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Abstract
This study aims to simulate a therapeutic plan for a normal human blood model under various patho-physiological conditions, 
such as the development of leukemia/blood diseases, by means of Monte Carlo multilayered simulation. The photosensitizing 
compound selectively accumulates in the target cells. A superficial treatment of a blood sample was performed at different 
ratios of oxygen saturation ( foxy = 50%, 53%, 55%, 60%, 65%, and70% ) under the concentration ( CMC540 = 30 µM) effect of 
merocyanine 540 (MC540) in the blood irradiation. This was done under the application of visible light of wavelength ~ 
580nm at an exposure time ~ 60 s. The dose of photodynamic therapy (PDT) was evaluated for the biological damage, leading 
to necrosis and blood damage during the treatment. In addition, the effect of PDT treatment response in the blood is related 
to hemoglobin oxygen saturation, resulting in an excellent relationship between the changes caused by the treatment in the 
blood at a peculiar oxygen saturation rate (for the highest response:  foxy = 50%) and a light dose (LD) of 3.83 Jcm−2 above 
the minimal toxicity of normal tissues. The photodynamic dose is related to the depth of necrosis and the time of treatment 
for the achievement of the LD delivery at the PDT of blood.

Keywords Photodynamic therapy · Blood irradiation · Light dose · Blood necrosis · Photodynamic dosimetry · Oxygen 
saturation · Leukemia disease

Introduction

Cancer persists as a global health issue, which represents the 
predominantly influencing disease on the universal health 
and elevated mortality rate. This is mainly due to the malig-
nancy, which remains the leading cause of death [1–18]. 
For this main reason, an alternative therapy is useful to fight 
malignant diseases, which is less harmful when compared 
with chemotherapy or radiotherapy. In this regard, photody-
namic therapy (PDT) is a convenient tool that involves the 
use of a photosensitizer. This has the ability to be localized 
in the region of tumors or lesions in the tissue. Therefore, 
the various malignant and non-malignant diseases can be 
treated [3–25]. The light source type is often chosen based 

on the depth of the lesion or tumor with the requirement of 
the light dose (LD) and the photosensitizer [26]. The illu-
mination must be enough for the treatment of the selected 
area, while the irradiance must be sufficiently high to offer a 
better treatment response. Most importantly, the wavelengths 
should match the absorption bands of the photosensitizer 
[27]. Hence, the activation of the photosensitizer can be 
achieved through the exposure to the light at a special wave-
length, while the energy is transferred through the excited 
sensitizer into a molecular oxygen. This is conducive for 
the generation of toxic oxygen, which is recognized as the 
oxidized root species [4]. Thus, the singlet oxygen repre-
sents the essential vehicle of the therapy impact of PDT 
to cure the local damage. The apoptosis/necrosis forms of 
tumor cells and immunogenic cell death ultimately lead to 
the remission of tumor [5].

Photodynamic reactions represent a multistage process, 
which involve a triple-element photochemical interaction 
with light, photosensitizer, and oxygen [20, 21]. This can 
lead to the tissue damage in two types of interaction. In the 
first type of reaction, the excited state of the photosensitizer 
reacts simply with a number of organic substrates or the 
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presence of the solvents in the tissue. This can conduct to 
the produced cytotoxic of free radicals through an electron 
or a proton transfer in order to generate radical species [22]. 
The second one involves another interaction that is more 
common for the photodynamic effect and is produced via 
the singlet oxygen. The physical processes involve singlet 
oxygen (1O2) generation reactions, which are described in 
the previous reports [21–25]. Most oxygen reactions have 
harmful effects on the cells and surrounding cell structures, 
which can undergo an irrevocable reaction. The reaction of 
singlet oxygen with blood indicates the chief cause of cel-
lular damage through a photodynamic effect, and the damage 
would have the form of blood necrosis, which conducts to its 
death [22]. The application of PDT in blood is feasible, such 
as in leukemic and acute promyelocytic leukemia (HL-60), 
as well as normal bone marrow cells. Also, the treatment 
of acute lymphoblastic leukemia continues to evolve into a 
mature clinical treatment modality. It is then considered as 
a promising approach for eradicating blood diseases [6, 7]. 
For this purpose, in the present work, an extensive update on 
the use of PDT in cancer research and treatment is initiated, 
and the application of this approach is discussed to support 
leukemia therapy. 

Optical property measurement can be performed in 
human blood via the visible light when the photosensi-
tizer is stimulated. The accumulation of the photosensi-
tizer matter of merocyanine 540 (MC540) can absorb in 
visible light of � = 580nm , while the penetration depth of 
the light significantly relies on the scattering and absorp-
tion features of the blood. Hence, the fraction volume of 
blood with oxygen saturation [8] has higher optical pen-
etration depths ( � = 0.01192 cm at foxy = 50% ) to increase 
the treatment depth in blood [5]. The plan of the treatment 
requires the measured optical properties in a human blood 
sample as part of a PDT simulation. The deeper blood 
penetration of visible light of � = 580nm is compared to 
shorter wavelengths of light. This can render the visible 
light dose more suitable for the PDT treatment, involving 
profound targets and thick lesions [9]. The PDT was simu-
lated at a visible light of � = 580nm using fluence rates of 
12.7, 25.47, 38.21, 50.95, 63.69, 76.43, and89.17mWcm−2 at 
seven LDs of 0.76, 1.52, 2.29, 3.05, 3.83, 4.58, and 5.35 
Jcm−2 , respectively. The seven LDs are compared in terms 
of local damage (irreversible damage), which is indicated 
by the smallest of the seven local damages acquired at 
the profound zone of the blood sample dimensions [µm]. 
Therefore, it is possible to estimate the treatment times 

( tn = 5.65, 2.83, 1.89, 1.42, 1.15, 0.95, and0.85s ) that are 
required for the fluence rates of the seven prior LDs to 
establish the reference damage. This was certainly effective 
for surface treatment, which is very safe for many blood 
diseases with response rates at a LD = 3.83 Jcm−2 . A photo-
dynamic dose is indicted by the total cumulative of singlet 
oxygen created along the treatment, which is incorporated 
at = 9 × 10

17 photon∕g> Dth = 8.6 × 10
17photon∕g . This 

photodynamic dose relies on the total rate of local fluence, 
which is determined through the summation of the local dif-
fusing fluence rate and the local incident fluence rate. Also, 
the absorption coefficient is used for the MC540 to estimate 
the local damage caused by PDT.

