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A B S T R A C T

Photodynamic therapy (PDT) is an emerging treatment modality in various areas such as cancer treatment and disinfection. The photosensitizer and oxygen have
crucial roles for effective PDT treatment. The quantitative evaluation of singlet oxygen, which is a gold standard for monitoring effective treatment, remains as an
important problem for PDT. However, low quantum yield and low life span of the singlet oxygen make the system expensive, unnecessarily large and unadaptable for
clinical usage. In our study, a new mobile singlet oxygen detection system (SODS) was designed to detect singlet oxygen illumination during PDT and a new singlet
oxygen phantom environment was constituted to test the designed SODS system.

The singlet oxygen phantom environment composed of fast switching led driver & microcontroller and led light source (1200−1300 nm radiation). The elements
of the singlet oxygen detection system are optic filter and collimation, avalanche photodiode transimpedance amplifier, differential amplifier and a signal processing
block. According to the performance evaluation of the system on the phantom environment, the presented SODS can measure the illuminations at 1270 nm wa-
velength between 10 ns and 15 µs timespans. The results showed that the proposed system might be a good candidate for clinical PDT applications.

1. Introduction

Photodynamic therapy (PDT) is defined as a photochemotherapy
method based on the principle of irradiating the target lesion with an
appropriate wavelength of the light sources by local or systemic agents
[1,2]. This method is being used for the treatment of cancer, infection
and rheumatoid arthritis. After PDT, the body recovers itself more ea-
sily.

PDT involves the combination of photosensitive substance, low-
energy visible light and an oxygen molecule to destroy the undesired
target [3–6]. Each of the components constituting this combination is
not therapeutic alone. The necessary treatment elements of the therapy
are the presence of molecular oxygen in the tissue, photosensitizing
agent and the special light source [7]. If the wavelength of light source
matches the peak level in the absorption spectrum of a photosensitizer
(PS), the resulting reaction will be even more effective. Following the
light absorption, the PS is stimulated to a higher energy state [8–10].

Singlet oxygen, which is a major component of many biological
processes and acts as a cytotoxic agent in cancer treatment with PDT, is
the triplet state of the molecular oxygen [11,12]. Singlet oxygen is
produced by a photosensitive process comprising a light source of a
particular wavelength, a photosensitizer, and molecular oxygen
[13,14]. The physical vital factors such as blood flow, local tissue
oxygenation, photo-bleaching, and dosimetry factors of

photosensitizers have a significant role on PDT efficiency [15,16].
Monitoring the singlet oxygen molecule formed during PDT gives

information about whether the treatment is successful or not. Thereby,
singlet oxygen measurement is very important in the treatment process
[3–7,17,18]. The amount and location of this molecule must be taken
into account to evaluate the performance of therapy [19–21]. Implicit
dosimetry, open dosimetry, and biophysical/biological tissue response
monitoring techniques have been developed for effective PDT [22–24].
Singlet Oxygen Luminescence Dosimetry (SOLD), is a promising singlet
oxygen 1270 nm illumination detection method which is accepted as a
prominent technique for PDT applications [17,25–27]. Moreover, this
specific luminescence has a very short lifetime and low-level quantum
yield when it interacts with the biological environment during the ac-
tual treatment [28,29].

In recent years, singlet oxygen detection systems have been devel-
oped in order to build closed-loop PDT treatment modalities, which are
large monochromatic-based instruments including IR PMTs (Infrared
Photomultiplier Tube) and InGaAs SPADs (Indium Gallium Arsenic
Single Photon Avalanche Detectors) [30–34]. These systems cannot be
easily applied to clinical usage without further research. On the other
hand, the difficulties on the measurement of the singlet oxygen life span
and the oxygenation rate of the tissue make the system cost higher and
hard to implement in clinical treatment. Considering these difficulties,
the sensitivity of the system should be determined in a phantom
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environment. During PDT, multi-parameter simultaneous detection is
required. Various single-parameter detection methods have been used
to investigate and evaluate the treatment process. These methods
confirm that the amount of singlet oxygen is strongly correlated with
cell life. However, there is no valid quantitative relationship between
them. Therefore, the success and traceability of PDT can be ensured by
actively monitoring the singlet oxygen molecule.

