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1. Introduction 
 

More than 200 years have passed since the first vaccine in the history was 
invented in 1796. Since then, numerous vaccines have been developed and 
contributed to suppress fatal pandemics, such as smallpox, tuberculosis, 
measles etc. However, a lot of antigens under investigation these days do not 
increase inherent immunity by themselves.  Instead a chemical substance, 
which is called adjuvant, that supports the effect of vaccination is necessary 
for an efficient acquired immunity response1,2. 
An adjuvant is used together with the antigen in the vaccine. Although it is 
confirmed that chemical adjuvants enhance immunity response and efficiency 
of the vaccination, they may also cause several adverse events. One example 
is the human papilloma virus (HPV) vaccine. In 2009, Japanese government 
introduced Cervarix (GlaxoSmithKline, UK) and Gardasil (Merk & Co., US). 
Severe side effects, such as syncope, complex regional pain syndrome and 
impaired mobility, were widely reported in 20133. In fact, a lot of side effects 
were reported with adjuvant candidates that were under development4. In 
these cases, the benefit of the vaccines can be questioned. The European 
Medicines Agency (EMEA) has approved only five adjuvants, mainly because 
of concerns over negative effects5. Therefore, providing adjuvants with high 
level of safety and efficacy is urgent.  
Recent work revealed the possibility of continuous wave (CW), near infrared 
(NIR) laser usage as an adjuvant5,6. A 5.0 W/mm2, 1064 nm CW diode laser 
irradiation to mice skin for 1 minute immediately following vaccination of 
inactivated influenza H1N1 vaccine showed the adjuvant effect. The effect 
was evaluated for the amount of cytokine in skin tissue, immunoglobulin in 
serum, dendritic cell migration and fertility rate of mice after influenza 
infection6.  
Although there are high expectations on the laser vaccine adjuvant 
technology, the safety of the technique remains unproven, for example skin 
damage due to laser heating remains uncertain. In a previous study, skin 
damage was evaluated by watching the skin surface and histological 
examination by Hematoxylin-eosin-stain (H & E stain)6. Kashiwagi et al.6 
performed the damage evaluation by H & E staining mice skin tissue after 
laser irradiation, and counting polymorphonuclear leukocytes (PMN) 
infiltrated into dermic layer. PMN infiltrates toward inflammation area 
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guided by cytokines, such as IL-1 and IL-8 (IL: Interleukin), from damaged 
cells7. They concluded that there is no heat damage after 1064 nm, 5.0 W/cm2 
exposures for 1 minute, having evidence that it has no significant difference 
between the number of PMN in control group and irradiated groups. 
Inflammation and other tissue level damages were also evaluated but no 
investigation of intracellular heat damage was performed. Thus, a criterion 
for intracellular damage is lacking and is needed to define safe irradiation 
limits. In order to reveal the most efficient and safe laser irradiation 
conditions an appropriate damage evaluation by laser heat is in great demand. 
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2. Materials and Methods 
 
This section introduces how the cells were prepared and the fluorescence 
were observed. And also, the method of calculations for the temperatures 
during the heating by laser were demonstrated. 
 

2.1  Cell Culturing 
 
Human epidermal keratinocytes cells (HEKa, GIBCO, USA) were used. 
Depending on confluency of the cells, the medium (MEPI500CA, GIBCO, 
USA) that contains 100 unit/ml penicillin and streptomycin (Penicillin-
Streptomycin, GIBCO, USA) and growth supplements (Human Keratinocyte 
Growth Supplement, GIBCO, USA), were changed every 1-2 days. The cells 
were maintained in a 37	, 5% CO2 incubator. After reaching 80 - 90% 
confluence (Figure 1), subculture procedure was carried out. For the 
subculture, Trypsin EDTA solution (GIBCO, USA) and Trypsin 
Neutralization solution (GIBCO, USA) were used. All solutions were warmed 
up to 37	. The cells were cultivated until they reached 100% confluency 
before laser treatments. 

 
Figure 1 An integrated modulation contrast (IMC) image taken 6 days after 
the initial culture of HEKa cells, where they reached about 90% confluence. 

Scale bar=200 µm. 
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2.2 Laser Illumination 
 
A 1550 nm diode laser (Modulight Tampere, Finland) coupled to a multimode 
glass optic fiber (NA=0.39 for air, Thorlabs, USA) was used to irradiate the 
cell culture in a silicone elastomer chamber (figure 2 (a)) using a power of 240 
mW to create a localized heat pulse. The irradiation time was varied between 
5 to 60 seconds. The fiber which had a core diameter 200 µm was dipped into 
the medium with a distance 250 µm over the cell culture (figure 2(b)). The 
beam shape was approximated with a Gaussian function. Since the NIR laser 
light was well absorbed by water, the laser illumination generated a heat 
distribution with gradient. 
 