In this work, a model is proposed for the PDT process to 
treat the blood sample. The Monte Carlo (MC) technique 
is used to investigate the light penetration depth and flu-
ence rate at various values of diminished scattering ( �s ) and 
absorption ( �a ) coefficients by using a source emission of 
point light from the spherical diffuser at a wavelength of 
� = 580nm . This corresponds mainly to the MC540 for the 
light-sensitive material. Also, the impact of variability of 
optical, geometric, and diffuser-relying parameters on the 
delivering of dose into the target volume is established [10]. 
The simulated results make it possible to establish a model, 
conducting to the diagnosis of blood diseases possible at the 
surface irradiation. The photodynamic threshold of normal 
blood is calculated at different concentrations of oxygen 
saturation with MC540 to estimate the PDT-induced blood 
necrosis ( zn ). The light fluence distribution during the PDT 
and photosensitizer uptakes in the visible light. The simu-
lated results of a blood sample show that a laser of wave-
length of � = 580nm and the dose D = 9 × 10

17 photon/g 
are very high to achieve blood necrosis at Zn = 63�m . 
Higher light fluence rates enabled a shorter tn = 1.15 s to 
be achieved for intraoperative irradiation times with no loss 
of efficiency.

Materials and methods

Blood optical properties

The current study includes a blood sample (comprising both 
oxy-hemoglobin and deoxy-hemoglobin) with a volume frac-
tion of blood (B) possessing a total oxygen saturation (foxy) , 
as indicated by the summation of the individual absorption 
coefficients of the components. All related parameters are 

Table 1  Optical properties of 
normal human blood model [13]

Wavelength
� [nm]

Oxygenated (H = 0.45%) Deoxygenated (H = 0.45%) g n �[
g

cm3
]

�oxya(�)[��
−1] �dxya(�)[��

−1] �oxya(�)[��
−1] �dxya(�)[��

−1]

580 nm 224.8 176.9 3291.1 3126.7 0.988 1.33 1.060
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listed in Table 1, with the optical coefficients, fluence rate 
build up at anisotropy (g = 0.988), and refractive indices of 
the blood (n = 1.33) [11].

where �oxy(�) and �dxy(�) are indicated by the absorption 
coefficients of deoxygenated (oxygen saturation = 0%) and 
oxygenated (oxygen saturation = 100%) blood, respectively, 
and WHRB [g/L] represents the concentration of total hemo-
globin, as defined by Eqs. (2) and (3). In addition, the total 
oxygen saturation  O2 is defined by Eq. (4) [12].

where [HbO2] and [Hb] are described by the concentrations 
of oxy-hemoglobin and deoxy-hemoglobin, respectively, in 
the total blood volume, i.e., all blood located in the cap-
illary, arterial, and venous compartments. The scattering 
coefficients of deoxygenated ( �dxys ) and oxygenated ( �oxs ) 
total blood were calculated by means of Mie theory. It was 
assumed that the independent scattering of particles occurs 
in the whole blood. The obtained results exhibited an analo-
gous spectral shape compared to the previous reports with 
noticeably bigger values. The main reason relates to the 
densely packed erythrocytes in the whole blood, whereas 
the optical scattering is no longer independent of the blood 
cells. Finally, the normal physiological value H = 0.45 and 
the packing factor W = 0.3 are undertaken [13]. The total 
reduced scattering coefficient ( �s ) for blood is expressed by 
Eq. (5) [13].

(1)�a(�) = foxy�oxy(�) + (1 − f dxy)�dxy(�)

(2)�oxy(�) =
2.303 ∗ eoxy(�) ∗ Chem

WHRB

(3)�dxy(�) =
2.303 ∗ edxy(�) ∗ Chem

WHRB

(4)O2 =
[HbO2]

[HbO2] + [HO2]

where �oxs and �dxys are the decreased scattering coefficients 
of oxygenated and deoxygenated blood, respectively.

Figure 1 clearly shows that the peak in the hemoglobin 
(Hb and  Hb02) absorption is located at ~ 580 nm, which 
is used in the treatment. The scattering ( μs = 986.8 cm−1 ) 
and absorption ( μa = 224.32cm−1 ) coefficient values are 
extracted at 580 nm.

Photosensitizers

The photosensitizers work as exogenous fluorophores, 
which induce the fluorescence in the target tissues indi-
rectly when the intrinsic fluorophores are not adequate for 
the desired application. The design is based on having a 
big singlet oxygen quantum yield to achieve phototoxicity 
in PDT. The selection of an appropriate photosensitizer 
is based on increasing the depth of the excitation light 
penetration at high absorption light transformers with 
longer wavelengths to reach the appropriate processing 
depth [14]. The photosensitizer MC540 used in this study 
is based on the optimal uptake by the target leukemic cells, 
some categories of immature blood cells, and photophys-
ical properties [15, 16]. MC540 is a cheap and readily 
accessible anionic cyanine dye in which the absorption of 
light is located in the visible span [17]. The absorption and 
fluorescence properties of MC540 can be dissolved in eth-
anol. For MC540, the longest wavelength absorption band 
is approximately 560 nm, and the excitation wavelength is 

(5)�s = W(foxy ∗ �oxs +
(

1 − foxy
)

∗ �dxys)

Fig. 1  Absorption coefficient 
and scatter coefficient spectra 
for blood at foxy = 99%

Table 2  Main fluorophores contributing in MC540 for PDT [19]

Fluorophore Max excitation
�[nm]

Max emission
�[nm]

Application

Merocyanine 
540

560 580 Leukemia, 
lymphoma
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530 nm. The quantum yield of this molecule is 0.39 [18]. 
All main parameters for MC 540 that are useful in PDT 
are summarized in Table 2.