In this study, a new Singlet Oxygen Detection System (SODS) and a
new singlet oxygen luminescence based tissue phantom environment
was designed. The proposed system is cost-effective, mobile, specially
designed for Singlet oxygen and has the ability to interact low level and
short life-cycle illumination. The captured luminescence interval with
this system was between 10 ns-15 µs at 1270 nm wavelength. In future
studies, our goal is to combine SODS to a closed-loop PDT system which
can be used for cancer treatment. The combination of SODS and light
dosimetry leads to more successful treatments. The phantom environ-
ment developed for more accurate limitation measurement and for
implementation of SOED or SOLD based mimicking the clinical and
laboratory experiment without any chemicals and experimental pro-
cedures.

The study was organized as follows. In Section 2, the proposed
system was introduced. Each component of the system was discussed to
better understand the study. In Section 3, the experimental results to
evaluate the performance of the proposed system was given. The ac-
curacy of the experimental results was validated by means of mathe-
matical calculations, in Section 4. Finally, Section 5 concluded the
paper.

2. Material and method

In this section, the fast switching light source, which was evaluated
as a phantom environment, and the singlet oxygen detection system
were introduced. The fast switching light source consisted of two
components: fast switching led driver & microcontroller and led light
source (1200−1300 nm). The elements of the singlet oxygen detection
system were optic filter and collimation, avalanche photodiode tran-
simpedance amplifier, differential amplifier and signal processing
blocks as indicated in Fig. 1. The details of the proposed system were
given below.

2.1. Fast switching light source based phantom environment

Phantom singlet oxygen luminescence environment was controlled
with an Arm-based microcontroller having a high-speed switching
capability, to radiate around the 1200-1300 nm and containing a tissue
intra-lipid for precise mimicking the environment that forming the
singlet oxygen illumination. The system was controlled around 0 to the
216MHz frequency and on fW-mW optic power level which could give
a perfect imitation of singlet oxygen luminescence. Optic power was
calibrated with Thorlabs brand femtowatt-level light detection module.

On the fast switching light source, LEDs were connected to PD12-
PD13 pins of the timer 4 as shown in Fig. 2a. The LEDs are Thorlabs

brand 1200 L and 1300E product which have a 5mW power at 1200 nm
and 2mW power at 1200 nm for 10 cm distance, respectively. LEDs
were chosen according to their imitation to un-even light distribution
which can be compared to singlet oxygen illumination on PS solution.
The LED trigger circuit design, suitable for fast switching at the de-
termined radiation interval, was given in Fig. 2b. The optical power of
the system was adjusted via controlling the current and calibrated with
a power-meter and spectrometer.

2.2. Singlet oxygen detection system (SODS)

As shown in Fig. 1, the elements of the SODS were optic light col-
lector, anti-reflective coated optical long pass filter, avalanche photo-
diode, high-frequency wide-bandwidth transimpedance amplifier, dif-
ferential amplifier and an Arm-based microcontroller. These elements
were introduced below.

2.3. Radiation collecting Lens system

The radiation collecting lens system consists of an optic collimation
lens and 1250 nm long pass filter which were anti-reflective (AR)
coated for 900 nm–1600 nm. The aim of this lens system was to focus
the light on the middle point of the avalanche photodiode.

In Fig. 3, the collector lens distance diagram used to determine the
optimum distance between the lens and focus point was given. In the
figure, D is the height of the lens that gathers and collects the light from
a source. The focal length f is the distance between the lens and focus
point. Since the most of the resources were propagated from all angles,
increasing D or decreasing f will allow the lens to capture more radia-
tion. Thus, F is referred to as the refraction index and is the ratio of f and
D. Finally, θ is the half angle of radiation cone.

The paraxial approach was commonly used as F=

f
D , only for small

angles (15°). The smaller the F-value, the higher the radial flux (c)
collected by the lens. In Fig. 4, SODS system design was illustrated.
Fig. 4 (a) shows probe handle design and phantom environment used
for system evaluation, (b) gives the sections of the designed system.

2.3.1. APD transimpedance amplifier and differential amplifier circuit
Transimpedance amplifier (TIA) was designed to improve the per-

formance of system along with various parameters such as gain, noise,
speed, and bandwidth. Gain boost up can be done by using PMOS
current source at the input stage. Capacitive coupling and cross-coupled
current conveyor stage trim down input noise and increase the speed of
transimpedance amplifier. The preferred op-amp was a broadband
ultra-low noise TIA that supports APD applications.

