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Abstract

Objective: The aim of this study was to investigate the radiomoulatory effects of low-level laser irradiation
(LLLI) in normal and cancer cells exposed to ionizing X-ray radiation on clonogenic survival assay. Back-
ground data: LLLI does have radioprotective effects on normal tissue. LLLI can reduce the incidence of
mucocutaneous complications of ionizing radiation. Few in vitro studies reported adaptive responses for LLLI
to ionizing radiation in normal and cancer cells, particularly with respect to clonogenic cell survival assay.
Methods: Normal NIH 3T3 cells and cancer HeLa cells were irradiated with 685 and 830 nm LLLI at dif-
ferent energy densities prior to ionizing X-ray radiation. The survival fraction was determined after ionizing
radiation (0, 2, 4, and 6 Gy). The values of the linear (a) and quadratic (b) parameters were calculated based on
the clonogenic survival curves. Results: Clonogenic radiation survival assay showed that the application of
LLLI at 685 nm prior to ionizing radiation could significantly inhibit clonogenic growth of HeLa cells compared
with unirradiated HeLa cells. LLLI could also significantly increase the a parameter of the linear quadratic (LQ)
model. In contrast, application of LLLI at 830 nm could significantly protect NIH 3T3 cells against radiation
and decreased a parameter. Conclusions: This study suggests that various physical parameters of LLLI can be
diverse adaptive responses to ionizing radiation on normal and cancer cells.

Introduction

Radiotherapy plays a critical role in management of
cancer treatment through ionizing radiation. The ra-

diotherapy outcome is often limited by radioresistance in
cancer cells and side effects in normal cells and tissues.1 The
cytotoxic effect of ionizing radiation is mainly caused by
DNA damages, including single and double strand breaks
(SSBs and DSBs), sugar and base modifications, and DNA–
protein crosslinks.2 The DSBs are dominant forms of DNA
damage and may lead to cell death following radiation.3 Loss
of reproductive integrity and proliferation inability are the
most common features of cell death following ionizing ra-
diation,4–6 which may refer to reproductive death or clono-
genic cell death. Therefore, the clonogenic cell survival
assays have been played an essential role in the study of
ionizing radiation effects, and is the primary end-point
measured in radiobiology.3

There have been many attempts to improve the therapeutic
effects of radiotherapy by selective protection of normal
cells without radioresistance effects in cancer cells, such as
dose-fractionation of radiotherapy.7 Chemical and physical
approaches to radioprotection of normal cells have been

developed to increase radiation efficiency. Researchers have
tried to prevent death in normal cells following ionizing
radiation.8–14 These approaches probably do not enhance
radioresistance characteristics in cancer cells and cannot help
to develop radiation-induced secondary cancers.1 Also, the
approaches mentioned help to protect normal cells from
ionizing radiation or induce radiosensitization of cancer
cells. These methods have been reported to be effective
based on the presumption of the apoptotic cell loss as the
central event in radiotherapy’s early outcome.1,8

Low-level laser therapy, also known as photobiomodula-
tion, employs visible or near-infrared light (600–1000 nm) to
treat various injuries or pathologies in humans or animals.15–18

There is strong evidence showing that low-level laser irra-
diation (LLLI) is absorbed in mitochondria of mammalian
cells, particularly by cytochrome c oxidase.19,20 Conse-
quently, a cascade of events occurs in the mitochondria
leading to biostimulation of various processes affecting the
molecular and cellular levels at different types of cells. LLLI
alters the cellular redox state, which induces the activation of
numerous intracellular signaling pathways, and alters the
affinity of transcription factors involved in cell proliferation,
survival, and tissue repair and regeneration.21–23 It has been
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proposed that LLLI could be capable of protecting cells
against some cytotoxic agents such as ionizing radiation. In
addition, LLLI has a biphasic dose-response pattern.24 This
stimulatory effect of laser irradiation has been reported at
low energy densities (fluences), but there has also been an
inhibitory effect reported at higher energy densities. The
higher energy density of laser irradiation interferes with cell
cycling and inhibition of cell proliferation.25,26 As a result,
LLLI could possibly increase cell sensitization to ionizing
radiation in a paradoxical manner.