Light sources

For the production of an adequate amount of singlet oxygen 
and for the prediction of the necrotic zones in PDT, MC 
simulation provides practical techniques for the computa-
tion of light distributions in biological tissues. This can rely 
on simple expressions of spherical, cylindrical, and planar 
geometries from the point sources [28]. The light sources 
and the blood sample were characterized by a homogeneous 
model (with a diameter of 120 μm and thickness Z = 400 µm 
blood vessel compressing either blood at 45% hct [29, 30]) 
and were initially used to acquire the distribution of scat-
tering/absorption events within a normal blood sample and 
the photosensitizer MC540. The calculations were carried 
out by employing MC multilayered (MCML) code [31, 32]. 
In the simulation, total photon packets of ~ 104photons were 
set at the visible-light laser with a wavelength � = 580nm 
that is used in PDT. This is mainly produced from a point 
source of the unit at a maximum power P = 50mW  and a 

spot of radius r = 5mm . In this case, the blood was irradiated 
at a surface energy of 4Jcm−2 , and the fluence rate did not 
exceed F = 100mWcm−2 . Here, the photons were distrib-
uted in a spherical shape along the z-axis pointed into the 
sample. The simplified blood sample model consists of data 
taken from previous work [13]. A section with a thickness 
of 400 μm includes a designed model of the blood sample, 
as displayed in Fig. 2. The important parameters used in this 
study regarding the LD and photosensitizers (MC450) are 
presented in Table 3.

Diffusion model of the fluence rate distribution

To describe the absorption and scattering characteristics of 
the medium, the most regularly extracted optical interac-
tion coefficients are indicated by the effective attenuation 
coefficient, �eff (cm

−1) , and its corresponding inverse, which 
represents the penetration depth and is denoted by � = 1∕�eff  
[33]. It is described by the incremental depth in the tissue 
where the fluence rate collapses into 1/e of its preceding 
value. Once the effective attenuation coefficient is revealed, 
then the relative distribution of energy fluence is predictable 
in such a medium. The effective attenuation coefficient is 
itself related to the absorption and diminished dispersion 
factors. This relation is illustrated in Eq. (6) [34].

Although  �eff  is the most simply established from the 
optical interaction coefficients, its determination does not 
make the absolute distribution of the energy fluence rate 
in tissue predictable [35]. According to the principle of the 
diffusion of light in tissue, many different “geometries” are 
possible for the light irradiation in PDT, as portrayed in 
Fig. 3. Surface radiation that involves a superficial treatment 
of the light source is exterior to the body, or it can illuminate 
the interior surface of a body cavity [36], as expressed by 
Eq. (2).

(6)�2

eff
= 3�a(�a + �

�

s
)

(7)� = �0ke
(−�eff z)

Fig. 2  Geometrical structure of the laser source as a point with a 
5-mm-diameter laser beam (λ = 580 nm) and radiant exposure E = 64 
 mWcm−2 at the center, which is illuminated on the top, and the pho-
tons propagating down in a spherical diffusion on sample blood with 
the MC540 are accumulated and assumed to be of uniform density

Table 3  Light dose (LD) and 
photosensitizers examined for 
MC450

Definition Parameter

Photons Wavelength � = 580nm

Irradiance E = 64mWcm−2

Exposure time T = 60 s
Optical penetration depth �=0.01192 cm
Optical backscatter factor k = 4.4

Photosensitive drug Extinction coefficient of drug � = 32783cm−1
(mg∕ml)

Quantum efficiency � = 0.39

MC540 concentration of drug CMC540 = 30�M

Blood Blood density 1.016g∕cm3

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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where �[(Wcm−2
) ] represents the energy fluence rate for a 

surface irradiance of �0([Wcm−2 ]) that can penetrate at a 
specific depth z[ cm]. Here, k [no unit] is a factor that relies 
on the tissue absorption and scattering coefficients by apply-
ing a treatment wavelength to the tissue surface, which can 
result from the effect of the backscattered light near the tis-
sues [33].

Equation (8) indicates the emission from a point source by 
providing a radiant power P ([mW]) . This can be expressed 
according to the diffusion theory, which is described via 
the relation between the energy fluence rate, �([Wcm−2 ]) 
at a distance r [cm], the diminished scattering coefficient 
�

�

s

(

cm−1
)

 , and the absorption coefficient within an infinite 
turbid medium �a

(

cm−1
)

[35].

Equations (7) and (8) represent the complete representa-
tion of the light distribution viable under the two special 
source geometries, as mentioned earlier, while the values of 
�a

(

cm−1
)

 and k [no unit] are needed for �eff

(

cm−1
)

.

PDT dosimetry

The LD that produces the photodynamic behavior is rep-
resented by H [J cm−2 ], as written by Eq. (9). It indicates 
fluence rate � [W cm−2 ] times the exposure time t [s].

The PDT treatment can be achieved through a stochas-
tic event, which is governed by the fluence, as given by 
Eq. (9). This mainly results in the damage caused by the 
oxidation in the form of “necrosis or apoptosis” when 
the threshold fluence ( Hth ) value exceeds H [J cm−2 ], as 
defined by Eq. (10):

(8)� = (
P3(�

�

s
+ �a)

4�r
)e(−r∕�)

(9)H = �t

The fluence rate H [J cm−2 ] can reach Hth[(Jcm
−2
)] at a 

depth Znecrosis[(cm)] that corresponds to its effective treat-
ment. The form can be obtained according to Eq. (11).