An op-amp with wide bandwidth was the core of designed TIA block
shown in Fig. 5. The CTRL (control pin) logical block controls an in-
ternal single-pole double-pulse (SPDT) switch to configure the gain of
TIA. This pin also activates the internal feedback capacity required to
correctly balance the amplifier. TIA circuit was designed to react be-
tween 50 KHz −200MHz bandwidth at the 4 GHz gain-bandwidth
product (GBP).

Fig. 1. Block diagram of the proposed setup.
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As we know about operational amplifiers, all op-amps can be re-
ferred as a differential amplifier due to their input configurations. By
connecting one voltage signal to the one input terminal and another
voltage signal to the other input terminal, the resultant output voltage
will be proportional to the difference between the two input voltage
signals V1 and V2. In the designed amplifier circuits, system’s frequency
range was high and bandwidth was large for a typical application.
Because of the sensitivity of system and broad response spectrum,

capacitive effects of the resistors were considered for printed circuit
board (PCB) design. In Fig. 6, the designed differential amplifier block
was illustrated.

In the proposed differential amplifier circuit design, input and
output pins of the op-amps have a fixing capability of approximately
2.5 V. Transformers provide both impedance matching and single-
ended differential conversion. The circuit was designed with transfor-
mers having a 2:1 rotation ratio (4:1 impedance ratio) by matching the
200 O and 50 O impedance. A 2.2 nF load capacitor was placed between
the resistors and the transformer. The 100 O resistor and the 2.2 nF
capacitor create a snubber circuit that reduces the high-frequency peak
and improves the stability.

2.3.2. Arm based signal processing block (Signal acquisition Module-SAM)
Signal processing circuit was designed to evaluate real-time singlet

oxygen phosphoresce illumination. Two interfaces of the digital signal
processing circuits, Analog Digital Converter (ADC) and Digital Analog
Converter (DAC) were necessary to process analog signals in the digital
environment and then convert them to the sensible form. In our system,
the input of Arm-based signal processing block captures singlet oxygen
phosphoresce illumination. In future works, the output of the processor
is going to be used for PDT laser system to adjust the light dose and to
calculate the pulse time.

Fig. 2. a) LED-timer connection, b) Designed LED trigger circuit for fast switching.

Fig. 3. The collector lens distance diagram.

Fig. 4. SODS design illustration a) SODS probe and phantom environment, b) cross-sectional view of the designed system.
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Fig. 5. The designed circuit that extends the bandwidth of TIA.

Fig. 6. Simplified differential amplifier circuit with Chebyshev filter for high-frequency signal detection.

Fig. 7. The response of SODS system a 70 ns 1200−1300 nm pulse.
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The designed circuits have a relatively small size and can be used for
PDT application by integrating the fiber optic cable over the detector
system.

3. Experimental results

In this section, singlet oxygen luminescence during PDT experi-
ments were conducted in a phantom environment containing radiation
between 1200 nm–1300 nm and tissue intra-lipid. In this experimental
process, the target was to capture radiation at 1270 nm wavelength.
Thus, the proposed system must be able to eliminate undesired wave-
lengths. Furthermore, the collimation lens provides more effective
measurements, especially in femtowatt-level optic power measurement.
The collector lens allows to detect optic power even at 2–5 fW level.
Note that, if the optic lens was not used in SODS, it can measure 500 fW
level optic power. So, collector lens combination makes the SODS
sensitive to lover optic power levels.

The measurements were taken by means of the designed SODS, in
accordance with the illumination level and life span of singlet oxygen.
During the measurements, optic power and radiation duration were
changed between 10 nW-1mW and 20 ns-1 µs, respectively. After
2× 105 amplification, it was observed that the system gave similar
responses at different optical power level by virtue of applied signal
processing and filtering methods.

At the first experiment, the response of the SODS to the pulse with
70 ns duration generated in the phantom environment was investigated.
Differential response of the designed system was given in Fig. 7.

The aim of the experiment-2 was to discuss the performance of the
designed system under noise. To improve the robustness of the system
to noise, 1250 nm long pass optical filter was included to the SODS. By
means of long pass optical filter, all undesired components were
eliminated. After optic filter extension, response to the pulse with 70 ns
duration and 1fW-1 nW optic power was shown in Fig. 8.

