Optics and Laser Technology 128 (2020) 106229

“* Optics & Laser

Contents lists available at ScienceDirect
Technology

Optics and Laser Technology

journal homepage: www.elsevier.com/locate/optlastec

Check for
updates

Development of a new multi-mode NIR laser system for photodynamic
therapy

Ali Furkan Kamanli®*, Mustafa Zahid Yildiz”, Halil Arslan®, Gokcen Cetinel”, Necla Kenar Lim®,
Hyun Soo Lim™¢

@ Sakarya University of Applied Sciences, Faculty of Technology, Electrical and Electronics Engineering, Turkey
Y Sakarya University, Faculty of Engineering, Electrical and Electronics Engineering, Turkey

€ Kocaeli University, Department of Physics, Turkey

d Chungnam National University, Department of Biomedical Engineering, Republic of Korea

HIGHLIGHTS

® Super pulse mode for reduced thermal damage and slightly deeper penetration.
® Current and temperature stability with different illumination modes.

® ARM-based TEC controller and Laser diode driver.

® Triple microprocessor for optical and electrical stability.

ARTICLE INFO ABSTRACT

Photodynamic Therapy (PDT) has been used in various fields especially in cancer treatment. In PDT, designing a
light source has vital importance in order to achieve a successful treatment. Among the light sources, Lasers are
important candidates for their precise wavelengths to activate the photosensitizers (PS), coherent nature and
fiber-coupled usage. In order to achieve perfect PDT treatment, the Laser light sources needs to be embedded
with high stability current, temperature controllers and closed loop control systems.

In this study, a novel Multi-mode PDT Laser system (MPTL) was developed with four different radiation
modes. Importantly, Super Pulse Mode (SPM) was implemented for the first time among the PDT Laser systems
in the open literature to minimize the thermal damage to the target tissue. The proposed system achieved high
optical output stability by precise current and temperature control of the Laser resonator. The MPTL achieved
high optical output stability ( = 1mW) in the range of 0-1500 mW, high wavelength stability ( = 1nm) at
635 nm, and high temperature stability ( = 0.2 °C) in all radiation modes. The MPTL system with super pulse
mode can be safely used for wide range of PDT clinical applications.
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1. Introduction higher energy state and two different types of reactions may occur re-

sulting in this excitation [2,3]. In Type 2 reaction, reactive singlet

Photodynamic Therapy (PDT) is currently being used for treatment
in various fields such as cancer, rheumatoid arthritis, dermatological
and infectious diseases. PDT uses special compounds such as photo-
sensitizers (PS), light and oxygen for targeted treatment. Successful
treatment can be applied when these compounds exist around the de-
sired target. In PDT cancer treatment, the PS exhibits selective affinity
for tumor cells [1]. When it is activated by light, tumor cells are se-
lectively destroyed. Following the light absorption, PS is stimulated to a
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oxygen causes tissue destruction by damaging vascular endothelium
and cell membranes in the target tissue [4,5]. The short life span of the
excess oxygen causes localized damage, therefore nearby healthy tissue
is not affected by the mechanism [6,7].

The absorption spectra of the photosensitizers are different from
each other. If the wavelength of the light is compatible with the peak
value in the absorption spectrum of PS, the reaction will be more ef-
fective [1]. Therefore, the PDT needs a special light source that emits

E-mail addresses: fkamanli@sakarya.edu.tr (A.F. Kamanli), mustafayildiz@sakarya.edu.tr (M.Z. Yildiz), harslan@sakarya.edu.tr (H. Arslan),

gcetinel@sakarya.edu.tr (G. Cetinel), hslim@cnu.ac.kr (H.S. Lim).

https://doi.org/10.1016/j.optlastec.2020.106229

Received 4 December 2019; Received in revised form 8 March 2020; Accepted 22 March 2020

0030-3992/ © 2020 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00303992
https://www.elsevier.com/locate/optlastec
https://doi.org/10.1016/j.optlastec.2020.106229
https://doi.org/10.1016/j.optlastec.2020.106229
mailto:fkamanli@sakarya.edu.tr
mailto:mustafayildiz@sakarya.edu.tr
mailto:harslan@sakarya.edu.tr
mailto:gcetinel@sakarya.edu.tr
mailto:hslim@cnu.ac.kr
https://doi.org/10.1016/j.optlastec.2020.106229
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2020.106229&domain=pdf

A.F. Kamanli, et al.

