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Abstract. Phototherapy is noninvasive, painless and has no known side effect. However, for its incorporation into
clinical practice, more well-designed studies are necessary to define optimal parameters for its application. The
viability of fibroblasts cultured under nutritional stress irradiated with either a red laser, an infrared laser, or a
red light-emitting diode (LED) was analyzed. Irradiation parameters were: red laser (660 nm, 40 mW, 1 W/cm?),
infrared laser (780 nm, 40 mW, 1 W/cm?), and red LED (637 £ 15 nm, 40 mW, 1 W/cm?). All applications were
punctual and performed with a spot with 0.4 mm? of diameter for 4 or 8 s. The Kruskal-Wallis test and analysis of
variance of the general linear model (p < 0.05) were used for statistical analysis. After 72 h, phototherapy with low-
intensity laser and LED showed no toxicity at the cellular level. It even stimulated methylthiazol tetrazolium assay
(MTT) conversion and neutral red uptake of fibroblasts cultured under nutritional stress, especially in the group
irradiated with infrared laser (p = 0.004 for MTT conversion and p < 0.001 for neutral red uptake). Considering
the parameters and protocol of phototherapy used, it can be concluded that phototherapy stimulated the viability
of fibroblasts cultured under nutritional deficit resembling those found in traumatized tissue in which cell viability
is reduced. ©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3602850]
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1 Introduction

Since the introduction of photobiomodulation in medicine, the
effectiveness of a variety of light sources has been evaluated.
In 1983, an experiment carried out at the cellular level showed
that coherent and noncoherent lights with the same wavelength,
intensity, and irradiation time promoted the same biological
effect.!

In the last decade, some researchers have demonstrated the
applicability of light-emitting diode (LED) therapy in experi-
mental and clinical studies demonstrating cellular photobiomod-
ulative effectiveness similar to that of low-intensity laser.”® The
reason for the increase of research seeking to compare the ef-
fects of phototherapy using LEDs instead of laser is that, unlike
wavelength, coherence of a light is not a major factor in the
biomodulative effect.” Thus, LEDs have great potential for ac-
tion, besides being cheaper than lasers.®

Phototherapy is painless, noninvasive, and when correctly
administered, has no known side effects.’> However, for its in-
corporation into clinical practice, more well-designed studies are
necessary to be conducted with the objective of defining optimal
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parameters for its application. That will result in better clinical
outcomes, increasing patients’ quality of life, and proving the
absence of side effects of light on the proposed parameters at
either the clinical or the cellular level. Another factor that needs
more attention is the development and evaluation of new sources
of light at lower cost for such treatment other than low intensity
laser, which is a factor that could contribute significantly to the
spread of phototherapy.

Thus, it is appropriate to carry out a study to evaluate
the effects of therapy with low-intensity laser and LEDs on
cell viability through its application in fibroblasts cultured un-
der nutritional stress similar to that experienced by fibroblasts
in vivo following tissue injury and therefore of clinical relevance.

2 Materials and Methods

2.1 Cell Culture

Balb/c 3T3 cells [American Type Culture Collection (ATCC)]
were cultured in Dulbecco’s modified eagle’s medium (DMEM),

at 37 °C, in a humid atmosphere containing 5% CO,. The ex-
perimental cultures were prepared by inoculation of cells in
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Fig. 1 Phototherapy devices used in the study. (a) Low-intensity laser
device (Twinflex I, MMOptics, Sao Carlos, SP, Brazil); (b) LED proto-
type (CePOF/IFSC/USP, Sao Carlos, SP, Brazil).

disposable 96 well plates. Before irradiation, cells were kept
for 6 h in the culture medium to allow them time to adhere to
the base of the plates’ wells; then it was replaced by 5% fetal
bovine serum (FBS) supplemented culture medium (exception
for the control group: 10% fetal bovine serum). Samples from
each group were taken for mitochondrial and lysosomal activity
analysis 24, 48, and 72 h after the first irradiation.