 
Figure 2 (a) A silicone chamber for the experiments. (b) A laser fiber and the 
chamber. A slide glass was attached to bottom of the chamber and the cells 
were cultured in it. The glass was warmed up to 37.0°C during irradiation. 

 
2.3 Heating Simulation 
 
Calculation of the spatial heat distribution during the laser illumination was 
performed using a finite element model in COMSOL (COMSOL Multiphysics, 
Sweden). The calculation is based on the heat transfer equation; 
 

!"#
$%
$&
+ !"#( ∙ ∇% = ∇(-∇%) + /					(1) 

 
p, density (kg/m3); "#, heat capacity (J/kg K); T, temperature (ºC); t, time (s); 
u, velocity vector (m/s); k, thermal conductivity (W/m K); and Q, heat sources 
(W/m3). 
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2.4 Fluorescence Imaging and Analysis 
 
The cell lethality was observed with 1.6 µM Hoechst 33342 (Invitrogen, UK) 
and 0.5 µM propidium iodide (PI) (Invitrogen, UK). The laser durations were: 
5, 15, 30, 60 seconds. After the illumination, cells were cultivated for 2 hours 
in an incubator. Hoechst 33342 was added 30 minutes before the image 
observation and PI was added 15 minutes before that. Then the images were 
captured by a fluorescence microscope (DFC420C, Leica Microsystems, 
Germany). Diameters of the dead cell area were measured by using ImageJ 
(NIH, US) and Matlab (MathWorks Inc., US). For intracellular calcium ion 
observation, we used 2.5 mM Fluo-4 (Fluo-4 Direct™ Calcium Assay Kit, 
Invitrogen, UK). And the intracellular reactive oxygen species (ROS) were 
detected with 5 µM CellROX (CellROX® Green Reagent, Invitrogen, UK). 
Hoechst 33342 emits 461 nm blue fluorescence and PI emits 617 nm red 
fluorescence, whereas both Fluo-4 and CellROX emit green fluorescence, 506 
nm and 520 nm. Fluo-4 requires 1 hour and CellROX needs 30 minutes before 
the image capture. 
 
2.5 Damage Criteria 
 
We defined our damage criteria as being on the perimeter of the observable 
damaged center area (Fig. 7h). A circle, covering the damaged cell area, was 
applied either manually by inspecting the images or semi automatically using 
the Hough transform8,9. The temperature at the perimeter defined by the 
circle was then calculated, using the heat simulation, and applied in the 
damage modeling calculations.  
Figure 7 explains the process of Hough transform. Briefly, Hough transform 
is a standardized method to detect linear and circular object edges. This semi-
automated method overcomes the errors that occur due to the experimenter 
and makes the process repeatable, (see Appendix 1). 
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2.6  Damage Modeling 
 
To understand intracellular damage and the damage criterion, we introduced 
Damage Signal Ratio, which were performed in the previous studies10,11. 
According to the Arrhenius model, decomposition of chemical component in 
cells, C, can be described as: 
 

2"
2&

= 	−"(&) ∙ 45 ∙ 6
7

89
:;(<)															(2) 

 
where C(t) is concentration at a certain time t, 45 is the frequency factor (s-

1), >?  is the reaction activation energy (kJ mol-1), R is the gas constant 
(8.3145 J mol-1 K-1), and T(t) is the temperature (K)12. The subsequent damage 
after @ (s) laser irradiation can be expressed by the integration of equation 
(1): 
 

A 45
B

C
∙ 6

7
89

:;(<)	2& = 	− lnF
"<GHIJGKLM

"C
N						(3) 

 
where "C is initial amount of the chemical component C, "<GHIJGKLM  is critical 
threshold that causes damage. We defined damage signal ratio (DSR) as : 
 

PQR = 1 −
"S
"C
										(4) 

 
where "S is remaining concentration after irradiation8. 
Equation (3) can be transferred as: 
 

% =
>?

R ∙ ln(@4U)
										(5) 

 
where 
 

4U = − ln F
"<GHIJGKLM

"C
N ∙ 45										(6) 
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Our result was fitted to the Eq. (5) so that we can calculate constants >? and 
4U . In addition, the frequency factor 45  was approximated using the 
following relationship: 
 

ln 45 = 0.38	 × 	>? − 9.36									(7) 
 
which is proposed by X. He et al13,14. The Eq. (7) can be applied for continuous 
wave laser heating. And, we can transfer Eq. (3) to: 
 

45 ∙ 6
89
:∙; ∙ @ = − ln F

"<GHIJGKLM
"C

N .										(8) 
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3. Results 
 

3.1   Laser Heating Simulation 
 
Figure 3 shows the result of finite element model performed by COMSOL. 
The result was captured at 10 seconds after the laser ignition, which is in 
when the temperature resulting from the heating has reached an equilibrium 
with the surroundings, Fig. 3 (c).  
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Figure 3 (a) Spatial heat distribution was managed in a condition that the 
maximum temperature did not exceed 100°C. A red line denotes the cell 
culture surface. (b) Temperature gradient on the cell culture surface at 

temperature equilibrium. (c) Temperature rise time, at a radius of top to 
bottom: 0 µm, 100 µm, 200 µm, 300 µm. 