There are many clinical reports that support the radio-
protective effects of LLLI in normal tissue,27–29 which can
reduce the incidence of radiotherapy-induced mucocutane-
ous complications, such as oral mucositis and dermatitis.
LLLI can also modulate subcellular signaling pathways, and
may lead to increased cell resistance to ionizing radiation.
For example, LLLI induces downregulation of p53 activity
and increases the activity of nuclear factor kappa-B (NF-kB)
protein, both leading to cell survival.22,30,31 Despite of the
mentioned evidence, few in vitro studies reported that LLLI
causes adaptive responses to ionizing radiation in normal and
cancer cells. Clonogenic cell survival assay and its survival
curves have wide application in evaluating the reproductive
integrity of different cells, and describe a relationship be-
tween the ionizing radiation dose and the proportion of
surviving cells. As a result, it is crucial to conduct a study to
evaluate the modifying effects of LLLI on ionizing radiation
survival curves, both in normal and cancer cells that were
pre-exposed to LLLI.32 Our study was conducted to evaluate
and compare the adaptive responses of LLLI on ionizing
radiation cell survival curves in normal and cancer cells.

Materials and Methods

Cell line and culture conditions

Experiments were conducted with HeLa cells (human
cervix carcinoma; ATCC� CCL-2�) and NIH 3T3 cells
(NIH Swiss mouse embryonic fibroblasts; ATCC CRL
1658�). Cells were purchased from National Cell Bank of
Iran (Pasteur Institute, Iran). The two cell lines were cul-
tured in RPMI-1640 medium (Gibco�, UK), supplemented
with 10% fetal bovine serum (Gibco) and 100 U/mL Peni-
cillin (Sigma, USA), and 100 lg/mL Streptomycin ( Jaber-
ebn-Hayan, Tehran, Iran) at 37�C with 5% CO2 in
humidified air. The cells were passaged using 0.25% trypsin
and 0.03% ethylenediaminetetraacetic acid (EDTA) (Sigma)
in phosphate buffered saline (PBS) solution.

LLLI

The cells were directly exposed to various wavelengths
and energy densities of laser light that were chosen ac-
cording to commonly applied energy densities for laser
therapies. A summary of the laser parameters is shown in
Table 1. The BTL-5000 laser series was used for the laser
irradiation. This device was specifically designed to provide
uniform irradiation to the culture plates on which the cells
were seeded, according to the parameters established for the
study. The reduction in power density caused by this type of
irradiation was calculated using a laser power meter
(ThorLab PM100A, USA). HeLa and NIH 3T3 cells were
exposed to either 1 or 5 J/cm2 with 685 or 830 nm laser light
24 h after seeding, whereas control cells received 0 J/cm2.
The area of exposure was held constant, and included the
entire area of the colonies on the culture plates.

Plotting of the growth curve and measurement
of the doubling time

HeLa and NIH 3T3 were seeded at a density of 2 · 104

cell/cm2 in 96 well plates in triplicate. The cells were har-
vested and counted using the trypan blue dye exclusion
method. Viable cells in three wells of each group were
counted for 7 consecutive days. The culture medium was
exchanged every 3 days. The doubling time (Td) of each cell
line was calculated according to the Patterson formula as
follow:33

Td ¼ T · log 2= log
N2

N1

� �

where N1 is cell number on the 1st day of the exponential
phase, and N2 is cell number at T h after culture (end of
exponential phase); T (h) is the time from N1 to N2.