There is a proportionality between Znecrosis[(cm)] and the 
optical penetration depth ( � ) that is linked to a factor via 
the logarithm function. Therefore, their effect on Znecrosis is 
reduced by using the variable constants, such as t, E, and 
k, but the time varies, as provided by Eq. (11) [37].

The expression for the optical penetration depth �[(cm)] 
is expressed in terms of Eq. (12), showing that �[(cm)] to 
be proportional to the geometric mean of µa and �′

s
 . For 

𝜇
′

s
≫ 𝜇a , it is usually described for the red to near-infrared 

light.

A crucial biological component for obtaining µa is indi-
cated by the blood perfusion. It can readily vary by a factor 
of 2–4. Thus, the Znecrosis is significantly affected by the 
inflammation degree in a target tissue. The augmentation 
of fourfold in blood perfusion would provoke a fourfold 
augmentation in µa, yielding more than a twofold reduc-
tion in � as well as at least a halving for the treatment 
depth [38].

The photodynamic dose indicates the absorption of 
photons number by the photosensitizer, per gram of tissue 
[photon/J], as written in Eq. (13) [39]. Note that � repre-
sents the tissue density [

(

gcm−3
)

] , � describes the light 
fluence rate [ (mWcm−2

)], h� denotes the energy of a pho-
ton [photon/J], C defines the drug concentration in the 
tissue [μM], ε indicates the extinction coefficient of the 

(10)Hth = Eke−Znecrosis∕� t

(11)Znecrosis = �ln(
Etk

Hth

)

(12)� =
1

√

3�a�s
�

Fig. 3  Typical fluence rate F 
 Wcm−2 distributions dur-
ing PDT calculated using 
MC simulations by assum-
ing μa = 200.85  cm−1 and 
μs = 962.6  cm−1
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photosensitizer drug [1/cm/M], and t represents the expo-
sure time. These parameters are selected to influence the 
dose estimation [40].

Here, a toxic threshold, representing the maximum 
number of photons that must be absorbed until the occur-
rence of necrosis, is adopted. The value of thresholddose 
Dth ∼ 8.6 × 10

17
(photon∕g) was determined from photon 

measurements in liver tissue and was selected here for com-
parison with the previously published models [41].

PDT damage

Tissue responses to the effectiveness of PDT doses are 
assessed based on the threshold dose [ Dth] , where they indi-
cate survival doses lower than Dth[(

photon

g
)] . However, the 

doses above Dth necrosis lead to the defectiveness of the 
treatments [42]. They evaluate the threshold dose that is 
associated with the penetration of the amount of light in the 
tissue and its depth. The effects on intact and necrotic tissues 
rely on the local light fluence and photosensitizer concentra-
tion, as well as the local availability of oxygen [43].

To determine the threshold dosimetry of PDT, it is nec-
essary to describe the threshold concentration of oxidizing 
species created by PDT that elicits the treatment, while 
Pth[(M ] is indicated by Eq. (15).

The inclusion of the extinction coefficient �[(cm−1M−1) ] 
for the photosensitizer concentration C [M] is related to the 
quantum efficiency that converts the excited state of the pho-
tosensitizer to the oxidized species �[(nounit)] . It depends on 
the availability of oxygen, and the oxidizing species fraction 
that invade the sites participating to lethality fkill and hv is 
the energy of a photon (photon/J) participating in yielding 
units of moles per liter [M] for Pth.

The rearrangement of Eq. (17) is needed for the resolution 
of Znecrosis([cm]) and the substitution of the depth of optical 
penetration �([cm]) for 1/µ yields

(13)D = ∫
t

0

�C
�
(

t
�
)

hv
.
1

�
dt

�

(14)D = �CT
�

hv
.
1

�

(15)Pth = Hth�C�fkill
1

hv
T

(16)Pth = D.�.f kill

(17)Znecrosis = �ln(
�(1000)Etk�C�fkill

Nahc0
)

The key points from Eqs. (15) and (16) require that the 
optical properties have a prevailing impact on the region of 
PDT treatment. Equation (17) indicates that the variations 
in the blood perfusion can significantly restrict the regional 
treatment [37, 38].

Results

Measured fluence rates in the blood

To simulate the fluence rate of light, the blood was used as 
a medium for  therapeutic dose accumulation with the addi-
tion of different concentrations of oxygen in the blood and 
the concentration of MC540 was set to CMC540 = 30 µM. Its 
visual properties are collected in Tables 1 and 3 (as taken 
from a previous report [13]) by positioning the laser ( � = 
580 nm), and the surface was located at Z = 0cm.

A map of light distributions predicted by diffusion theory 
simulation for a normal blood sample with MC540 photo-
sensitizer clearly shows that the fluence rate increases at 
the higher concentration of the ratio of oxygen saturation 
as a function of the penetration of light. Thus, the depth of 
penetration increases and indicates a propagation model, as 
displayed in Fig. 4.

Figure  5 shows the f luorescence of blood 
a t  d i f fe r e n t  r a t i o s  o f  ox yge n  s a t u r a t i o n 
foxy = 50%, 53%, 55%, 57%, 60%, 65%, and70% ,  respec-
tively, at a concentration of the material MC540 of CMC540 = 
30 µM, and the positioned radiant source is set at Z = 0cm 
for a laser light of � = 580nm . The simulated series were 
recorded along the tracks positioned at photons of source of 
N = 104 photons taken inside the blood. The higher oxygen 
saturation in the blood led to a decrease in the fluence rate 
of Fmax = 2.6 × 10

−10W∕cm2 at foxy = 50% during the irra-
diation time t ~ 60 s. Two different regions were observed 
by using MC simulation. The first one, located at range 
r = (0 − 0.015)cm , near the blood surface is known as the 
accumulation zone (the build-up region). The fluence rate 
is high up to the maximum values because of the blood 
absorption properties ( Fmax = 2.6 × 10

−10W∕cm2 ). There-
fore, in the second region, the fluence exhibits an expo-
nential decrease as a function of the depth with a diameter 
maximum of 0.5cm at Fmin < 2×10

−10W∕cm2 , as shown in 
Fig. 2b.