 
3.2   Heat Damage Threshold 
 
The images with fluorescence of Hoechst 33342 and PI were successfully 
captured 2 hours after laser treatment. All nuclei in the field of view were 
stained with Hoechst 33342, whereas only the nuclei of dead cells were 
stained with PI (figure 4).  
 
 
 
 

(c) 
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Figure 4 Images captured 2 hours after laser heating. (a) Bright field; (b) 
Hoechst 33342, showing all of cell nuclei; (c) PI, showing dead cells. Laser 
duration = 15 s. Scale bar = 200 µm. 
 
Diameter of dead cell area was measured by averaging a horizontal and a 
vertical distance from edge to edge in one PI image, using ImageJ. A damage 
perimeter described by the heating duration and the temperature is shown in 
figure 5 (a). The fitting curve was approximated with a log function. For 
example, slightly higher temperature than shower bath (no more than 
47.0 °C) can be endured at least for one minute, however, 54.1 °C induces 
serious damage in 5 seconds in the cells. 
 

 
Figure 5 Temperature at the perimeter of the PI stained cells for different 

laser pulse duration, manually calculated (blue), semiautomatically 
calculated (red). Error bars denote the standard error. 

 
The perimeter was approximated by a log function. The fit for the manual 
DSR (Fig 5) gave the activation energy >?  and the combined frequency 
factors, 4U and 45:  
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>? = 305.8	kJ/mol										(9) 
4U = 1.4	 × 	10cd	/s										(10) 
45 = 2.5	 ×	10cf	/s										(11) 

The semi-automated fit (Fig. 5) gave the following the activation energy and 
frequency factors: 
 

>? = 602.9	kJ/mol										(12) 
4U = 3.5	 ×	10gf	/s								(13) 
45 = 2.7	 ×	10gh	/s									(14) 

 
DSR is calculated by measuring dead cell area and using equation (1) - (4). 
Figure 6 compares two methods of dead cell area measurement. One is 
“Manual DSR”, a conventional way manually performed with ImageJ, and 
the other is “Semi-automated DSR”, to which the Hough transform is applied.  
 
 

 
Figure 6 DSR performed by both manual method and semi-automated 

method. Manually defined DSR was 1.8% (n = 4-5), whereas semi-
automatically defined DSR was 7.6% (n = 3-5). 
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Figure 7 Hough transform procedure: (a) An original image, (b) transformed 
to a grayscale image, (c) binarized, (d) inversed and filtered by median filter, 

(e) noises that were marked by blue crosses were eliminated manually, (f) 
minimum curve that contains all dead signals was extracted as an edge, (g, 

h) the red circles fitted by Hough transform was depicted on the original 
images and confirmed the radius, where the blue circle was fitted manually. 

All processes except (e) noise recognition were performed automatically. 
Laser duration = 30 s. Scale bars = 200 µm. 

 
3.3   Calcium Ion Observation 
 
Hoechst 33342 and PI were added after the laser irradiation so that we could 
observe the cells at the point of 2 hours after the irradiation, however, this 
time, Fluo-4 was added in the cell chambers 30 minutes before laser heating 
so that we could see the time-dependent intracellular reaction. Calcium 
fluorescent images were acquired three times in total: immediately after the 
heating; 1 hour; and 2 hours after the heating. PI and bright field images 
were also captured 2 hours after the illumination (figure 8).  
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Figure 8 Images were captured at (a) 0h, (b) 1h, (c-f) 2h after laser 
irradiation. (a-c) Green fluorescence depicts calcium ion accumulation and 
(d) red fluorescence shows dead cell nuclei. (e) Calcium ion image and PI 

image were merged. (f) Bright field. Laser duration = 30 s. Scale bars = 200 
µm. 

 
A bright green ring appeared just after the heating and it remains at least 1 
hour. The ring has almost disappeared at 2 hours.  
We have also observed the cells with Fluo-4 and PI for 5 hours after the laser 
treatment, however, we could not see significant changes of dead cell area 
with PI fluorescence. Furthermore, background noise disturbed the Fluo-4 
image and the image quality was severely disturbed (figure 9). Considering 
that HEKa cells are movable and dividable, therefore, we decided to define 
the cell damage with fluorescence images captured at 2 hours after the laser 
irradiation. 
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Figure 9 Fluorescent images with Fluo-4 (a-c) and PI (d-f). Images were 
taken at 2 hours (a, d), 3 hours (b, e), and 5 hours (c, f) after the laser 

treatment. All images were taken with the same exposure time: 3 s. Laser 
duration = 30 s. Scale bars = 200 µm. 