Optics and Laser Technology 128 (2020) 106229

Touchscreen ARM Based Temperature ¥ Cooling System
Display Controller e (TEC, Fan, Heatsink)
7Y [} Y
A 4 A A 4
| Optical
Touchscree{l 10T Embedded System (CPU) —> Laser Resonator Module > Conn.ector
Connection via
7y Fiber Radiation Mode
- CW Mode
ad - Pulse Mode
D/A | communication Arfal:::ed N Optical - lSBurst l;ullse 1\13[0?
- Super Pulse Mode
Converter Layer N Driver Feedback
A I
Safety Unit
It 11 1T 17
Power Supply

Fig. 1. The proposed MPTL for PDT.

the peak wavelength of the PS [4]. PS may vary according to the spe-
cific application. Some PS’s can be harmful to the body and induce pain
when injected [8-10]. There are several PS on the market that had an
FDA (Food and drug administration) approval for clinic use. And among
the other PS’s, ALA-5 (aminolevulinic acid-5) tested and proven to be
more effective and has no toxic effect, and Ala-5 can be used effectively
in the areas such as; melanoma, skin cancer, colorectal cancer, breast
cancer, bladder cancer and actinic keratosis [11,12].

In PDT, several light sources are used such as Lasers (Light
Amplification by Stimulated Emission of Radiation), halogen, xenon,
light-emitting diodes to activate the PS [13]. However, the Lasers have
recently been widely used even though the higher costs over the other
alternatives [14,15]. One of the main reasons is that the Laser light can
easily be transmitted through the optical fiber. Therefore, it is possible
for Laser light can be focused on a very small diameter of tumors with
the help of the lenses placed at the end of the fiber optic cable. Laser
systems can deliver the exact peak point of the PS activation spectrum
[10,8]. There are several types of Lasers such as helium-neon, diode,
argon and KTP (blue-green spectrum, crystal-based) Lasers that have
been used in PDT. However, diode Lasers are currently preferred since
they offer great convenience in terms of portability compared to other
types. A diode Laser has the advantages of semiconductor technology
that produces coherent projection of light in the visible to infrared
range. It uses a light beam with a narrow spectrum to target specific
wavelength [17,18]. However, the PDT Laser system has some design
challenges. Laser diodes (LD) need to be stabilized at a certain tem-
perature for illumination of the desired wavelength. In different ra-
diation modes, temperature controlling system design is a challenge.
However, it can be achieved by TEC (thermoelectric cooling) system
with closed-loop control methods [8,16-18]. In addition to these
challenges, continuous illumination during the treatment causes
thermal damage to the target and LD itself. Illumination mode varia-
tions can be used to reduce irreversible thermal damage reduction and
to increase oxygen concentration in tissue [4,19,20]. The optimum
Laser system should be designed to prevent thermal damage due to
excess accumulation of optical energy in the Laser and to provide suf-
ficient oxygen for successful treatment [21-24]. The laser diode can
maintain more stable optic power output, more narrow wavelength
bandwidth, better FHWM where the delivering of the peak absorption
of PS more accurately.

In this study, a novel Multi-mode PDT Laser system (MPTL) was
developed. The novelty of the study was that SPM (Super Pulse Mode)
was implemented for the first time among the PDT Laser systems in the

open literature. The proposed system achieved high optical output
stability by precise Laser current control and stabilization of the tem-
perature in the Laser resonator. Three main parts were developed to
create the MPTL. The first part consisted of the main controller, com-
munication module and GUI on a touch-screen. The second part in-
cluded the fast switching Laser controller unit. Finally, the third part
had the TEC system. The MPTL system has four different radiation
modes for the desired light dose. The performance of the system for
optical radiation modes was evaluated by measuring the variability and
stability of the optical wavelength, the optical power output, and the
Laser resonator temperature. All in all, the proposed system achieved
high optical output stability ( + 1mW) in the range of 0-1500 mW,
high wavelength stability ( = 1nm) at 635 nm, and high-temperature
stability ( £ 0.2 °C) in all radiation modes.