The effects of different MC540 concentrations were 
investigated during the phototherapy and the blood damage 
versus the change of the concentration CMC540 . By employ-
ing an MC model, the homogeneous distribution of MC540 
was observed, and the fluence rate distribution was decom-
posed with blood depth. Photobleaching altered the spatial 
distribution of MC540 in the blood. The upper layer (surface 
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region) experienced the biggest fluence rate. Hence, this will 
experience the photobleaching promptly. It was suggested 
that the MC540 concentration of ~ 30 µM has a negligible 
influence on the absorption coefficient of the blood. Thus, 
it can result in a time-independent fluence-rate distribution. 
MC540 photobleaching was assumed to follow a tendency 
of first-order exponential decay. Its concentration, CMC540 , 
decreased at a rate proportional to the local fluence rate 
F[(W∕cm2 ], as shown in Fig. 6. It is possible to record a 
wide variation in the MC540 fluorescence rate at different 
oxygen concentrations of foxy . However, the best concentra-
tion of treatment is considered to be within the range of 
approximately 10–30 µM, as shown in Fig. 6.

PDT is restricted to more-superficial regions because of 
the limited depth of light penetration. For a monochrome 
beam of � = 580 nm, the absorption spectrum for MC540 
has a large activation peak, resulting in a greater absorp-
tion and penetration at the surface dose along with treatment 
depth, as shown in Fig. 7. The PDD is directly related to the 
photosensitizer concentration and the fluence rate of light as 
well as oxygen saturation ( foxy ) in the blood. The resulting 
regions with lower power render the treatment ineffective 
at LD < 3.83 J cm−2 when the power is less than 50 mW. 
This can be explained to the fewer absorption events pos-
sible to reach the estimated threshold Dth8.60 × 10

17photon∕ 
g. However, the absorption is significant in the regions at 
higher power. The PDD is higher at  LD > 3.83 J cm−2 when 
the power is greater than 50 mW. This explains the larger 
spread in PDD in the areas above the threshold. The reported 
data demonstrated the processing protocol performed at LD 

= 3.83 J cm−2 and a power of 50 mW at a concentration 
CMC540 = 30 µM for MC540. This finding is expected to kill 
a large number of direct cells at PDT = 8.79×10

17 photon/g 
with a focused oxygen saturation of foxy = 50%.

Concentration hemoglobin oxygen saturation

The simulated absorbance of blood is given for a thickness 
of Z = 400 µm (taken from previous reports [29, 30]) at a 
wavelength of visible light of � = 580 nm obtained at various 
oxygen saturations from 50 to 70% for a blood volume frac-
tion of B = 0.002. As expected, the absorbance changes are 
the most prominent in the wavelength range varying from 
500 to 600 nm. Different ratios of oxygen saturation in the 
blood are obtained with the blood absorption coefficient, 
showing a continuously increasing relationship, as depicted 
in Fig. 8. The light fluence distribution obtained at differ-
ent blood oxygen saturations ( foxy ) resulted in the difference 
between the absorption coefficients at 580 nm , as summa-
rized in Table 4.

Figure 9 demonstrates the monitoring of typical time 
behavior for the blood oxygen saturation with the relative 
hemoglobin concentration (B = 2%) by including MC540, 
which was calculated from the MCML model during PDT. 
The treatment was started at t = 0 s and released at t = 60 s. 
Under normal conditions, the regular increase in foxy occurs 
in the range of 10–90% and at the time up to t = 60 s, which 
continues to increase by showing 𝜇a < 200.85cm−1 at 
foxy = 50%. It is clearly seen that the photons have a longer 

Fig. 4  MC profiles of fluence rate F [(Wcm−2] within a simulated 
thickness z = 400  μm for blood vessel filled with blood containing 
H = 45% hematocrit and relative fractions of blood B = 2%: the added 
MC540 with different oxygen saturation concentrations at values (a) 

foxy = 50%, (b) foxy = 60%, and (c) foxy = 70% is plotted as a function 
of vertical distance z [(cm]) and the lateral distance r ([cm)] from the 
source
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absorption in the visible wavelength = 580 nm for all cases, 
tending to increase with foxy in the range of (0 − 100%) 
through ~ 60 s. However, for a very high absorption of blood 
at foxy (50% − 100%)% , the differences in the visible optical 
path of laser light increase with increasing foxy . The differ-
ences in the optical path of � = 580nm continue to increase 
with blood oxygen saturation.

The effects of fluence rate on different concentrations 
of oxygen in the blood with the concentration MC540 are 
analyzed. For each constriction, the MC540 fluorescence 

intensity values are recorded at � = 580 nm. Figure 10 
shows the fluence rate as a function of the depth at different 
concentrations of oxygen. The fluence rate is defined as the 
amount of fluence divided by the incident irradiance. This 
figure exhibits the fluence rate for a certain concentration of 
oxygen ratio ( foxy = 50%, 53%, 55%, 57%, 60%, 65%, and 
70%) at a visible light wavelength of � = 580nm , as shown 
in Fig. 4. The MC540 fluorescence intensity clearly varies at 
different concentrations of oxygen during the time treatment. 
As expected, from the outset to the end of treatment, the 

Fig. 5  a Fluence rate F [(W/
cm2] as a function of depth r 
([cm)] simulated in the blood 
with photosensitizer MC540 
at different oxygen saturation 
ratios (foxy = 50%, 53%, 55%, 
57%, 60%, 65%, and 70%) and 
b foxy = 50%
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Fig. 6  a and b The fluence 
rate in the blood through the 
period irradiation time t = 60 s 
at different concentrations of 
MC540 = 5, 10, 20, 30, 40, and 
50 μM as a function of time 
during the treatment
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reduction of the fluorescence peak of MC540 is clear until 
the treatment progresses to the maximum value at approxi-
mately 1.41 × 10

−10W∕cm2 for foxy = 50%.