2.2 laser and LED Irradiation

The phototherapy devices used were: an aluminum gallium in-
dium phosphorus (AlGalnP) low-intensity laser (Twinflex II,
MMOptics Ltda, Sao Carlos, SP, Brazil), with one diode probe
emitting at a visible red wavelength (660 nm) and 40 mW power,
and the other probe emitting at an infrared wavelength (780 nm)
and 50 mW power [Fig. 1(a)] and one LED device (prototype of
the Center for Research in Optics and Photonics of the Institute
of Physics of Sdo Carlos/University of Sao Paulo, Sao Carlos,
SP, Brazil) emitting noncoherent polarized red light with a visi-
ble red wavelength (637 £ 15 nm) and 40 mW power developed
specifically for this study [Fig. 1(b)].

All cell viability assays were performed in 96-well plates,
seeding Balb/c 3T3 cells (in the fifth passage) with a density of
5 x 107 cells/well.

Prior to laser and LED irradiation, the plates were wrapped
in a mask made out of black cardboard with holes located in
the position of the wells of the experimental groups. Each hole
was individually sealed by a hatch, also in black cardboard, that
allowed only the bore of the well that was being irradiated to
remain open, while all the others were kept in the dark. The
holes in the mask had the diameter of 0.5 cm?2, while the laser
and LED spot had the diameter of 0.4 cm?.

Low-intensity laser and LED irradiation were made through
the transparent bottom of the 96 wells plate, keeping the dis-
tance between the light beam and the cell monolayer constant at
1 mm. Therefore, the radiation passed directly to the cell mono-
layer via the plate base without traveling through the culture
medium reaching the cells, following the methodology adopted
previously.® The power of the laser and LED devices was mea-
sured with the Lasercheck PowerMeter (Coherent Inc., Santa
Clara, California) prior to each application.

At the application time, plates were positioned so that the de-
vices’ probes were totally in (punctual) contact with the bottom
of the wells.

After phototherapy, the culture medium was removed in the
experimental pre-determined times (24, 48, and 72 h) and the
cells were washed with PBS-A. Then the cell viability assays
were performed as outlined below.

2.3 Experimental Groups

After incubation in a CO; oven, eight groups were prepared, as
presented in Table 1.

Each group had eight replicates. All samples were subjected
to the same environmental conditions such as light, humidity,
temperature, and time outside the incubator. Group 7 (nega-
tive control) and group 8 (positive control), both nonirradiated
groups, were subjected to the same experimental conditions of
the irradiated groups except by the irradiation itself. Each irradi-
ated well had an unirradiated well adjacent to it, the separation
limiting treatment to a single well.

Table 1 Experimental groups and corresponding irradiation parameters.

Group  FBS(%)  Wavelength (nm) Intensity (mW)  Irradiance (W/cm2)  Irradiation time (s)  Total energy (J)  Energy density (J/cm?)
1 5 660 40 1 4 4) 4
2 5 660 40 1 8 8)J 8
3 5 780 50 1 4 5] 5
4 5 780 50 1 8 10 10
5 5 637 £ 15 40 1 4 4) 4
6 5 637 £ 15 40 1 8 8J 8
7 5 - - - - - -
8 10 - - - - - -
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Fig. 2 Mitochondrial activity analysis acquired after performing MTT reduction. (a) Box-plots comparing data obtained by MTT reduction by
intervention groups. (b) Box-plots comparing data obtained by MTT reduction by exposure time. (c) Box-plots comparing data obtained by MTT
reduction by experimental period. (d) Interaction between the means obtained by the MTT reduction for the intervention groups and for the

experimental periods (24 and 72 h).

2.4 Mitochondrial Activity Analysis

The mitochondrial activity was assessed by incubation of the
cellsin a solution of 0.5 mg MTT/mL of DMEM without FBS for
4h, at 37°C. After removing the solution, the insoluble pigment
reduced intracellularly was extracted with 1 ml of ethanol/well,
stirring gently for 10 minutes at room temperature. Then, the ab-
sorbance of the alcoholic extract from each well was measured
at 570 nm in a fluorescence reader (Fluostar Optima- BMG
LABTECH, Offenburg, Germany) using the program MARS
Data Analysis Software. The mitochondrial function of the vi-
able cells following each treatment was calculated.