In Fig. 8, upper curves show the pulses and lower ones were the
SODS response. As can be seen from the figure, noise components which
have higher amplitudes than the desired signal was eliminated by using
the optical filter. During the experiment, the distance between the LED
source and the optic light collector was 5 cm.

In the following experiment (Experiment 3), the performance of the
system to pulses having longer durations was investigated. The differ-
ential response of the system was taken at the edges of the pulses. The
measured signals were given in Fig. 9.

By means of the performed experiments, the testing process of the
SODS system was completed. According to the obtained results, it can
be said that the system can measure short life, low-level luminescence
around the 50 kHz-200Mhz. Furthermore, by changing the distances
between fast switching light source and SODS in 5 cm–20 cm interval, it

was shown that the mobility of the designed system was high enough to
use it in PDT by moving fiber optic cable with SODS system. Although a
great number of experiments were conducted, only a few of them were
given here not to extend the paper.

4. Validation of SODS measurements

SODS system can measure the different types of pulses with various
optic powers and durations. The signals obtained at the output of the
circuits were amplified by the designed system to make them proces-
sable. The purpose of this section was to validate the results obtained by
the SODS system. For this purpose, mathematical analysis was per-
formed. In this analysis, singlet oxygen luminescence intensity pro-
duced by the fast switching light source was calculated by mathema-
tical equations. Then the intensity value was measured experimentally
on the APD surface and compared with the mathematical result.

To predict the number of photons, generated by the light source and
fall to the APD surface, intensity value must be calculated. During the
mathematical calculations angle, area, distance, density and optical
power were considered [35,36]. According to the literature, the optic
power level used to obtain the number of photons expected to pass
through the determined region is 0.05 pW for singlet oxygen in typical
PDT applications [22–24,37].

The intensity of radiation emitted on a surface is known as normal
radiation intensity (In) and can be expressed as follows:

=I εGT
πn

4

(1)

In Eq. (1), G is Stefan- Boltzmann constant (5,67x −10 8 W/m k2 4), T is
absolute temperature and ε is the emissivity which is a function of
emitted wavelength. However, in the proposed study, the radiation
intensity is calculated related to the radiation produced by the LED. For
this calculation, photon energy equation given in Eq. (2) is used.

E=h.c/λ (2)

where c is light speed, λ is wavelength in meters and h is Planck con-
stant. Since f= c/ λ, Equation (2) can be rewritten as

E=h.f (3)

The parameter values for singlet oxygen are: λ=1270 nm,
f=236,057.0535Ghz, and the photon energy is 0.9763 Ev. After cal-
culating the energy of one photon, total energy on APD surface must be
obtained. For this purpose, intensity-based reverse square law given in
Eq. (4) is applied [37].

=I
μ c

E1
2 O

2

(4)

Fig. 8. The response of the SODS system to 70 ns 1200−1300 nm pulses, a) under noise and b) after eliminating the noise.
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where μO is a constant and E is the photon energy calculated above. As a
result of these calculations, the number of photons, that were predicted
to be generated by the light source and failed to the sensitive area of the
APD at the determined distance, was calculated over intensity value.
The calculations were made considering the angle, area, distance, in-
tensity, density and optical power.

In the light of mathematical analysis existing in the literature, it was
obtained that when the distance between the light source and the APD
surface was 5 cm, singlet oxygen luminescence intensity was 8500
(photon count) at femtowatt level. The photon number that fell to the
APD surface was calculated from the electrical response of the system.
When a photon hits the photodiode active zone, it can generate an
electron-hole pair depending on the quantum efficiency of the device.
Quantum yield depends on many factors, but if the energy of the photon
was generally calculated by =E h v. , it was larger than the energy gap
of the device, these photons were transformed into current by con-
verting the photon motion to the electron particles on the surface where
the recombination rate was high and will contribute to the measure-
ments. The change of photodiode spectral properties with wavelength
was explained by quantum efficiency. Semiconductor materials such as
Silicon and InGaAs have different energy cavities; as a result, they ex-
hibit different quantum yields at different wavelengths, resulting in
spectral sensitivity profiles specific to the material type. Semiconductor
photodiodes are ideal for low-level light measurements due to their
high sensitivity and low noise characteristics. The SODS system voltage
response to a number of photons calculated according to the ref
[38–40]. The Johnson and Shot noise that affect the system was cal-
culated via reference [41]. Noise components of the whole system were