Photodynamic therapy

The photodynamic doses versus the exposure time computed 
at various concentrations of oxygen are plotted in Fig. 11. 
The PDD increases with the increase of time, and the trans-
mission of light into the blood increases as well. Therefore, 
the PDT treatment in the blood depends strongly on the 
concentration of oxygen. Few changes were observed in the 
spectral shape of the photodynamic dose of blood by chang-
ing the concentration of oxygen at foxy = 50%, especially in 
the region between foxy = 50% and foxy = 60%. A significant 
variation in the photodynamic doses of the blood occurs 
with the increase in the concentration of oxygen along 
the absorption CMC540 at 30 µM, especially at the visible 
laser ( � = 580nm ). In addition, the maximum value of the 
therapeutic dose versus the exposure time increases weakly 
between foxy = 60 and 70% and continues to increase to the 
maximum value at foxy = 50%. The absorption coefficient 
of the substance is fixed to �aMC540 during the irradiation 
period at a wavelength of � = 580nm . The concentration of 
oxygen affected the treatment, which could also explain why 
the recorded amount of the dose is lower at the concentration 
foxy = 70%. This could effectively reduce the amount of the 
maximum dose that reached the target. In addition, it pro-
vided a good opportunity to determine the optimal oxygen 
concentration in the PDT ( foxy = 50%).

Fig. 7  a The relationship of the 
absorption coefficient MC540 
[μaMC540] to CMC540 and b the 
photodynamic dose (PDD) that 
compares the different concen-
trations of MC540
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Fig. 8  Attenuation spectra of the blood having MC540 at different 
oxygen saturations foxy = 50%, 53%, 55%, 57%, 60%, 65%, and 70%, 
with a wavelength of λ = 580 nm showing the in vivo distribution of 
absorption coefficients in normal human blood during the irradiation 
time t ~ 60 s (data  taken from previous work [13])

Table 4  Typical optical properties of blood at different foxy with 
CMC540 = 30�M taken at � = 580nm.

foxy �a[cm
−1] �s[cm

−1] �[cm]

50% 203.11 962 0.01192
55% 205.50 965 0.01183
60% 207.90 967.6 0.01175
70% 212.69 972.5 0.01159
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The photodynamic doses were computed at visible light 
of � = 580nm in the central cross-section of the blood sam-
ple model (the dotted bold black font), as shown in Fig. 11. 
Note that the threshold dose Dth = 8.6 × 10

17 photon/g is 

taken from the previous report [41]. The concentration of 
oxygen at the dose foxy = 50% versus the concentration dose 
4.6 × 10

10photon∕g shows the dose factor in the simulated 
treatment in this study (see Fig. 11). As expected, the satu-
ration value of oxygen of foxy = 70% had the greatest value 
compared with other values of oxygen in the blood. The 
results show the treatment of a blood sample exposed to 
the visible light of 580 nm according to a prior study [12], 
and the target was not achieved at the threshold dose, as 
indicated in Fig. 11. The maximum value appeared at foxy = 
50% and D = 4.6 × 10

10photon∕g < < Dth.

Increments of the source power from P = 10mW  to 
P = 30mW  were used to increase PDT = 8.641 × 10

17 
photon/g to PDT = 8.67 × 10

17 photon/g at  t ime 

Fig. 10  Simulation of tissue phantoms/blood with the addition of 
photosensitizer: relationship between the fluence rates and absorption 
coefficient (μa) including the MC540 with different concentrations of 
oxygen in the blood (foxy = 50%, 53%, 55%, 60%, 65%, and 70%)
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Fig. 11  Relationship between the time (s) and the photodynamic dose 
(photon/J) at different ratios of concentration of oxygen foxy = 50%, 
53%, 55%, 57%, 60%, 65%, and 70% and photosensitizer MC540 at 
CMC540 = 30  μM during t ~ 60  s: the maximum photodynamic dose 
(photon/g) was attained at the maximum exposure time of ~ 60  s, 
which corresponds to the largest dose ~ at foxy = 50%, whereas the low-
est dose was obtained at foxy = 70% and the concentration oxygen dose 
depends on the treatment

Fig. 9  In vivo, the blood absorption of blood volume (B = 0.002) is 
observed with the distribution of oxygen saturation at different con-
centrations foxy {0 −  > 100}% using a wavelength of λ = 580 nm. Dur-
ing PDT, the photons are distributed in a spherical shape by utilizing 
MCML simulation at t ~ 60 s
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tn ∼ 5.65 − 1.89s . However, the maximum power increases 
in the blood for laser powers between P = 50 and 70 mW 
ranged from PDT = 8.79 × 10

17
− 8.88 × 10

17 photon/g 
at tn ∼ 1.15 − 0.7s , respectively. When different powers 
of P = (10, 30, 50, 70, and100[mW]) are used under the 
same conditions, the PDT is delivered along the lower 
power: P < 10 mW. There is no immediate effect on the 
treatment, and it may take longer, as shown in Fig. 12. 
However, at higher values of approximately P > 30 mW, 
the treatment continues gradually, and, at P = 50 mW, an 
appropriate LD is delivered to achieve the treatment. This 
protocol enabled the treatment to be completed in a rea-
sonably short time frame approaching ~ 1.15 s.