MTT cell viability assay

Cell proliferation was evaluated using the tetrazolium salt
(MTT) method. MTT is useful for the quantification of viable
cells, because only metabolically active cells cleave it to form
a formazan dye. In exponential phase of cell growth, HeLa
and NIH 3T3 cells were trypsinized and seeded at an initial
density of 1 · 104 cells/cm2 in 96 well plates. After 24 h, the
cells were irradiated with 0, 1, 5, and 10 J/cm2 at 685 or
830 nm. After 48 h, medium was removed from each well,
and 50 mL MTT solution (Sigma, USA) (2 mg/mL PBS) was
added to each well. Cells were incubated at 37�C for 3 h to let

Table 1. Summary of Laser and X-Ray Parameters Used in this Study

Low-level laser irradiation parameters X-ray ionizing radiation parameters

Laser system BTL-5000 X-ray generator
Siemens Primus

linear accelerator

Wavelength (nm) 685, 830 photon energy (MeV) 6
Irradiation mode Continuous Dose rate (cGy/min) 200
Power output (mW) 50 Dose (Gy) 2, 4, 6
Power density (mW/cm2) 16
Energy density ( J/cm2) 1, 5
Duration of irradiation (s): 1 J/cm2 60

5 J/cm2 300
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formazan crystals accumulate. The medium was removed,
and formazan crystals were solubilized through addition of
100 mL dimethyl sulfoxide (DMSO) to each well. Absor-
bance at 570 and 630 nm wavelengths was measured with a
BioTek plate reader. Difference of absorbance at the two
wavelengths represented cell viability.

Plating efficiency assay

Exponential growing cells were trypsinized and plated at
200 cells/well density into 12 well plates, and allowed to
adhere overnight. Each well was irradiated with 685 and
830 nm wavelengths at 0, 1, and 5 J/cm2 energy densities at
24 h after seeding. After 9 days in culture, the cells were
fixed in 2% formaldehyde and stained with crystal violet
(0.5%). The number of colonies containing at least 50 cells
was counted under a light microscope (Leica, DMLS).

Clonogenic survival assays

The clonogenic assay protocol is described in Fig. 1.
Cells were trypsinized and counted carefully and diluted
such that appropriate cell numbers were seeded into each
well of 12 well plates. It is statistically necessary to plate
enough cells to obtain a colony count of 20–100. For ex-
ample, this may require only 100 cells for the control plate
(0 Gy ionizing radiation), whereas at 6 Gy, this may re-
quire ‡ 800 cells. In this study, the cells were plated in 12
well plates at 200, 400, 600, and 800 cells per well, at 0, 2,
4, and 6 Gy ionizing radiation doses, respectively, and in-
cubated overnight. The cells were pre-exposed to LLLI at 0,
1, and 5 J/cm2 with 685 and 830 nm wavelengths. After 1 h

incubation, the cells were irradiated at room temperature
with 6 MeV X-ray photons from a Siemens Primus linear
accelerator (Germany) at a dose rate of 200 cGy/min (Table
1). After incubation for 8–9 days, the colonies were fixed
and stained as described. The survival fraction was calcu-
lated as the ratio between the colonies formed after ionizing
irradiation and the number of cell seeded with a correction
for the plating efficiency.34

Analysis of the radiation dose survival curve

In this study, dose-response radiation survival curve was
mathematically analyzed based on the linear quadratic (LQ)
model of cell reproductive death as a function of ionizing
radiation dose.34 In this model, the surviving fraction (SD) of
cells after a radiation dose (D) was fit by a weighted,
stratified, linear regression described by an inverse expo-
nential approximation:

SD=S0¼ e� (aDþ bD2)

The LQ model contains two parameters, a (Gy-1) and b
(Gy-2). Parameter a represents the initial slope of cell dose-
survival curves and the effectiveness of radiation at low
doses, whereas the quadratic parameter b represents the in-
creasing contribution from cumulative damage, presumably
caused by the interaction of two or more lesions induced by

FIG. 1. Schematic representation of the major steps in-
volved in a typical clonogenic cell survival assay.

FIG. 2. MTT assay of HeLa (A) and NIH 3T3 (B) cells in
different wavelengths and energy densities of low-level la-
ser irradiation (LLLI). Means with standard errors of at least
three independent experiments performed in triplicate are
shown.
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separate ionizing radiations. The parameters a and b were
determined from survival curves using SPSS 17 (Chicago,
IL) statistical software performing a fit to the data according
to the LQ formula by multiple regression analysis.

Statistical analysis

Statistical analyses were performed using SPSS 17 soft-
ware. Data are presented as means – standard error of mean
(SEM). For continuous variables, means were compared by
one way analysis of variance (ANOVA) and Tukey’s post-
hoc testing. The level of statistical significance was set at a
two tailed p value of 0.05.