2.5 Lysosomal Activity Analysis

From a stock solution of 0.4% neutral red (NR), a solution of
50 pg/ml neutral red in DMEM was obtained. The resulting
solution remained in the oven at 37°C overnight for the crystals
precipitation, and then filtered through a Millipore filter (0.22 ).
The cells were treated with this solution (50 pg/mL) and the
plates incubated for 3 h at 37 °C to allow uptake of the dye
by the lysosomes of viable cells. They were washed with PBS-
Cat2, and the dye extracted in a solution of ethanol 50% and
1% acetic acid by placing 1 ml of the solution/well. Then, it was
determined the absorbance of the extracts at 540 nm in the same
fluorescence reader and program. The lysosomal activity of the
viable cells following each treatment was calculated.
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2.6 Statistical Analysis

Obtained data do not follow a normal distribution, making it
impossible for comparisons of means. Thus, for evaluation, in-
dependent groups were compared using the median and non-
parametric Kruskal-Wallis test to evaluate differences between
groups. To evaluate the interaction between the variables, the
analysis of variance of the general linear model was used. Sta-
tistical analysis was performed with a significance level of 5%.

3 Results

Calculations of data obtained by MTT reduction are summarized
in Fig. 2. It was observed that there is a statistically significant
difference between the medians of the tests using the MTT
reduction for the groups, as shown in Fig. 2(a). Using a range
nonparametric test, it was observed with 95% of confidence that
the group in which the cell culture was irradiated with the LED
is statistically different from the groups irradiated with red laser
and infrared laser.

A trend of MTT reduction increase can be seen as the irradia-
tion time, and consequently, the total energy irradiated increased
from 0 to 4 s and 8 s. This increase, however, is not statistically
significant [Fig. 2(b)].

Data presented in Fig. 2(c) show that there is a statisti-
cally significant difference between the medians of the tests
performed using the MTT reduction for the experimental peri-
ods of 24 and 72 h. Note that, on average, when the trial period
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Fig. 3 Lysosomal activity analysis acquired after performing neutral red assays. (a) Box-plots comparing data obtained by the uptake of neutral
red by the intervention groups. (b) Box-plots comparing data obtained by the uptake of neutral red by the exposure time. (c) Box-plots comparing
data obtained by the uptake of neutral red by the experimental period. (d) Interaction between the means obtained by neutral red uptake for the

intervention group and for the experimental periods (24, 48, and 72 h).

is considered separately, changing from 24 to 72 h, there is an
increase in the values of MTT reduction, and this increase is sta-
tistically significant (p < 0.001). It is also noted that, on average,
the individual values obtained by MTT reduction in the group
irradiated with red laser is the highest (p < 0.001), and values
of the group irradiated with LED are the lowest (p < 0.001).

The interaction between the averages for the experimental
periods of 24 and 72 h and the intervention groups (infrared
laser, red laser, LED, positive control, and negative control)
is illustrated in Fig. 2(d). This effect was statistically signif-
icant for the 72 h period with the infrared laser (p = 0.001)
and LED (p < 0.001). In other words, there was an average
increase in the values of MTT reduction, and the red laser did
not cause a statistically significant decrease with the period of
72 h (p = 0.137). It should be noted that in this case the pe-
riod of 24 h and the negative control group were considered as
reference.

As with the data obtained by MTT reduction, the values
found by the capture of NR, do not follow a normal distri-
bution, making it impossible for comparisons of means. Thus,
for evaluation, independent groups were again compared using
the median and nonparametric Kruskal-Wallis test to evaluate
differences between groups. Statistical analysis was performed
with a significance level of 5% (p < 0.05) (Fig. 3).