2. Materials and method

MPTL system was designed to produce 0 to 1500 mW stable optical
output at 635 nm with LD (Intense 5200 Series, USA). A temperature
controller stabilized the Laser resonator temperature at 15° C for ra-
diation modes. The embedded photodiode transimpedance amplifier
circuit was used for constantly measuring the optical power output for
all radiation modes. The high accuracy and high stability of the Laser
output were accomplished using digital-to-analog (D/A) and current-to-
voltage (I/V) converters that produced 4096 levels between the O to
1500 mW Laser optical output. The ARM-based microcontroller con-
trolled the optical radiation mode with a PID (Proportional-Integral-
Derivative) controller and the optical feedback from the LD was eval-
uated by ARM-based Laser driver unit. The IEC 60601-2-22 standard
was implemented for a graphical user interface (GUI) and security
management. The main block diagram of the developed system was
illustrated in Fig. 1.

2.1. System design

The Laser system was designed and developed with various parts.
The system consists of a main controller, Laser driver and TEC module
with implemented algorithms. The software was developed for em-
bedded systems. GUI was developed for maximizing the user experience
and implemented with the light-based dosimetric algorithm.

2.1.1. Main controller design
The embedded system based main controller consists of a
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touchscreen, microcomputer, communication modules, and a connec-
tion shield. The microcomputer can communicate the Laser driver
system and the temperature controller unit. The GUI was developed
with light dose adjustment to maximize the effect of the treatment. The
developed software was controlled via touchscreen and the user can
choose radiation modes, radiation time, power and mode-specific illu-
mination parameters. Before user choice, the system calculates the total
energy with the implemented algorithm. By selecting the radiation
mode and adjusting the power and duration of the radiation, the user
can easily generate the appropriate radiation for treatment.

2.1.2. ARM-based laser driver design

The optical output stability is one of the most important specs in
Photodynamic therapy. In LD’s, there is an exponential relationship
between the current passing through the diode and the terminal vol-
tages. A small change in the voltage can cause a triple fold change on
the current that drives the LD according to the experimental measure-
ments. To achieve optical power output stability, four different PID
polynomial function was implemented. In the Laser driver hardware,
the voltage levels were controlled with 12-bit accuracy DAC (digital-
analog converter) in the range O to 2.6 V. The current was controlled
with a precision of 1 mA. The ARM-based Laser driver circuit contains a
transimpedance amplifier circuit for measuring the photodiode current
inside the Laser resonator. The system constantly controls the optical
output of the system. The simplified LD constant current circuit was
shown in Fig. 2.

In the basic circuit given in Fig. 2, the high input impedance of the
terminals of the opamp (U1) was the key point. The opamp generates
the output signal for equalizing the voltage between the input terminals
to 0 V with impedance matching. The current flows through the resistor
(R2) depended on the value of the V;, (Pin-44) connected to the Ic-U3
(Pin-3). The Vy, voltage is generated by the microcontroller. Besides, to
protect the microcontroller from excess current, U4-high speed opto-
coupler was used for switching. The current at the drain of the Q1
MOSFET, cannot flow through the gate terminal without micro-
controller’s supervision. After switching, desired current and voltage
drops can be seen across the LD (D1) for precise control and parameters
safety observations.

The properties of Continuous Wave Mode (CW), Pulse Mode (PM),
Burst Pulse Mode (BPM) and Super Pulse Modes (SPM) are considered
during the Laser driver unit design. The selection of time constant and
threshold time for LD illumination is quite important for pulse modes to
achieve precise light dose. The switching times of the Laser driver were
adjusted according to the MOSFET input capacitance and resistance
(R5). The time constant of the system was chosen as 1 ps. The system
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Fig. 2. The ARM-based LD constant current controller.
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was calibrated according to the 1.5 ps for clear illumination to prevent
the Laser resonator failure.