Results

Growth curve and doubling time

Because the doubling time is the time required for each
doubling of cell growth/count in the exponential phase, it
can be an important parameter in estimating time required
for cell proliferation rate and colony formation. In this
study, the baseline doubling times in HeLa and NIH 3T3
cells were 28.7 – 1.7 and 22.2 – 0.7, respectively. It means
that the proliferation rate of NIH 3T3 cell is significantly
more than the HeLa cell proliferation rate ( p < 0.001).

Cell viability assay

The viability of HeLa and NIH 3T3 cells to 685 and
830 nm LLLI is shown in Fig. 2. At 685 nm of LLLI, 1 J/cm2

energy density increased viability of Hela cells, whereas
there was no significant effect of other energy densities
(Fig. 2A). LLLI with 685 and 830 nm at different energy
densities did not influence the viability of NIH 3T3 cells
(Fig. 2B).

Plating efficiency assay

Plating efficiency is typically used to describe growth
properties of cells in vitro. The plating efficiency of HeLa cell
significantly enhanced after exposure to LLLI at energy den-
sities 1 and 5 J/cm2 with 685 and 830 nm (Fig. 3A). The plating
efficiency of NIH 3T3 cell exposed to 1 J/cm2 LLLI with
685 and 830 nm was increased, whereas LLLI at 5 J/cm2 en-
ergy density did not substantially affect the plating efficiency
in NIH 3T3 cells (Fig. 3B).

Clonogenic survival assays

The ionizing radiation was performed in vitro 60 min after
the cells were pre-exposed to LLLI. The radiation sensiti-
zation of HeLa and NIH 3T3 cells with or without being pre-
exposed to LLLI was described as changes in linear and

FIG. 3. Plating efficiency of HeLa (A) and NIH 3T3 (B) cells after exposure to low-level laser irradiation (LLLI) in
different wavelengths and power densities. LLLI at 1 J/cm2 with 685 nm had a significant stimulatory effect on plating
efficiency in HeLa cells (A). Means with standard errors of at least three independent experiments performed in triplicate
are shown. *p < 0.05 compared with the corresponding control. Representative colonies of HeLa cells are shown (C).
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quadratic parameters of radiation dose-survival curves. In
Fig. 4A and B, the ionizing radiation survival curves are
shown for HeLa cells pre-exposed to LLLI at 685 and
830 nm wavelengths, respectively. In Fig. 4A, a statistically
significant increase in the radiosensitivity was observed
in HeLa cells that were pre-exposed to 685 nm LLLI at
5 J/cm2 energy density ( p < 0.01). Pre-exposure to LLLI at
both energy densities with 830 nm did not significantly ef-
fect the ionizing radiation survival curves of HeLa cells
(Fig. 4B).

In Fig. 5A and B, the ionizing radiation survival curves
are shown for NIH 3T3 cells pre-exposured to LLLI with
685 and 830 nm wavelengths, respectively. In Fig. 5A, the
survival curves of NIH 3T3 cells pre-exposed to LLLI at
both energy densities with 685 nm were the same as those
for control NIH 3T3 cells. On the other hand, LLLI at
1 J/cm2 with 830 nm led to a significantly higher cell survival

in NIH 3T3 cells, whereas LLLI at 5 J/cm2 could not statis-
tically alter NIH 3T3 cell survival curve in comparison with
control NIH 3T3 cells (Fig. 5B).

The effects of LLLI on the LQ parameters are summarized
in Table 2. There was a significant increase in parameter a
value in HeLa cells pre-exposed to LLLI at 5 J/cm2 energy
density with 685 nm. In contrast, there was a significant re-
duction in parameter a value in NIH 3T3 cells exposed to
LLLI at 1 J/cm2 energy density with 830 nm (Table 2). For
both energy densities and wavelengths of LLLI, there were
no statistically significant differences between b values and
control HeLa and NIH 3T3 cells ( p > 0.05).