also measured.
The electrical response of the SODS system, which was used to

calculate the singlet oxygen luminescence intensity, was achieved at
first. Then, the noise components were eliminated. Finally, the intensity
value was between 8000–12000 (photon count) and as an average of
9500 (photon count). In Fig. 10, measured average intensity values
were demonstrated for 50.000 pulses. As can be seen from the figure,
the system provides consistent results for singlet oxygen illumination.

Finally, the system is validated in the singlet oxygen phantom en-
vironment for different pulse durations. The optic power responses of
SODS for different pulse durations are illustrated in Fig. 11. The mea-
surements show that the proposed system can respond to the different
illuminations with a stable response. The phantom environment can
perfectly mimic artificial singlet oxygen illumination. Furthermore, the
proposed phantom environment can behave like the different types of
tissue phantom with a little adjustment and can be easily applied to the
newly developed systems.

5. Discussion

In this study, the purpose was to design a system which has the
ability to detect singlet oxygen illumination during PDT. For this pur-
pose, SODS was developed and introduced. The performance of the
system was evaluated with mathematical analysis and phantom en-
vironment measurements.

In the phantom environment, the experiments were performed in
three groups in accordance with the illumination level and life span of
the singlet oxygen. At the first experiment, the target was to show the

Fig. 9. SODS response to the pulses with longer durations (500 ns).

Fig. 10. The measured average intensity values for 70 ns pulses.
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response of SODS to 70 ns pulses. Because of the life span of singlet
oxygen changes between 10 ns and 1–2 u s, similar to the existing stu-
dies in the literature, 70 ns pulses were preferred for performance
evaluation. According to the results of the experiment-1, the designed
system can detect these pulses reliably (Fig. 7). Experiment-2 was
conducted to discuss the response of SODS under noise. The existence of
1250 nm long-pass filter makes the system robust to the optical noises.
So, the pulse response of the designed system to 70 ns pulses under
noise was as desired (Fig. 8). In the experiment-3, the performance of
the system is tested for pulses with longer durations. For this in-
vestigation, 500 ns pulses were applied to the system and then the
differential response of the system was measured (Fig. 9). Furthermore,
the measured average intensity values were demonstrated for 50.000
pulses to manifest that the proposed system provides consistent results
for singlet oxygen illumination (Fig. 10). Finally,

the system is validated in the singlet oxygen phantom environment
for different pulse durations. For this purpose, pulse durations are
changed from 50 ns to 2000 ns and the corresponding optic power va-
lues are measured. The measurements show that the proposed system
can respond to the different illuminations with a stable response. The
results of all conducted experiments exhibit that the SODS was able to
detect singlet oxygen illumination. So, SODS can be combined with the
PDT laser device for successful treatment.

After pulse response experiments, singlet oxygen luminescence in-
tensity obtained by the SODS was validated. Therefore, a comparison
between mathematical calculations and experimental measurements
was made based on intensity value. The obtained results showed that
the experimental and mathematically calculated intensity values were
compatible.

The presented study was compared with the most similar studies in
the literature to prove its contributions, at first. N.R. Gemmell et al.
2013 [28], the authors aim to monitor singlet oxygen luminescence.
They employ a low noise superconducting nanowire single-photon
(SNSPD) to record singlet oxygen luminescence at 1270 nm wavelength
from a model photosensitizer (Rose Bengal) in solution. In their system
design, they combined armored fiber to SNSPD. Due to fiber-optic
cables inherent properties, optic power can be decreased during the
transmission. In the SODS design, instead of using fiber optic cable,
collimation is directly focused on the APD surface. So, optic power loss
was avoided. Furthermore, SNSPD was a general purpose device used
for photon detection. However, the proposed SODS system was spe-
cially designed for the low-optic power and high-frequency singlet
oxygen luminescence detection. N.R. Gemmell et al. 2017 [29], the
authors improved their SNSPD system by using single-photon avalanche
diode detector (SPAD). The overall system performance in term of
count rate and signal-to-noise ratio was improved by 50-fold-over fiber-
coupled SNSPD system. However, optic power loss raised from fiber
optic cable usage still exists. Although the goal of [29] was fairly similar
to the proposed study and it was a promising study for PDT researches,
the cost of the system was higher (∼21.000 €). One of the contributions