 
3.4   Reactive Oxygen Species Detection 
 
Double staining using CellROX and PI did not show any discernible circular 
areas after laser irradiation, Fig. 10. To ensure the accuracy of the following 
experiments, we only used CellROX for single staining. 
 

 
Figure 10 Double-staining using CellROX and PI 2 h after laser irradiation: 

(a) CellROX and (b) PI. Laser duration = 60 s. Scale bars = 200 µm. 
 

CellROX was added 30 minutes before the laser irradiation. After the one-
minute laser irradiation, the fluorescence was immediately observed under 
the fluorescence microscope until its bleaching. Using CellROX staining, we 
observed intracellular ROS accumulation by one hour time-lapse. Figure 11 
and 12 shows the ROS diffusion. The laser was shot above the top of the image. 
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The fluorescent emission began from nearby laser spot, from the top of images, 
and gradually spread to the bottom. Figure 12 shows the intensity profile on 
a designated area, 15, 20, 25 minutes after the laser shot. Both figures 
indicate the ROS signal transmission through the cultured dish. 
Intracellular ROS that were detected by CellROX were distributed in cytosols, 
specifically the brightest spots were in nuclei, presumably nucleolus (Fig. 13). 
 

 
Figure 11 ROS signal diffusion. The images were captured at (a) 15 

minutes, (b) 20 minutes, (c) 25 minutes after 60 s laser irradiation. Scale 
bars = 200 µm. 

 

 

Figure 12 (a) ROS signal image at 15 minutes. The red line is drawn so that 
it crosses the HEKa nuclei. (b) Intensity profile of designated red line in (a), 

measured by ImageJ. Intensity shift can be observed. 
 

 
Figure 13 ROS intracellular distribution. Scale bar = (a)100 µm, (b)50 µm. 
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4. Discussion 
 
When performing heating experiments on cells it is essential to know the 
temperature over time as precisely as possible. The accuracy of the finite 
element model, Fig. 3, was confirmed to be within 1 °C at the center in a 
previous study15. The cells will experience the temperature gradient at steady 
state, Fig. 3b, using the measured radius of PI stained cells from Fig. 4 it is 
then possible to estimate the lowest temperature for a certain time that will 
kill the cells. Besides a short time of heating up and cooling down the 
temperature will thus be constant in time for a cell during the laser pulse. 
 
4.1   Damage Signal Ratio 
 
As it is described, we calculated the DSR by measuring diameters of the dead 
cell area. The average of the manual DSR was 1.8 %, Fig. 6. 
Although the manual DSR was based on results that implied a good fitting, 
Fig. 5, measuring the diameter with ImageJ is difficult and open to the 
subjectiveness of the experimenter, Fig 4, which may lead to lack of 
reproducibility. We therefore employed a semi-automated method, based on 
the Hough transform, to measure the radius of dead cell area and the DSR 
(Fig. 6, 7). 
Using Eqs. 3-8 and 12-14 the DSR was determined to 7.6 % using the semi-
automated method, Fig. 6. Comparing the two methods of calculating the 
DSR, there is a big difference in their respective frequency factors and 
activation energies. Previous work on the DSR of neural cells done by 
Liljemalm et al.11 reported >? as 333.6 kJ/mol and 45 as 9.76	 ×	10hC	i7S, 
indicating that a small difference of dead cell area leads to a big difference in 
the frequency factor. That is because the frequency factor was defined as an 
exponential function of >? in Eq. (7). However, they concluded that 5 % of 
DSR, is the border of fatal cellular damage. Both results of neural cells and 
skin cells indicate the similarity of damage threshold regarding the DSR. 
Although the Hough transform is an objective quantitative measurement, 
there are two shortcomings of Hough transform. First, the calculation takes 
a long time. The time for the calculation takes much longer time than 
measuring distance simply by ImageJ. Particularly because the Hough 
transform is a brute force method. Second, original images should be captured 
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with clear fluorescent circles. Hough transform cannot be applied to a 
distorted edge. Some non-circular PI images were rejected for the radius 
calculation, therefore, the semi-automated DSR was performed with smaller 
number of samples than the manual DSR. 
The average standard deviation (SD) of manually measured perimeter of fatal 
temperature was 1.16˚C, whereas the SD of semi-automated perimeter was 
1.62 ˚C, presumably because of the small number of samples. 
X. He et al.16 also reported the activation energy of Human Epidermal 
Keratinocytes between 45˚C and 51˚C as 627.6 kJ/mol. The activation energy 
calculated with manual and semi-automated DSR was 306 kJ/mol and 603 
kJ/mol, respectively, Eq. 9 and Eq. 12. Taking the similarity of activation 
energy and the fact that the DSR of 7.6 %, calculated using the semi-
automatic method, is a closer match than the manual DSR of 1.8 % to the 5 % 
DSR of the previous study we conclude that the semi-automated DSR was the 
better fitting method in our experiment even though the small number of 
samples11. 
 