Discussion

The common therapeutic doses of ionizing radiation
therapy are in range of 1.5–2.5 Gy.35 Parameter a, the initial

FIG. 4. Radiation survival curves of HeLa cells after be-
ing pre-exposed to low-level laser irradiation (LLLI). The
cells were illuminated by LLLI at 1 and 5 J/cm2 with
685 and 830 nm wavelengths. One hour later, cells were
radiated with different doses of ionizing radiation. LLLI at
5 J/cm2 with 685 nm significantly sensitized HeLa cell to
ionizing radiation (A). The radiation survival curve of HeLa
cells after being pre-exposed to 830 nm LLLI was not sig-
nificantly different (B). Survival data were fitted to the
linear quadratic model. Error bar indicates standard error of
the mean of at least three independent experiments in trip-
licate. *p < 0.05 compared with the corresponding control.

FIG. 5. Radiation survival curves of NIH 3T3 cells after
being pre-exposed to low-level laser irradiation (LLLI). The
cells were illuminated by LLLI at 1 and 5 J/cm2 with 685 and
830 nm wavelengths. One hour later, cells were exposed to
different doses of ionizing radiation. The radiation survival
curves of NIH 3T3 cells after being pre-exposed to 685 nm
LLLI were not significantly different (A). LLLI at 1 J/cm2

with 850 nm significantly increased the survival fraction of
NIH 3T3 to ionizing radiation (B). Survival data were fitted to
the linear quadratic model. Error bar indicates standard error
of mean of at least three independent experiments in triplicate.
*p < 0.05 compared with the corresponding control.
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slope of radiation dose-survival curves, is mainly related to
clinical efficacy of radiation therapy. In our study, a value
was increased while HeLa cancer cells were pre-exposed to
LLLI at a higher energy density (5 J/cm2) with a 685 nm
wavelength. We assumed that LLLI could enhance direct
potentially lethal damage (PDL) at low ionizing radiation
doses, and lead to hypersensitizing HeLa cells to ionizing
radiation. The level of survival fraction might decrease in
HeLa cells pre-exposed to 5 J/cm2 LLLI with 685 nm. The
mentioned phenomena provide another example of radio-
sensitization effects in HeLa cells. In contrast, the a value in
a NIH 3T3 normal cell survival curve decreased when these
cells were pre-exposed to the lower energy density (1 J/cm2)
of LLLI with 830 nm wavelength. This means that the
830 nm LLLI had a radioprotective effect on NIH 3T3 cells.
The significant increase in the levels of SF2, SF4, and SF6 in
NIH 3T3 cells that were exposed to 830 nm LLLI at 1 J/cm2

validates this radioprotection. The changes of the b compo-
nent presumably depend on the interaction of reparable
sublethal damage. These changes were not significantly
different between both cell types and laser parameters.

The critical question is explaining the various effects of the
LLLI. Dose-response of LLLI depends on cell types and illu-
mination parameters such as wavelength, power density, en-
ergy density, pulse structure, and treatment timing.36–38 The
dose-response effect of the LLLI is biphasic.24 Lower energy
densities of LLLI have a beneficial effect on stimulating and
repairing cells and tissues, but higher energy densities have
inhibitory effects, such as induction of apoptosis. The mech-
anism of the biphasic dose-response effect can be explained
through production of reactive oxygen species (ROS) by mi-
tochondria following LLLI.15,26 LLLI provides an oxidative
stress and generates ROS in biological systems, which are
quenched by cellular antioxidant systems.22 ROS homeostasis
and signaling have an important role in cell signaling following
adaptive response, particularly to ionizing radiation.39 The
ROS generated by LLLI may escape from antioxidant systems,
cause redox imbalance, and activate redox-sensitive signaling
factors such as nuclear factor jB (NF-jB).40,41 LLLI at lower
stimulatory energy densities inhibits apoptosis through Akt/
GSK3beta signaling pathways.42 All these mechanisms can
finally lead cellular response to induce radioprotection effects.
It has been shown that 685 nm of LLLI at very low energy
densities (0.01 J/cm2) enhances cell survival to c-ionizing ra-
diation.43 Increasing energy densities of LLLI causes a large