To produce an optical output, the current threshold of the LD was
evaluated as a function of time constant for Pulse modes (Fig. 7). The
current threshold was measured for nanosecond level illumination for
SPM, which was the most critical parameter due to the extremely short
pulse durations. The time constant of Super pulse mode was adjusted to
threshold time plus illumination time for precise illumination per pulse.

2.2. Radiation modes

Radiation modes are configured according to the power value (mW)
and output time (s) information to reach the desired energy level. Four
different radiation mode energy levels are illustrated in Fig. 3. In pulse
modes, the on/off time needs to be adjusted. The BPM is based on the
PM which contains microsecond to millisecond level pulses inside of the
pulses. This mode is designed to prevent thermal damage caused by the
Laser's optical energy applied to the tissue. PM, BPM, SPM is capable
increasing the tissue re-oxygenation [4]. In SPM, faster switching time
is used for deeper penetration of the light in the tissue [21].
200 = 50 ns radiation at 100 ms second intervals occurs by repeating
the value determined by the user. SPM aims to reach a higher pene-
tration depth in the tissue.

The power of a light source and the delivered energy expressed are
expressed Watts and Joules respectively. In PDT the power of per unit
area called the irradiance and expressed in W/m? or mW/cm?. For
example, if an area of 5 X 5 cm? is uniformly irradiated with 2 W
power, the irradiance is 80 mW/cm?. The energy delivered to the sur-
face in 30 min is 144 J/cm?. The MPTL system made these calculations
through the embedded algorithm and get the desired parameters from
the specialist with the GUI. The controller processed the algorithm and
then calculated the light dose for each radiation mode.

2.2.1. Laser driver software

The LD driver voltage was measured through the isolated input for
electronic board safety measurements and the multi-region PID algo-
rithm implemented in the ARM-based microcontroller.

The most important part related to the control of electrical para-
meters is the detection of P, I, and D coefficients. The transfer functions
of the LD are difficult to determine, even in a simulation environment.
According to the situation of LD, PID coefficients were determined by
experimental methods.

The LD voltage drop was measured with a differential amplifier and
read through the analog input of the microcontroller. The optical power
values constantly compared with the reference value. The error was
kept in a certain value ( = 1% optic power) by the ARM-based Laser
driver. The current is constantly adjusted by the controller according to
temperature, voltage, and photodiode optical feedback.

2.2.2. TEC temperature controller

The temperature of the LD must remain constant in a narrow range
for the desired radiation wavelength. The Laser output and wavelength
of the diode Laser resonator can be affected by the system operation. To
produce an optical wavelength at 635 nm according to the manufac-
turer's information, the internal temperature of the resonator should be
maintained at 15 °C. Real-time measurements of temperature change
requires a microprocessor integral (PID) control. Thereby, the closed-
loop PID control was used for keeping the system in a specific tem-
perature range (15 °C) [22]. The basic principle of the temperature
control system was the diode that was in direct contact with the cold
and hot sides of two Peltier elements (in Fig. 4). The purpose of double-
sided temperature control in the system was to create the heating and
cooling effect in the desired range.

Two main factors affecting the temperature control accuracy of the
LD: are the effect of the temperature difference between the two ends of
the TEC and the current passing through the Peltier elements. The
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temperature difference between the two ends of the TEC needs to be flow between the cold and hot hands (connection points) by applying a
adjusted according to the heat produced by the LD because of the cases. thermocouple using an external or internal current. The physics of the
In the first case, the Peltier element can reverse the direction of the heat Peltier effect can be defined as the tendency of the electrical current to
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Fig. 4. The temperature control and TEC system.
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drag the heat energy into a thermoelectric circuit. The current carries
the internal energy of a conductor as it flows from one point to another.
When an electric current passes from a material having an entropy
different than another material, heat must be emitted or absorbed at the
junction to neutralize the change in the energy of the carriers. In the
second case, Peltier element can be damaged easily by the current. To
protect the Peltier element, the current must be controlled more pre-
cisely. The current itself is a heat-producing event to prevent the
Seeback, Joule and Peltier element effects. Pulse width modulation has
been implemented for driving Peltier element [22-25]. TEC module
driver was designed to eliminate any unwanted current spikes.