of the SODS was its lower cost (∼1200 €) that made it easy procurable
for clinical researches. In this study [30], Boso and his friends designed
a practical setup based on a negative-feedback avalanche diode (NFAD)
detector. They used NFAD to detect singlet oxygen. Its frequency in-
terval was between 1 Hz and 20MHz which made it impossible to use
with new type PDT laser systems introduced in H.S. lim et. al. 2012 [4].
In the presented design, signals with 50 kHz−200MHz can be detected.
This frequency interval is compatible with the new type of PDT laser
systems. In addition, several types of filters are included to overcome
the noise affects, whereas, in our system, two filters were applied to the
signals. The study given with G. Boso et al. 2016 [30], chemical-based
optical phantom system, which had difficulties in the preparation stage,
was constructed to evaluate the performance of the whole system. In
the SODS, an electronic-based phantom system which was user-
friendly, had adjustable illumination level and did not require a pre-
preparation phase. As far as we know, this study is the first study which
constructs a phantom environment with femtowatt level optical power.

At the end of the discussion section, Table 1 was prepared to better
discuss the situation of the proposed study in the literature. This re-
ference table is constructed to point out the important aspects of the
valuable studies and to compare them with the presented study. Ac-
cording to this literature review, the following assessments can be
made:

In the singlet oxygen illumination range, NIR photomultiplier tubes
and newly developed InGaAs cameras have been mainly used as a
single-photon detector. InGaAs cameras were used with an external
electronic circuit and photon trigger but even though having a large
active area (> 10mm x 10mm) and high efficiency (> 30–50%) the
speed of the cameras could not be operated in the range of singlet
oxygen luminescence illumination life time [42]. Then, the PMTs were
widely used in the singlet oxygen luminescence detection field [43–46].
Their main advantage was having a large active area (> 10mm) that
was essential to collect photons from large diffusing samples. Un-
fortunately, they have many disadvantages like very low quantum ef-
ficiency (< 1%), moderate noise (> 10,000 cps), delicate photocathode
(it can be corrupted by ambient light) and the difficulty to gate the
detector to suppress stray light during measurement. The newly de-
veloped SPADs started to be used in the singlet oxygen detection studies
due to their higher detection efficiency, lower noise sensitivity, com-
pact form factor, stability, ease-of-use and the possibility to be gated
[47–49]. However, SPADs’ gated-mode operation could not cooperate
with the singlet oxygen luminescence in NIR wavelength range due to
their wider illumination ranges (> 40 ns in vivo, > 3 μs) [50,51]. The
newly developed superconducting nanowire single-photon detectors
(SNSPDS) presented an alternative measurement system for PDT ap-
plications but the clinical adaptation seems like a quite limited because
of the size, cost and difficulty in usage [28].

In reference [52] direct SOLD measurements were compared with
the singlet oxygen explicit dosimetry (SOED) calculations for phantoms
using Photofrin and SPAD. The oxygen and PS concentration

Fig. 11. The optic power response variation of SODS for different pulse durations.
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measurements were compared with SOED predictions to validate the
SOED model. The results showed that there was a direct correlation
between SOLD and SOED. However, the system could be further im-
proved by using a specially designed singlet oxygen measurement
system. So far, different systems were designed for PDT treatment
modalities. The system limitations could be found with the electronic-
based phantom environment without using complex laboratory equip-
ment. The SOED based models could be implemented in a phantom
environment for mimicking the singlet oxygen luminescence for further
exploitation and could be compared with SOLD based measurements
without using a computer and laboratory equipment. The phantom
environment prevents the impairment of laboratory equipment and
provides stable light level measurements.

The last row of Table 1 gives the important points of the proposed
study. The main advantage of the system is its lower cost which makes
is easily accessible for PDT experiments. Furthermore, its efficiency,
antireflective coated lens and collector, special design, and clinical
potential makes it attractive among its competitors. In the light of the
above discussions, it can be concluded that the proposed SODS system
will be a good candidate for clinical PDT applications after further
experimental analysis.
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