical cells of 1x1 cm size. The optical system of the
device projected the image of the chip onto the surface of
the sensitized layer in the optical cell containing
sensitized biological objects and provided uniform PDA
in them. The devices are equipped with a system of
optical fibers (Fig. 3), which also made it possible to
investigate the fluorescence, absorption and scattering in
sensitized layer during PDA, as well as to evaluate the
concentration and state of irradiated PS and biological
micro-objects. This has been used to study the
photodynamic inactivation ~ of  viruses and
bacteria [11, 14].

Developed devices were powered from adapters
through programmable timers to ensure a given dose of
light irradiation, which can also operate in a periodic
mode to study the dependence of the effect on the
irradiation dose and for group studies.
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Fig. 3 Functional diagram of a device for in vitro PDA
research: 1 — optical cell; 2 — sensitized layer containing
biological micro-objects; 3 — surface of layer; 4 — LED;
5 — optical projecting system; 6, 7, 16 — transparent walls
of optical cell; 8 — optical fiber bundle; 9 — optical fiber
connected to the laser 11 output; 10 — fiber connected to
the input of the spectra-analyzer; 11 —laser for
fluorescence excitation; 12 — spectra-analyzer LESA-01-
BIOSPEC; 13 — optical fiber connected to the output of a
broadband light source (for absorption studying) or to the
output of an additional laser (for scattering studying);
14 — broadband light source; 15 —laser for scattering
studying; 17 — optical fiber connected to the input of the
dynamic light scattering spectrometer 18.
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3 Conclusion

A range of LED sources have been developed with high
light power and power density for excitation of
photosensitizers of different spectral ranges. They can be
widely used as light sources for in vivo and in vitro
photodynamic research and various PDT applications.
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