In the proposed design H-bridge circuit was used for driving the TEC
module. Since the Peltier operation is directly connected to the DC; the
system controls the current for both Peltier elements. Each Peltier ele-
ment was controlled separately. The PID algorithm controls the direc-
tion and intensity of the current via PWM modulation with 1 mA pre-
cision, after measuring the temperature change.

2.2.3. Temperature controller software

The precise control of the TEC system is crucial for the PDT appli-
cation. High stability achieved by detecting of P, I, and D coefficients of
the system. Since there were two Peltier elements controlled with the
same microprocessor, the PID coefficients were calculated and im-
plemented separately according to the literature [22-26].

Temperature changes were constantly measured by the system. An
error signal was sent to CPU when the temperature exceeds the desired
range. After an error message, radiation was shut down by the main
controller.

3. Results

The output of the MPTL was adjusted as a function of voltage-V,
current-A, power-P, and temperature-°C to maintain perfect wave-
length-nm and optic power-W balance for keeping radiation stable to
perform successfully PDT treatment. The alteration of each parameter
was recorded by keeping the other variables constant and the changes
were discussed below.

3.1. Laser diode electrical control parameters and temperature stability

In experimental measurements, the variation of the current de-
pending on voltage and relative power of the LD is shown in Fig. 5. The
voltage and current measured and constantly compared to the feedback
and the desired values obtained in real-time with the PID control al-
gorithm. As shown in Fig. 5, the optical power cannot be obtained when
the LD current does not reach 2.1 A. After going beyond this value, 17%
LD current variation leads to 100% variation effect on the optical
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power. Namely, from 0 to 1500 mW optical output voltage drop was
only between 1.7 and 2.6 Volts on LD. This voltage drop is continuously
measured over the aluminum resistance connected in series to the in-
ternal resistance of the laser diode and compared with the reference
voltage to ensure that it remains within the specified 1% error rate.

Also, the temperature stability of the system is crucial for the de-
sired output. Optical power stability at a low output power level and
wavelength stability at high output power level are considered as big
problems for all PDT laser systems. TEC system, current and voltage
control circuitry should work perfectly to prevent optic power oscilla-
tions and wavelength peak shifts at different powers.

The long term temperature stability graph was plotted using the
values recorded for 6 h, and given in Fig. 6.a. The short term tem-
perature stability was shown in Fig. 6.b. The LD temperature was kept
constant at 15 = 0.2 °C degree after switching current from 0 to 4 A
which is a maximum change in the current for radiation. In Fig. 6.b, it is
expected to stabilize the MPTL with the pre-illumination setting after
the first radiation. The MPTL system was calibrated for all radiation
modes after the temperature was settled within the error + 0.2 °C. The
temperature stabilization time was measured as 5 s in room tempera-
ture. The system achieved these specifications for all radiation modes.
The difference in data for all modes was within the %0.01 margin.
Therefore only one graph was demonstrated with the burst pulse mode
averaged data.

3.2. Multiple PID regions

When a single PID region is applied to the entire system, the stable
operation of the system was not possible for different power ranges. To
get maximum optical power and wavelength stability, four different
PID functions were implemented for four different power intervals as
demonstrated in Fig. 7. There was second-order polynomial fit
(R% = 0.99) for all PID regions.

3.3. Wavelength and optic power stability in radiation modes

Although the maximum clinical working time of the device is esti-
mated as a 90 min, the data were taken for 6-12-24 h for specifying the
limits of the system about stability. The spectrum stability was mea-
sured as a 635nm =+ 0.2, the temperature stability of the whole system
was measured as 15 °C + 0.2 and the optical power stability was
measured as within the 1% error between 0 and 1500 mW for the
proposed system.