Also, in this cell viability test, statistically significant differ-
ences were observed between the median values for the con-
sidered groups [Fig. 3(a)]. Using a range nonparametric test, it
was observed with 95% confidence that the group in which the
cell culture was irradiated with laser at the red wavelength is
statistically different from the groups irradiated with infrared
laser and LED and positive and negative control groups.

Journal of Biomedical Optics

075004-4

A statistically significant decrease in the median values of
neutral red uptake is observed as the exposure time increases
from O to 4 s. A decrease is also observed between 0 and 8 s,
but it is not statistically significant. A slight, not statistically
significant, increase is also seen when the exposure time and the
irradiated energy increases from 4 to 8 s [Fig. 3(b)].

A statistically significant difference between the medians of
testing for the experimental periods is observed when going
from 24 to 48 and 72 h [Fig. 3(c)].

It should be noted that on average, when the trial period is
considered separately, changing from 24 to 48 and 72 h, there is
an increase in the values of the capture of neutral red, and this
increase is statistically significant (p < 0.001). It was also noted
that, on average, the individual values obtained by the neutral
red uptake in the group irradiated with red laser are the lowest
(p < 0.001).

As previously mentioned, although an increase is observed
between the interactions, this increase is not statistically signifi-
cant. Only the interaction at 48 h with the group irradiated with
the LED was statistically significant (p = 0.001), meaning that
there is an average increase in the capture of neutral red. The
interaction between the averages for the experimental periods
of 24, 48, and 72 h, and for the intervention groups (infrared
laser, red laser, LED, positive control, and negative control) is
illustrated in Fig. 3(d). Again, the 24 h period and the negative
control group were considered as reference.

4 Discussion

Since the introduction of photobiomodulation in medicine, the
effectiveness and applicability of a variety of light sources to

July 2011 » Vol. 16(7)



Volpato et al.: Viability of fibroblasts cultured under nutritional stress...

treat various medical conditions has been extensively investi-
gated, both in vitro and in vivo. Many results, however, are
remarkably contradictory. Some reasons for the contradictions
are the wide range of indications for phototherapy, the number of
different light parameters used, the impossibility of measuring
the likely post-irradiation effects with the necessary objectiv-
ity, and even the lack of theoretical understanding about this
intervention.'°

Nevertheless, low-intensity lasers and LEDs are well ac-
cepted therapeutic tools to treat infected, ischemic, and hypoxic
wounds, and other changes in soft tissue.!! Other light sources
have been proposed as alternatives to laser, mainly because of
lower cost, but the LED-based devices have been considered the
main alternative. Although LED is not a monochromatic source,
it emits in more restricted bands compared with conventional
bulbs.'?

In addition, LED light therapy has been considered of non-
significant risk by the FDA and was approved for use in humans.*

Therapy with low intensity light using regions of the spec-
trum ranging from the far-red to near-infrared (630 to 1000 nm)
modulates many cellular functions* and has been demonstrated
to be effective in the process of biologic stimulus.!! The posi-
tive effects of photobiomodulation include acceleration of heal-
ing and even improvement on the recovery of ischemic heart
lesion.!!

It was postulated that in the cellular level, phototherapy
can modulate cell adhesion and synthesis of collagen and pro-
collagen, promote angiogenesis, and stimulate macrophages
and lymphocytes and modulate the proliferation of fibrob-
lasts by improving energy metabolism in the mitochondria.*
Many studies highlight the effect of low-intensity lasers on the
mitochondria'®!* and on some signaling molecules (c-fos, cy-
clin A, cyclin E, and cyclin D1) of the mitosis.'* Our results
seem to confirm these studies since we noticed a positive ef-
fect (increased viability, measured indirectly by the MTT, and
neutral red tests) in the treated fibroblasts.

Since the phototherapy biomodulator effect acts by bal-
ancing cells that are unbalanced, it is understood that if
cells are in the ideal condition for proliferation, photother-
apy will have little or no positive effect.%!> Thus, to simu-
late in vivo stress conditions, cells were grown in nutritional
deficit.