4.2   Calcium Ion 
 
By comparing fluorescent images (a) and (e) in figure 8, it can be observed 
that the ring is located at the edge of dead cell area. As a hypothesis, it is 
possible to assume that the calcium ions were released from endoplasmic 
reticulum and accumulated in the cytosols and that the concentrated calcium 
ions induced apoptosis after 2 hours17–20. Fluo-4 complexes were then released 
from damaged cells and non-damaged cytosol to the medium, therefore we 
observed the increased background in figure 9. 
 
4.3   Reactive Oxygen Species 
 
Double staining by Hoechst and PI, or Fluo-4 and PI worked and provided 
appropriate fluorescent images, however, the combination of CellROX and PI 
did not perform well. Figure 10 shows the double staining images that were 
captured 2 hours after the laser illumination. Any circular dead cell area, 
particularly as shown in Fig. 8d and Fig. 9d-f, was not observed. Instead, 
many of the cells in the field of view emitted red fluorescence. CellROX is 
intended to be excited by filtered blue light, however, it is also excitable by 
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green light and in that case, the reagent emits red fluorescence, which 
wavelength reaches up to 700 nm, Fig 10 (b)21. The CellROX fluorescence 
overlaps with PI, therefore, it is difficult to distinguish between the 
fluorescence from PI and CellROX. Another possibility is that the cells were 
damaged by the double staining by PI and CellROX during the 2 hours of 
staining duration. 
We observed ROS signal transmission going through cultured cells in figure 
11 and 12, indicating that the cells communicate with extracellular signal. 
Hypothetically, the signal can be the calcium ion. Several studies revealed 
that the extracellular calcium ions come into cytoplasm through various 
channels on the plasma membrane, and accumulated in the endoplasmic 
reticulum and the increase of calcium ions also lead to the ROS generation19,22. 
Figure 8 also shows that the dead cells release calcium ions to the medium. 
It is possible to assume that the released calcium is taken up by the cells and 
the excessive calcium ion stimulates intracellular ROS generation. 
Another hypothesis is that a stream of extracellular ROS signal stimulated 
one cell after another. Several pathways, including intracellular calcium-
mediated signals, are pointed out by Gilroy et al.23. These hypotheses can be 
confirmed by an experiments with positive control, for instance, calcimysin or 
calcium ionophore which enhances cell membrane permeability of calcium ion,  
and negative control of blocking calcium ion channels24,25. 
Figure 13 shows that the brightest spots of the fluorescence are nuclei and 
nucleolus. The reason why the fluorescence was accumulated in them is that 
CellROX green reagent can only become fluorescent with subsequent binding 
to DNA26. That specificity of CellROX green limits the presence of 
fluorescence to the nucleus and mitochondria. 
 
4.4   Heat Shock and Cell Mobility 
 
In figure 8e and 8f, there is a round shape area where cells rarely exist. We 
presumed that the laser light and the heat increased the HEKa mobility and 
therefore the cells escaped from the high temperature. 
When the cells are exposed in a high temperature environment, they express 
intracellular HSP70. Bowman et al. confirmed that 1-4 seconds exposure to 
hyperthermia environment (53-60˚C) elevates the presence of keratinocytes 
intracellular HSP70 at the point of 8 hours after the heating treatment16. In 
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addition, other studies proved that the expression of HSP families such as 
HSP70 and HSP90 enhances cell mobility and induces the cell migration27–29. 
Even though we have not measured the expression of cytokines nor the 
enhancement of HSP families directly, we have observed the increase motility 
of keratinocytes (Fig. 8), indicating the activation of keratinocytes migration 
for a certain range of moderate high temperatures through inflammatory 
signal pathways. The result implies that the heating by laser also induces the 
expression of HSP families. 
 