Wavelength stability was measured as a function of time and power.
The maximum optical output of the system was 1500 mW and the
wavelength FWHM (Full width half maximum) was measured as
635 * 1 nm (Fig. 8.a) for all radiation Modes. To measure the stability
of the wavelength output, the system was operated at maximum power
for 20 min, and as shown in Fig. 8.b, only + 0.2 nm oscillation was
observed. At low power levels, oscillation decreased to + 0.1 nm be-
tween 0 and 400 mW. The system can supply the desired optical energy
(power x time) value for four different radiation modes with a 1%
error at the desired power and wavelength. All radiation modes de-
monstrated same wavelength stability as shown in Fig. 8 for preventing
the confusion only one averaged data was shown. The same energy
values for the stability of CW, PM and BPM were shown in Fig. 9a, b,
and c. For SPM, the maximum optical power of the system, 1500 mW,
as illustrated in Fig. 9d.

One of the biggest challenges was to produce the pulses and super
pulses without harming the LD. The MPTL system needs to produce
pulses without any harmful spikes. The minimum time for illumination,
after switching the LD, was measured as 20 pus which constituted the
time threshold. For PM and BPM, time constant was implemented in the
algorithm for light dose calculation. In addition, SPM radiation was
measured in the range of 200 ns * 50 after the threshold value
reached. In Fig. 10a and b oscilloscope output with spike elimination



A.F. Kamanli, et al.

Temperature

Optics and Laser Technology 128 (2020) 106229

a) Long Term Temperature Stability

148 1 | 1 Il 1 |
0 1 2 3 4 5 6
Time (h)
16 b)  Short term Temperature Stability

Temperature

Il

0 10 20

30 40 50

Time(s)

Fig. 6. (a) Overall temperature stability in 6 h working time (b) Temperature stabilizing response of the MPTL system.

process was illustrated for pulse mode. The current was exposed to
sudden changes in very small time for pulse modes. Thereby, this
process creates unwanted spikes. Spikes were eliminated via Laser
driver design (see chapter 2.1.2 and Fig. 2) and time adjustments for all
radiation modes.

In the developed system, perfect Optical output power (Fig. 9) and

wavelength stability (Fig. 8) achieved over time with temperature sta-
bility (Fig. 6), different optical power output PID functions (Fig. 7) in
radiation modes. After achieving the electrical and radiation stability,
experiments were made in order to demonstrate the tissue thermal ef-
fect of the radiation modes. Measurements demonstrated below.
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3.4. Thermal effect of irradiation modes on tissue The temperature changes were observed in chicken breast tissue.
The target area was 2 cm?, so the beam size adjusted to 1.5 cm?. There
The used test setup to measure the temperature of the tissue surface is only 0. 1 °C temperature difference between the center of the target
is shown in Fig. 11. The components of the temperature measurement tissue and edge of the beam size. This also demonstrate the quality of
system are PDT Laser device (1), fiber optic cable (2), a collimator (3), the light that radiate from the MPTL system. The optical power was
temperature sensing device (4), tissue sample (5) and base (6). 100 mW/cm? and 300 mW/cm? for CW, PM, BPM and SPM. The laser
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Fig. 9. Optical outputs of MPTL system: (a) CW, (b) PM, (c) BPM, (d) SPM.
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point temperature sensor (Wollex, Ultra, South Korea) was used for fast
temperature measurement of the tissue. Collimator distance to the
tissue was 10 cm. The exposure time was adjusted according to the
Energy equation (J = watt X time). Therefore the exposure time was
different for each radiation modes to deliver same amount of energy.
CW, PM, BPM and SPM exposure time was 800, 1600, 1600, and
1600 s. The pulse of time was adjusted to delivering same amount of
energy as shown in Fig. 9.

Temperature increments were taken per 10 J/cm? and are shown in
Fig. 12. The temperature values reached after a total energy density of
800 J/cm? were measured as 46.5 °C in CW mode, 30.5 °C in pulse
radiation mode, 28.5 °C in burst pulse mode and 26.8 °C in super pulse
mode.