For the simulations of PDD, a toxic threshold is included 
and approximates the number of photons that must be 
absorbed for an effective PDT outcome. The value of 
Dth ∼ 8.6 × 10

17 photons  cm3 is based on Photofrin in liver 
tissue, where Photofrin is an alternative photosensitizer. 
For a toxic threshold, the typical values are in the region of 
Dth ∼ 10

17
− 10

19 photons  cm3; therefore, the applied toxic 
threshold is an approximation of the required dose [46].

Blood treatment zone z
n

Figure 13 shows the various PDD change profiles as a 
function of the time in the blood sample models under 
the same conditions as those used before. The maximum 
power increases by using the visible light for laser powers 
at P = 10, 30, 50, 70, and100mW  , respectively. The simula-
tion was designed to determine the power source at which 
the LD was the most efficient for the PDT treatment. The 
results obtained from the model suggest P = 50 mW, and 
the light was delivered to a good depth in the blood treat-
ment at a specified simulation treatment time of ∼60 s.

Normal blood response to PDT

Surface treatment was applied to a blood sample at the 
time of treatment t = 1 min with a total treatment LD of 
3.83 ∼ Jcm−2 for P = 50 mW. Therefore, the treatment was 
applied with necrosis at approximately tn ∼ 1.15s , and the 
laser light had a wavelength of � = 580nm , which is an 
effective treatment for blood cancer at the depth of necrosis  
zn = 63�m (see Fig. 13). The effect of PDT on normal blood 
can be seen by providing MC540 at light of � = 580nm . 
First, the blood sample was treated with CMC540 = 30 µM, 
as depicted in Fig. 2.

Figure 14 shows the selective necrosis of blood and the 
effect of phototherapy treatment on the blood by using 
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Fig. 12  Photodynamic dose in a human blood sample with 
foxy = 50%: the dashed line represents the generated threshold dose 
Dtℎ ~ 8.6 × 1017 photon/g, and the other lines show a range between 
the highest and lowest PDD at the surface with Z = 0 cm obtained at 
different values of the  source powers (P = 10, 30, 50, 70, and 100 
(mW)) with CMC540 = 30 μM

Fig. 13  Dose production in units of photons/g absorbed by the pho-
tosensitizer MC540 in the blood (foxy = 50) as a function of time at 
P = 50 mW: the threshold photodynamic dose is assumed to be 
Dtℎ ~ 8.6 × 1017 photon/g, which is absorbed by the photosensi-
tizer, and it is indicated by a horizontal line and the maximum 
depth achieved at the time of the treated zone of necrosis (depth of 
zn = 63 μm)

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



 Lasers in Medical Science

1 3

MC540 irradiation at 60 s as well as a visible light of 
� = 580nm . At an irradiation time of t = 60s , all six doses 
of light (LD = 0.76, 1.52, 2.29, 3.05, 3.83, 4.58, and 5.35 
Jcm−2 ) resulted in the presence of regions of extensive 
necrosis at different necrosis times (see Table 5). The 
marked necrosis could be induced at LD = 1.52 J cm−2 . 
However, the increased LD = 3.05 J cm−2 conducted to a 
much wider range of LD. After delivering light at doses 
greater than LD = 2.4 J cm−2 , normal tissue toxicity was 
evident. For the blood sample that received the highest 
dose of LDmax = 5.35 J cm−2 at the highest fluence rate of 
F = 89.17mWcm−2 , it was possible to obtain blood necrosis 
at a depth of zn = 158 µm during the time of necrosis of 
tn = 0.85 s ( foxy = 50 %, D = 8.794 × 10

17photon∕g ). The 
blood sample was irradiated at three doses of high total 

energy of LD = 1.52, 2.29, and3.05Jcm−2 at fluence rates 
of F = (25.47, 38.21, and50.95mWcm−2

) . This can demon-
strate a reduced degree of injury ( zn = 13, 23, and28�m ) at 
necrosis time ( tn = 5.65, 1.89, and 1.42 s). At the threshold 
dose, the PDD surface dose values as a function of LD are 
determined at seven source powers. Figure 14a demonstrates 
that the PDD deposition is indicated at LD = 3.83Jcm−2 in 
the blood located at a depth of zn = 63 µm and P = 50 mW. 
In addition, Fig. 14d shows the time effect of necrosis and its 
relation to the dose of light, which decreases slowly at higher 
values of LD and finally converges at the endpoint during tn = 
0.76 s. This is caused by the change in the speed response 
rate of the treatment of LD values within P = 50 mW.

Fig. 14  a Simulated PDD 
for the treatment at different 
power sources with LD: normal 
blood necrosis follows various 
doses of LD (0.76–5.35  Jcm−2) 
through a period of 60 s to the 
irradiation light of 580 nm, the 
normal necrosis decreases at 
low doses and then begins with 
actual treatment at LD = 3.83 
 Jcm−2, and b–d represent the 
effect of treatment time at the 
necrosis regions and the cor-
responding delivery LD

Table 5  Comparison of the variables that achieve the PDT at the threshold limit of Dth8.60 × 10
17photon∕ g on the surface at t ~ 60 s

Power (P) ( mW) 10mW 20mW 30mW 40mW 50mW 60mW 70mW

Light dose (LD) [ Jcm−2] 0.764 1.528 2.29 3.05 3.83 4.58 5.35
Threshold photodynamic
dose ( PDT )

8.641 × 10
17

8.65 × 10
17

8.67 × 10
17

8.68 × 10
17

8.79 × 10
17

8.80 × 10
17

8.88 × 10
17

Time of necrosis ( tn) [s] 5.65 2.83 1.89 1.42 1.15 0.96 0.85
Depth of necrosis ( Zn)[�m] 13 18 23 28 63 83 158
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Discussion

Previous studies indicated the importance of the associated 
concentration ratio of oxygen saturation in hemoglobin and 
its effect during dosimetry in PDT. Therefore, the accurate 
oxygen measurements recorded in blood are crucial for 
the investigation of lesions or leukemia. For this reason, a 
uniform distribution of light was assumed throughout the 
blood sample using the photosensitizer MC540. However, 
the published data on photosensitizer distributions are lim-
ited for MC540 used in the blood tumors. Therefore, several 
researchers performed a basic inspection of the essence of 
MC540-mediated photodynamic damage for leukemia cells 
by examining the effects of MC540-sensitizer [47]. A recent 
study showed that the contribution of MC540 was useful 
for the treatment of leukemia. Hence, several applications 
of MC540-mediated photodynamic therapy (MC540-PDT) 
were examined for the purging of autologous hematopoi-
etic stem cell grafts. They have been employed into human 
peripheral blood lymphocytes [48].