4.5  Future Work 
 
As it is described above, we successfully performed the DSR study and 
observed the intracellular calcium ion and ROS signals. However, the full 
map of the intracellular signal pathways was not surely confirmed. In this 
thesis, we presumed that the HSP families play an important role in the 
context of heat damage. The relationship between the tolerance against heat 
and the mobility which is discussed in the section 4.4 can be explained by 
measuring the expression of the HSP families. Hence, it is expected that the 
further studies about the HSPs expressions will reveal more details of heat 
damage mechanisms. 
It is expected that the method described in this paper could be applied to 
reveal the behavior of immune cells stimulated by heat generated by the laser 
adjuvant technology. Adherent immune cells in skin, such as dendritic cells 
could be examined in the future.  
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5. Conclusion 
 
We successfully defined the heat damage criteria of cultured Human 
Keratinocytes using an efficient laser heating method to evaluate the damage 
of the cells induced by excessive temperature. The DSR was introduced to 
assess the cellular damage, using the fluorescent images of PI and Hoechst 
33342. The damage level is explained with an Arrhenius model which is based 
on intracellular protein denaturation. We performed two methods of 
fluorescent image analysis: manually measurement and semi-automatically 
measurement, for which the Hough transform is applied. The DSR is 
estimated to lie between 1.8% and 7.6%. The 5.8 percent range is caused by 
the different methods of image analysis, however, the semi-automated 
method performed better.  
In addition, intracellular calcium ion and ROS signals, due to heat stress, 
were observed. These results indicate the necessity of further studies to 
reveal the details of these signal pathways. 
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Appendix 1 
 
1.  Heat damage 
 
The impact of heat on a cell is not fully understood in quantitative terms. We 
know that excessive heat denatures proteins, increase the level of reactive 
oxygen species and they cause the cellular damage. The mechanisms of 
cellular death induced by heat is not fully understood. Even if we do not have 
the full map, we can still observe the outcomes of heating the cells by 
observing for which temperatures and heating times the cell is affected or 
dies. This however requires us to know the exact temperature that the cell 
will experience which is difficult if the heat is localized to small volumes as 
when using optic fibers in culture medium, with a core radius of a hundred 
micrometer, to administer the IR radiation. The resulting temperature 
gradient of the irradiation also makes the cells experience different 
temperatures over length scales of hundreds of micrometers. However, this 
inhomogeneous temperature distribution can be used with the advantage of 
simultaneously probing the effect of a multitude of temperatures for different 
cells in a single culture dish. In this way, we have established an efficient 
method to heat up cultured cells. 
 
1.1   Apoptosis and heat shock proteins 
 
Cell death can be divided into two groups, apoptosis and necrosis. Apoptosis 
is a highly regulated process of cell death, so called “cell suicide,” that is 
induced by extracellular stresses such as heat or UV exposure. Apoptosis is 
characterized by cell shrinkage, cell membrane blebbing and budding. On the 
other hand, necrosis is an acute cell death in response to fatal extracellular 
shock, such as trauma or lack of oxygen. Necrosis associates with cell swelling 
and leakage11.  
Our body has a certain level of tolerance against heat stress. Heat shock 
protein (HSPs) act as protectors that neutralize and inhibit signals induced 
by heat stresses. HSPs are localized in the cell nucleus, mitochondria, as well 
as the cytosol12. A great amount of HSPs is induced after a brief exposure of 
cells to a moderate increase of temperature, for example, 42º C for cells 
normally in 37º C13. HSPs have important roles in the apoptosis process. 
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Figure 1 shows HSPs’ contributions to apoptosis prevention. HSP families, 
such as HSP27, HSP60 or HSP70, regulate activities of enzymes in different 
situation14,15. Numbers after “HSP” represent a molecular weight, for 
instance, HSP27 is a 27-kDa protein16. These HSP families have great role of 
protecting our body against heat stress. 
 

 

Fig. 1 Apoptosis regulatory functions of HSPs. Stress activated protein 
kinase/Extracellular signal-receptor kinase (SEK) and c-Jun NH2-terminal 
kinase (JNK) are mitogen-activated protein kinase (MAPK) families17. 
Cytochrome c, water-soluble protein, binds to an apoptotic protease 
activating factor-1 (APAF1) causing the APAF1 oligomerize into an 
apoptosome14. Several kinds of HSP suppress transmission of apoptotic 
signals in various scenes14,15,18. 
 
1.2   Reactive Oxygen Species 
 
Reactive oxygen species (ROS), mainly generated in the mitochondrial 
respiratory chains of animal cells, are fundamental signals for cells that 
regulate cell differentiation, autophagy, apoptosis etc19–21. However, ROS are 
usually considered a cause of oxidative stress and damage. The main actors 
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are hydroxyl radical, hydrogen peroxide, and superoxide radical22.  
 

 
Fig. 2 Reactive oxygen species, inspired by Pecorino et al.23. 

 
As shown in Figure 2, three ROS are formed in sequence23. The superoxide 
radical is formed from O2 by gaining an electron from a NADPH oxidase 
enzyme (NOX), or from an electron transport chain of the mitochondria. 
Hydrogen peroxide is converted by superoxide dismutase, known as SOD, 
from two superoxide radicals. The superoxide radicals can be reduced to 
water by catalase, glutathione peroxidase (GPX) or peroxiredoxine (PRX). On 
the other hand, it also forms a hydroxyl radical by a Fenton reaction in the 
presence of Fe2+. The hydroxyl radical is the most reactive and harmful for 
cells23,24. Intracellular oxidative stress can be evaluated with applying 
fluorescent reagents which are oxidized by the ROS. 
 