4. Discussion

Photodynamic therapy devices require precise and reliable controls
for clinical and experimental applications. At the same time, it is ex-
pected that the calibration of the system will be completed in a short
time for being ready to start operating. In this study, an effective
photodynamic therapy laser device has been developed. The laser diode
module and the irradiated tissue were protected from thermal damages
by the TEC system and radiation modes. MPTL system was capable of
self-calibrating by continuously measuring the optical power. The
commercialized laser devices for PDT clinical applications have been
examined in the literature. These systems may cause thermal damage to
the tissue during treatment due to the lack of implementation of various
radiation modes. H.s. Lim 2012 [4] developed the PDT device to pre-
vent thermal damage with different modes. This PDT device was ap-
proved by Korean-FDA and has been used in the clinics. In his study, the
PDT device had continuous, pulse and burst pulse modes. The study was
demonstrated that the lowest thermal effect was achieved in burst pulse

mode. However, the optical power cannot be continuously measured
and calibrated thereby causing the optical output to oscillate. However,
the MPTL device that we developed has four irradiation modes and can
deliver high energy to the tissue in a very short amount of time with
super pulse mode. Therefore, it creates 3.7 °C lower temperature
changes on the tissue compared to the study by H. Lim 2012 [4]. Tissue
temperature changes were shown in Fig. 12. Also, the MPTL system
constantly calibrates all parameters to prevent oscillations of wave-
length and optic power output. In order to achieve challenges about
developing a laser device number of steps were followed and discussed
below.

Various studies on temperature control of laser devices with TEC
systems are shown in Table 1. The settling time of the temperature
constant of the whole system, temperature changes of the laser diode
module, optical output power and measured wavelength changes
during the control were used as the comparison parameters.

The time required for the system temperature to remain constant at
the reference value is one of the important parameters after system
initialization. Similar studies that consist of TEC modules were ex-
amined. The temperature settling times were as shown in Table 1. In
these studies, the temperature settling time was not given under which
load and condition it was determined. For the MPTL system, the settling
time was between 5 and 10 s for optic powers between 0 and 1500 mW
with 10 W electrical system load. Importantly, this system specially
designed for delivering the perfect light dose on PDT clinical applica-
tions in every radiation mode.

PDT laser systems was also examined for further discussion. Shadid
et al. 2018 [30] developed a PDT laser system that consists of CW ra-
diation mode at 635 nm peak wavelength and 2-W of optical output.
However, the system was developed with one radiation mode and did
not consist of self-optical calibration. In the study, wavelength, tem-
perature stability or thermal damage was not considered. Driel et al.
2016 [31], was used a commercial PDT laser system (Modulight, 7710,
Finland). The system specifications were 690 nm wavelength, CW
mode, calibration before each usage. However, the system was devel-
oped with one radiation mode and a lack of self-optical calibration
during PDT which can cause thermal damage, tissue re-oxygenation
problems, and mistreatments. Oluwole et al. 2018 [32] used a com-
mercial PDT laser system (Modulight, Turnkey Laser, Finland) which
consists of a multi-wavelength and calibration module. However, the
system developed with single-mode and optical power stability was not
mentioned. Marks et al. 2000 [33] was used a PDT laser system which
consists of 630 nm wavelength, fiber optic cable with the inflatable
balloon. However, the system did not consist of any optical calibration,
temperature calibration module or any radiation mode other than CW.
Karamata et al. 2000 [34], was used a PDT laser system which consists
of 690 nm wavelength for eye cataract treatment. The system had re-
latively low power, did not consist of any radiation modes and any
optical or wavelength stability was not mentioned.
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Tissue Termal Effect
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Fig. 12. Tissue temperature versus energy intensity for irradiation modes.

Table 1
Performance evaluation of TEC controller system.
System T, (settling time) ~Wavelength change A°C Watt
In this study 5s + 0,2% + 0,2 1500 mW
Chengxiang [27] 15 min < 0,5% + 0,2 -
Hu [28] 6-7 min - +0,2 -
Huang [29] < 1 min - < 0,05 -
Lim [4] 10 min + 0,2% +0,2% 350 mW