amount of oxidative stress and ROS formation in relative cy-
totoxic levels. Cytotoxic levels of ROS raise various types of
cellular damage and induce apoptosis via generation of high
levels of ROS and via Akt/GSK3beta signaling path-
ways.25,26,44 The apoptosis induced by high energy densities of
LLLI was directly initiated from mitochondrial ROS genera-
tion, decrease in mitochondrial membrane potential, and other
ROS-dependent pathways.24,44,45 LLLI at higher energy den-
sities can also enhance cell death caused by ionizing radiation
and radiosensitizing HeLa cells. The radiomodulatory effect of
LLLI with a higher energy density may be also explained by
the ROS homeostasis. The boundaries between lower stimu-
latory and higher inhibitory energy densities of LLLI are still
controversial.

The radiomodulatory effects of LLLI were obtained on
exponentially growing HeLa and NIH 3T3 cells. The in-
creased DNA damage is the major component of radio-
sensitisation in exponentially growing cells. Meanwhile, in
plateau phase cells, radiosensitisation occurs through in-
hibited repair and/or enhanced fixation of potentially lethal
damage.35 The DNA damage, particularly the DSBs, can
lead to cell death following radiation.3 The a value increase
for exponentially growing HeLa cells pre-exposed to LLLI
at 5 J/cm2 energy densities with 685 nm leads to an increase
in the number of directly lethal events caused by the LLLI.
Former research has shown that LLLI at higher energy
densities enhanced DNA damage compared with unirradi-
ated cells.46,47 Based on the ‘‘law of Bergonié and Tri-
bondeau’’ in radiobiology, radiosensitivity of cells helps to
increase the level of metabolic activity and the proliferation
rate. A significant increase of plating efficiency in HeLa
cells represents cell proliferation caused by LLLI. This
process shows that more time is necessary to determine the
proliferative effect of LLLI. Obviously, a period of 8–9 days
for colony formation provides enough time to show the
stimulatory effect of the LLLI.

Conclusions

There is growing interest in using LLLI as a safe ap-
proach to prevent ionizing radiation induced side effects,
such as oral mucositis and dermatitis. However, there is still
a need for a safe treatment approach without the disadvan-
tages of radioresistance to remaining cancer cells.48 The aim
of this study was focused on analysis of the ionizing

Table 2. Values of the Linear Quadratic Parameters a and b from HeLa and NIH 3T3 Cells Treated

with Ionizing Radiation After Pre-Exposure to LLLI

685 nm 830 nm

Cells Treatment a (Gy-1) b (Gy-2) a (Gy-1) b (Gy-2)

HeLa Control 0.31 – 0.04 0.02 – 0.01 0.27 – 0.06 0.03 – 0.06
1 J/cm2 0.32 – 0.04 0.02 – 0.01 0.28 – 0.05 0.02 – 0.01
5 J/cm2 0.45 – 0.05a 0.01 – 0.01 0.35 – 0.06 0.02 – 0.01

NIH 3T3 Control 0.45 – 0.05 0.012 – 0.01 0.52 – 0.02 0.01 – 0.006
1 J/cm2 0.41 – 0.04 0.01 – 0.009 0.38 – 0.03a 0.02 – 0.007
5 J/cm2 0.49 – 0.05 0.007 – 0.009 0.43 – 0.04 0.02 – 0.01

Error bar indicates standard error of mean of three independent experiments.
LLLI, low-level laser irradiation.
ap < 0.01 compared with the corresponding control.

RADIOMODULATORY EFFECT OF LASER IRRADIATION 457



radiation survival curve in cells pre-exposed to different
parameters of LLLI. In conclusion, the results of this study
demonstrate a possible radiosensitizing effect for 685 nm
LLLI in HeLa cancer cells, evidenced by decreased survival
fraction and increased a value according to the LQ model at
5 J/cm2 energy density. However, the radioprotection effect
of 830 nm LLLI at lower energy densities (1 J/cm2) was
observed in NIH 3T3 normal cells. Based on our finding, it
is necessary to provide more research on relevant in vitro
studies and clinical trials to identify radiomodulatory effects
and the mechanism of LLLI inside human bodies.
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