PDT’s effect on blood oxygenation was studied as a func-
tion of changes in blood hemoglobin oxygen saturation ( foxy ) 
through the predicted blood response to the light. The excita-
tion was performed using a 580-nm output from the point 
source at a diameter spot r = 5mm by considering a surface 
irradiation of a normal blood sample. The geometrical dia-
gram for the spatial distribution of light 2D [50 × 50]cm2 is 
depicted in Fig. 8. The blood sample model was simulated 
at different concentrations of oxygen ( foxy = 50%, 53%, 55%, 
57%, 60%, 65%, and 70%). Different concentrations demon-
strated that the higher the saturation, the greater the depth 
of the penetration of light. This resulted in more-prominent 
spectra at a concentration of foxy = 70%, as shown in Fig. 4.

MC simulations predicted that an LD of 2.29 J cm−2 
delivers the threshold dose at a depth of zn = 23�m , while a 
slightly lower LD of 1.52 J cm−2 induces a predicted necrosis 
depth at only zn = 18�m . However, an increase of the LD to 
3.83 J cm−2 yields a much deeper blood necrosis at a depth 
of zn = 63�m . Such a large difference in tissue effect as a 
function of small changes in LD may explain the variation 
responses of patients treated with PDT [48]. For any simu-
lated LDs up to < LD = 2.29 J cm−2 , the threshold of damage 
to the blood layer is probably much lower than the threshold 
for necrosis. The dosimetry equations predicted that approxi-
mately LD = 3.83 J cm−2 at P = 50mW is sufficient to achieve 
the desired therapeutic effect for a target thickness of 35 µM. 
This could potentially injure necrosis or destroy the blood.

Finally, in human blood therapy, the response of blood 
with concentrations of the photosensitizer MC540 to the 
fluence rate of F = 63.69mWcm−2 was tested with LD to 
an irradiation time of t = 60 s. As it is apparent in Fig. 14, 
the PDT may be required to deliver LD = 3.83 J/cm2 into 

necrosis blood at 63 µm during tn = 1.15 s for the treatment. 
This can be achieved by using a point source for the laser 
light with a spherical diffuser and can greatly reduce time 
during the operation needed for the PDT. To control malig-
nant cells via the combination of radiotherapy and mod-
ern biological techniques, PDT continues to adhere to the 
improved control of blood tumors through selective local of 
a blood tumor adjacent to the uninfected region. This may 
aid to overcome the persistent issue of blood tumors without 
provoking unacceptable harm to the surrounding blood that 
works regularly. It is then possible to have a safe and effec-
tive treatment with a good surface therapeutic plan by using 
lasers. Thus, the technique can be used for the optimization 
of treatment parameters and protocols.

Conclusion

In summary, the superficial treatment plan simulated the light 
propagation via a blood sample model. A point source pos-
sessing a spherical distribution was focused on the surface of 
normal blood sample, while LDs were set up to 3.83 J cm−2 . 
The relationship between the absorption spectrum of MC540 
and fluorescence rate was determined to estimate the con-
centration in the blood, which is provided at the maximum 
absorption of light to achieve the treatment. Accordingly, 
the oxygen saturation of hemoglobin in the blood was esti-
mated to be foxy = 50%, 53%, 55%, 57%, 60%, 65%, and70% 
at wavelength of 580 nm. During the PDT treatment, the 
oxygen saturation rate of foxy = 50% was found to be more 
responsive than foxy = 70% in the blood. This can lead to 
increasing the probability of survival, i.e., at a 20% response 
rate, a higher probability exists for a better treatment and 
faster necrosis death of the cell. This leads to the correlation 
between the reduction in PDT and arising relative-oxygen 
concentration foxy% . These results propose that monitoring 
the PDT can induce variations in tumor oxygenation and 
may be an advantageous prognostic indicator. For all cases, 
the change in the concentration of oxygen minimally affected 
the scattering characteristics. The MC simulations exhibited 
that the existence of these concentrations of oxygen amelio-
rated the simulation of fluence levels in blood. In addition, 
the results suggested that the source power increases and 
should not exceed 50 mW to achieve the dose needed for 
the surface treatment at the threshold dose and to provide 
an effective treatment for depth PDT with blood necrosis. 
A relationship was found between the surface treatment of 
the blood sample and its effect on the local damage around 
the necrosis depth at different source powers up to 70 mW. 
At a threshold dose of Dth8.6 × 10

17 photon/g, correspond-
ing to the time tn = 1.15 s, this may help for the evaluation 
of an efficient treatment by including the photochemical 
reaction with MC540. Hence, the results suggest that the 
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concentration of CMC540 = 30�M may further improve the 
treatment guidance. To reach the role in the blood (leuke-
mia) treatment, the determination of a light delivery proto-
col procured a maximal therapeutic impact for achieving 
blood necrosis at Zn = 63 µm. Finally, the MCML simula-
tions clearly demonstrated the importance of selecting the 
right light source to provide the ideal deliverance of light to 
establish blood necrosis. These results offer decisive data 
towards the determination of proper light dosimetry param-
eters for an intended light-based biomedical application of 
concentrations of oxygen.
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