The importance of the short time pulse modulation has been shown
by the studies in various field. Barbara et al. 2017 [35] showed the
increased penetration depth of ER: YAG laser super pulses in the der-
matological application. Balu et al. 2015 [36] demonstrated in human
and animal tissues with a Yb-fiber laser at 1060 nm. The study de-
monstrated the super pulses had relatively higher tissue penetration
depth. Gao et al. 2016 [37] was studied flat wart and facial black dots
healed faster with super pulses. Importantly, Vladimir et al. 2016 [38]
proved that the pulse modes have significant effect on re-oxygenation of
the tissues during PDT. Vinnichenko et al. 2018 [39] verified the super
pulse had deeper penetration effect on ablation, cut and coagulation on
the tissue. There are also other fields that use super pulse for treat-
ments. Anju et al. 2016 [40], Santo et al. 2018 [41] used super pulse for
photobiomodulation and their studies demonstrated significant im-
provements on the wound healing and cardiopulmonary exercise tests.
Silvia et al. 2009 [42] demonstrated increases osteoblast activity via
super pulse. Vanessa dos et al. 2015 [43] demonstrated the thermal
impact of phototherapy super-pulsed light sources on human skin. The
study proves that super pulsed laser can diminish the thermal damage
and discomfort after the treatment. According to the literature, The
quality of the light source, light delivery technique and tissue thermal
properties is an important aspect for PDT applications. Furthermore,
the radiation effect to the tissues needs to be observed for every light
source and radiation modes to examine tissue properties.

Tissue optical properties can affect the several components about
the PDT. Knowledge about the temperature dependent changes in

optical properties is needed for safer and more accurate laser treat-
ments. Optical properties of the tissue are affected by temperature
changes. The absorption and reduced scattering coefficients changes
can be estimated from the reflectance and transmittance values. Ercan
et al. 2018 [44] demonstrated that the total transmittance showed
positive correlation with temperature while the diffuse reflectance was
found to be negatively correlated. Although the absorption coefficient
did not demonstrate a statistically significant change with temperature,
the reduced scattering coefficient was negatively correlated. The results
indicate that temperature-dependent changes in optical properties
should be taken into consideration for a safer laser treatment. There-
fore, the MPTL system was developed with high power, constant optical
output feedback for self-calibration, fast system temperature calibration
for the first operation, four different radiation modes, long term wa-
velength, and optical power stability to establish safer and more ac-
curate treatment. The MPTL system could deliver SPM at high power in
a short time with relatively high energy which was suitable for reducing
thermal damage and improving re-oxygenation. In addition, light
output of the systems can be transferred via fiber optic cable which
gives an opportunity to perform minimally invasive tasks. With devel-
oped MPTL system; melanoma, skin, bladder, lung, colon, oesophagus,
stomach cancer and infected tissues etc. can be treated with super
pulsed laser irradiation via suitable fiber optic probes. Furthermore,
PM, BPM and SPM modes can be used for clinical PDT application for
reduced thermal damage and increased re-oxygenation of the target
tissue which could solve the biggest challenges on PDT treatments.
Besides, SPM could be used for delivering relatively high energy in a
short amount of time and deeper penetration to reach deeply occurred
cancerous or infectious tissues. One of the benefits of the super pulse is
that it can decrease the after effect of treatment such as itchiness [44].
In addition, SPM could reduce the PDT treatment schedule by de-
creasing the PDT repetition rate for complete cure.

5. Conclusion

With the presented MPTL system, a reliable light source has been
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developed for PDT applications by optimizing the LD temperature and
laser optical output with embedded systems. Importantly, with these
specifications, precise parameter control prevented wavelength shifts
and captured the peak absorbance point of the photosensitizers (ALA-5)
for more effective treatment. Importantly, tissue thermal damage and
tissue optical property changes can be minimized by the radiation
modes. The results of in vitro measurements of tissue specimens in-
dicate that the temperature increase depends on the irradiation mode of
the laser system; the temperature increases for the pulsed and burst-
pulsed laser irradiation modes are substantially lower than for CW laser
irradiation. Consequently, this optimized PDT laser system may be used
to reduce potential thermal damage during PDT in clinics through new
pulse irradiation modes and controlled laser output. SPM benefits have
been shown in the literature about decrement of treatment after effects,
increased penetration depth, in vitro tissue experiments, and lower
thermal damage to the target environment. MPTL system has an im-
portant advantage which is having relatively high energy levels while
reaching relatively deeper part of the tissues. As far as we know from
open literature reviews, this system is the first system that in the world
that contains four different radiation mode for PDT modalities. MPTL
system can play a key role to more successful PDT treatment options.
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