1.3   Laser heating method 
 

 
Fig. 3 Water absorbance dependence on light wavelength25. 

 
Here the method of how to create temperature gradient is introduced. We 
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realized the temperature increases by applying Gaussian-laser light 
absorption by water. Figure 3 shows a spectrum of light absorption by water. 
The light is absorbed by water and its energy is converted to heat. The level 
of absorbance depends on the light wavelength. NIR light is more efficiently 
absorbed than visible light. 
Liljemalm et al.3 have established heating protocol by using NIR laser for in 
vitro experiments. The Gauss distribution 1550 nm NIR diode laser 
(Modulight, Tampere, Finland) and glass optical fiber (core radius 100 µm, 
NA 0.39 for air) are used. Irradiance (W/cm2) at an arbitrary point is described 
by: 
� � �  

! = !# ∙ %
&'( ∙ )			(1) 

 
!# , initial irradiation dependent of the Gaussian intensity (W/cm2); . , 
absorption coefficient number determined by liquid; ), transverse profile of 
the optical intensity determined by z and r (fig. 4). 
 

 
Fig. 4 Laser beam distribution, inspired by Liljemalm et al.3 

 
To model the generated heat distribution, the heat transfer equation is 
introduced; 
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/01
23

24
+ /016 ∙ ∇3 = ∇(8∇3) + 9					(2) 

 
p, density (kg/m3); 01, heat capacity (J/kg K); T, temperature (ºC); t, time (s); 
u, velocity vector (m/s); k, thermal conductivity (W/m K); and Q, heat sources 
(W/m3). 
They performed both temperature measurement experiments with open pipet 
and simulations with COMSOL (COMSOL Multiphysics, 2011, version 4.2a, 
Sweden). With the distance z = 215 µm and 20 ms (10Hz) pulse laser power 
E = 300 mW, it is confirmed that there is no more than 1 ˚C difference at peak 
temperature between the simulation and the measurement. 
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1.4   Conventional heat damage evaluation 
 
Cellular tolerance against heat has been investigated in some points of view. 
Lepock et al.26 examined cell lethality for 200 minutes by using Chinese 
hamster lung cells. The cells can survive 41.5 ºC for 200 minutes. In addition, 
they modeled the cell survival as an exponential function.  
Roti Roti et al.27 explained that hyperthermia disturbs mitochondrial 
membrane potential and that causes intracellular ROS increase, which leads 
to protein destabilization. The article also indicates that the increase of 
calcium ion triggers protein denaturation and apoptosis. 
Simanovskii et al.28 demonstrated cell viability by using fibroblasts and 
confirmed that the cellular damage is accurately explained by Arrhenius law. 
They applied CO2 laser for heating cultivated cells. 
As for acute cellular damage, Liljemalm et al.29 have established an 
evaluation method for cultivated cell injury. According to the Arrhenius model, 
decomposition of chemical component in cells, C, can be described as: 
 

;0

;4
= 	−0(4) ∙ => ∙ %

&
?@

AB(C)	,														(3) 

 
where C(t) is concentration at a certain time t, => is the frequency factor (s-

1), FG  is the reaction activation energy (kJ mol-1), R is the gas constant 
(8.3145 J mol-1 K-1), and T(t) is the temperature (K). The subsequent damage 
after H (s) laser irradiation can be expressed by the integration of Eq. (1): 
 

I =>

J

#

∙ %
&

?@
AB(C)	;4 = 	− ln M

0CNOPQNRST

0#
U	,										(4) 

 
where 0# is initial amount of the chemical component C, 0CNOPQNRST  is critical 
threshold that causes damage. The study determined 0CNOPQNRST / 0# 
experimentally. They defined damage signal ratio (DSR) as: 
 

WXY = 1 −
0Z

0#
,										(5) 

 
where 0Z is remaining concentration after irradiation. 
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2.  In vitro cell damage evaluation 
 
In order to assess the cellular damage, it is required to evaluate damage 
indicators. Here we introduce widely-used fluorescent probes, PI, Hoechst, 
Fluo-4 AM, DCF and CellROX. The most common and the simplest way to 
assess the fluorescence is image analysis. A methodology for the fluorescent 
image analysis is also explained in the following sections. 
 