It was observed in this study that, considering the median of
the tests using the MTT reduction, the difference between the
groups was statistically significant, and those irradiated with the
infrared laser had the highest score.

The similarity of the red laser and LED groups’ results,
which used similar phototherapy parameters, suggests that the
coherence of light was a factor that did not interfere with
MTT reduction. Finally, the fact that the three irradiated groups
presented better results than the positive and negative con-
trol groups after 72 h allows one to infer that photobiomod-
ulation produced with different light sources showed higher
cell survival, and possibly cell proliferation than noninter-
vention.

This conclusion was based on the fact that when cells are
grown in culture medium supplemented with low concentra-
tions of fetal serum (culture medium with nutritional deficit),
its growth rate is decreased.®% !> However, in this study only
the positive control group had ideal supplementation; all other
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groups were supplemented with 5% fetal bovine serum, or with
nutritional deficit. However, all irradiated groups showed greater
fibroblastic survival and possibly cell proliferation than the pos-
itive control group.

This result is consistent with previous studies®® which
showed that the application of low-intensity laser is able to in-
crease the growth rate of epithelial cells under poor nutritional
conditions.

However, in the study of Eduardo et al.,® laser irradiation
could not induce cell cultures to achieve their potential cell
growth rate for the same strain grown under normal nutritional
status. In the present study, the cultures irradiated with laser and
LED exceeded the growth of cells of the positive control group
grown under normal nutrient conditions. A similar result was
also found by Vinck et al.'” that analyzed the proliferation of
fibroblasts after irradiation with laser and LED at wavelengths
of 950, 660, and 570 nm.

In this work, besides the MTT reduction assay, cell viability
was also assessed by the ability of lysosomes to absorb the
neutral red dye.

Among the groups grown in nutritional deficit, the infrared
laser group showed the highest score, followed by the negative
control group and the red laser and LED groups. These re-
sults resembled even more the results found by Eduardo et al.}
in which none of the groups cultured under nutritional deficit
reached the cell proliferation obtained by the nonirradiated con-
trol group grown under normal conditions of nutrition. That
work, however, used MTT reduction to measure cell prolif-
eration.

The higher rate of MTT reduction after phototherapy com-
pared to that found by the neutral red uptake may be another sign
of increased mitochondrial activity related to photobiomodula-
tion, as described by other studies.* '®

Another significant similarity with the work of Eduardo
et al.} is that the improvement found in cell survival and pos-
sibly also cell proliferation after phototherapy, apparently does
not depend on the wavelength applied. However, there was a
more significant trend of growth rate increase when the in-
frared laser (780 nm) was used. In this study, in the two cell
viability tests performed, the infrared laser was shown to be
the intervention that increased the most the activity of mi-
tochondria and lysosomes, resulting in a higher cell survival
and possibly cell proliferation. Other studies support these
results demonstrating an increase in cell proliferation with ir-
radiation with low-intensity lasers, especially the red and near-
infrared.'?

The results of the cell viability tests using two different
methodologies suggest that the cell survival and possibly pro-
liferation of fibroblasts grown in adverse conditions is more
dependent on the wavelength and power than on the coherence
of light, similar to results of previous studies.'?

It is important to note that phototherapy held under the used
parameters in this study did not show any negative effect on
fibroblast survival in vitro and may even have stimulated cell
growth under nutritional deficit.

This information is extremely valuable for the clinical ap-
plication of phototherapy as cellular survival followed by pro-
liferation is a major factor in wound healing,” and there is an
increasing need for safe and effective therapeutic interventions
for the treatment of chronic wounds.!!
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5 Conclusions

Analyzing the results of this work and considering the param-
eters and protocol of phototherapy used, it can be concluded
that phototherapy stimulated the viability of fibroblasts cultured
under nutritional deficit. The increase was greatest in the group
irradiated with infrared laser (780 nm, 50 mW).
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