2.1   PI/Hoechst 
 
Double staining by propidium iodide (PI) and Hoechst dyes is a basic method 
to measure cell viability under fluorescent microscopy. PI is a fluorescent 
molecular that binds to nucleic acid of dead cells. The fluorescence 
excitation/emission maxima are 535/617 nm30–32. On the other hand, Hoechst 
binds to nucleic acids in both live and dead cells. There are several types of 
Hoechst with different excitation/emission wavelengths. For example, the 
fluorescence excitation/emission maxima of Hoechst 33342 are 350/461 nm, 
Hoechst 33258 are 352/461 nm, and Hoechst 34580 are 392/440 nm. Figure 3 
shows the structure of PI and Hoechst 3334233. We can measure the cell 
viability by counting the number of dead/alive cells using software, for 
instance ImageJ. 
 

 
Fig. 5 PI (left) and Hoechst 33342 (right). 

 
 
2.1.1 Image analysis method 
 
ImageJ is a widely-used free image analysis software provided by National 
Institutes of Health, United States. It is quite useful if the analysis requires 
only manual processes such as measuring distance or counting cells, however, 



 8 

ImageJ has inconveniences for feature detections and automatic image 
processes. Hence, alternative method should be chosen to achieve more 
efficient and quantitative image analysis than ImageJ. In this study, we focus 
on circular feature detection so that the dead cell area can be defined by using 
PI images. 
The Hough transform is a feature extraction method invented by Hough Paul 
V C and patented in 1962 (US3069654 A). The basic idea of the Hough 
transform for detecting a line is explained in figure 6 and 7. That technique 
can also be applied to estimate a circle based on uncomplete circular edge34,35. 
By using the Hough transform, whole processes of image analysis can be 
carried with Matlab (Mathworks, USA). 
 

 

Fig. 6 Hough transform. A line on Euclidean plane can be described as Eq. 
(6). The two constants a and b can be any number. It is also possible to 

describe the line as Eq. (7) by defining \ and ]. 	\ is the angle, 0 to 2π, 
between the x axis and the radius ] intersecting the line. \ is chosen so 

that ] is minimized. A point P represents a pixel on the detected edge. 
 

 
Fig. 7 Example of the Hough transform of detecting the most well-fitted 
line. The transfer from (a, b) plane into (\, ]) is called Hough transform. 

Each point in the Euclidean plane, A, B, C and D, can be transferred into a 
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curve in the Hough plane. By finding the most frequent (\Z, ]Z) couple in 
the Hough plane, we can define the line. 

 
2.2   WST-8 Assay 
 
WST-8 assay is another method to measure cell variability. NADH and 
NADPH from the mitochondrial respiration chain (Citric Acid Cycle) are 
indirectly responsible for reducing WST-8 from an almost colorless compound 
to a yellow formazan dye. Therefore, WST-8 assay can measure the 
mitochondrial respiration level in live cells. Since the formazan dye shows 
yellow, it is common to analyze with a plate reader instead of microscopy36. 
 

 

Fig. 6 WST-8. 
 
2.3   Fluo-4 AM 
 
An effect of heat stress is an increase of intracellular calcium37. Fluo-4 AM is 
a fluorescent probe used to measure calcium ion concentration inside living 
cells. Calcium ion converts Fluo-4 AM to a Fluo-4 complex that has 
fluorescence excitation/emission maxima of 494/506 nm38. Many studies have 
shown the relation between the density of calcium and apoptosis39–43. Some 
studies indicate the possibility of calcium ion real-time measurement by using 
Fluo-4 AM38,44. 
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Fig. 7 Fluo-4 AM. 

 
2.4   Oxidative stress 
 
There are some methods to measure the oxidative stress with detecting ROS 
directly or indirectly. Indirectly it can be estimated by measuring the level 
of antioxidants, that will be upregulated if ROS is increased, or by 
measuring the damage inflicted to biomolecules such as proteins. To directly 
measure ROS species a probe that changes optical properties upon oxidation 
can be employed. 
 
2.4.1   DCF 
 
2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA) is a widely-used ROS 
detector in live cells. H2DCFDA is introduced into live cells as H2DCF. Then 
three types of ROS that are mentioned in figure 2 convert H2DCF to the 
highly fluorescent 2’, 7’-dichlorofluorescein (DCF). Figure 8 shows the 
mechanism of conversion. 498 nm wavelength lights is used for DCF 
excitation, and emission wavelength is 522 nm45,46. 
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Fig. 8 Mechanism of H2DCFDA conversion into DCF. 

 
2.4.2   CellROX 
 
CellROX® is recently widely used for measuring intracellular oxidative stress, 
produced by Invitrogen, US47,48. CellROX Green Reagent excitation/emission 
maxima are 485/520 nm and is an alternative method to DCF, although the 
chemical structure and the mechanisms are not published. CellROX has 
higher photo-stability and more simple protocol than DCF. In addition, it is 
possible to fix the tissue or cells with CellROX49.  
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