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Abstract
The purpose of this study was to investigate the effects that photobiomodulation therapy might produce in cells, in particular,
related to their structure. Thus, this paper presents the results of morphological changes in fibroblasts following low-intensity
light illumination. Mouse fibroblasts were grown on glass coverslips on either 4 kPa or 16 kPa gels, to mimic normal tissue
conditions. Cells were photo-irradiated with laser light at either 625 nm or 808 nm (total energies ranging from 34 to 47 J). Cells
were fixed at 5 min, 1 h, or 24 h after photo-irradiation, stained for both actin filaments and the cell nucleus, and imaged by
confocal microscopy. A non-light exposed group was also imaged. A detailed analysis of the images demonstrated that the total
polymerized actin and number of actin filaments decrease, while the nucleus area increases in treated cells shortly after photo-
irradiation, regardless of substrate and wavelength. This experiment indicated that photobiomodulation therapy could change the
morphological properties of cells and affect their cytoskeleton. Further investigations are required to determine the specific
mechanisms involved and how this phenomenon is related to the photobiomodulation therapy mechanisms of action.
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Introduction

The interest, use, and research of photobiomodulation therapy
(PBMT) is growing in health care due to its well-established
wound healing and analgesic, anti-inflammatory, and anti-
oedematous effects [1]. PBMT is non-invasive and practically
does not have demonstrated side effects. The PBMT action is
not associated with thermal effects, but due to other
photophysical and photochemical responses at the cellular
level. The most reported PBMT mechanism of action is the
absorption of photons by cytochrome C oxidase, a component
of the respiratory chain, in the mitochondria. This appears to
result in a modulation of the ATP synthesis, the release of
signalling molecules including reactive oxygen species and

nitric oxides resulting in the stimulation of cell proliferation
and wound healing. Although light absorption by cytochrome
C oxidase is well established, there are references to other
possible mechanisms and some effects cannot be explained
by the cytochrome absorption. Thus, all mechanisms of
PBMT are not well understood [2–5].

Fibroblasts are the most abundant cell type in mammalians
and are found in most organs. In adult individuals, fibroblast’s
primary function is in the constant tissue remodelling and to
help in the wound healing process, particularly in the skin.
Furthermore, they are responsible for the synthesis of extra-
cellular matrix in connective tissues [6, 7]. Many studies have
shown that PBMT modulates, mainly stimulate, the cell pro-
liferation of fibroblasts [8].

During wound repair, the fibroblast needs tomove over and
through the wound, for which the cytoskeleton, a filament
network composed of small fibres present in the cytoplasm,
is responsible. The cytoskeleton is also responsible for main-
taining the cell structure, transport of organelles, and their
location in the cytoplasm, among other functions. The actin
filaments represent one type of cytoskeleton and are more
abundant near the plasmatic membrane. Their roles are related
to cell migration, division and structure, and processes asso-
ciated with wounding healing. The actin remodelling is
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indispensable for cell migration. Furthermore, the integrity of
the cytoskeleton and the cell membrane is essential for cell
viability and proliferation [9]. In cell culture, the substrate
rigidity might influence remodelling and dynamics of the cy-
toskeleton [10, 11].

The cytoskeleton is highly integrated with the cell nucleus.
There are direct attachments of the cytoskeleton and the nu-
clear membrane, mainly connection between the actin fila-
ments and the nucleoskeleton (a network responsible for the
nucleus structure, and equivalent to the cytoskeleton, inside
the nucleus) [11]. During the cell migration, the nucleus
movement is crucial, as it is the largest organelle and its com-
pression is difficult. The cytoskeleton mediates this migration,
in particular, a network composed of actin and myosin (a
molecular motor) both involved in cell contraction [10].

There are some reports of effects of the PBMT in the cyto-
skeleton. Chow and colleagues [12] showed that transient
conformational changes in the axon microtubules are respon-
sible for modulating nerve impulse transmission and inhibi-
tion of pain. Also, Ricci and colleagues [13] showed that the
PBMT can reestabilish cell homeostasis, with remodelling of
the actin filaments of cells that were restricted of growing
factors, thus the filaments showed organization similar to
healthy cells. Furthermore, Houreld and colleagues [14]
showed that the PBMTcan change gene expression of healthy
cells, including genes related to cytoskeleton with functions
such as mobility, cell structure and integrity, and cytoskeleton
reorganization. However, they did not determined the specific
effects of these expression changes, in particular if the cyto-
skeleton function was modified. However, none of these stud-
ies were performed in fibroblasts; in fact, few papers showed
that illumination of fibroblasts with visible and near-infrared
(NIR) light, in particular with laser light, can affect the cyto-
skeleton. The mechanisms, however, are still not fully under-
stood [15, 16].

The objective of this study was to investigate further the
effects of PBMTmediated by red and NIR light on changes in
the morphological characteristics of fibroblasts via modifica-
tions of its cytoskeleton.

Materials and methods

Experimental setup

Cell culture

Cells of mouse fibroblast, lineage 3T3, were cultivated with
DMEM media supplemented with penicillin and streptomy-
cin, L-glutamine, sodium pyruvate, and 10% fetal bovine se-
rum (FBS), and kept at 37 °C, 10% carbon dioxide. For the
experiment, the cells were grown on glass coverslips covered
with a polyacrylamide gel, whose preparation protocol was

adapted from Fischer and colleagues [17] and tested previous-
ly [18]. Two different gel stiffness were used: 4 kPa and
16 kPa, to mimic the normal conditions cells in soft tissues
such as brain and stronger tissue including skin wounds [19].
Cells were kept in a light-protected incubator prior to the
experiments and after PBM treatment until experimental read-
out. For experimental preparation, the environmental light ex-
posure was minimized < 10 mW cm−2.

Photobiomodulation treatment

A 96-laser diode array module (Theralase Inc., Toronto, ON,
Canada) was used for the fibroblast PBM treatment, generat-
ing a flat illumination field beyond a light diffusing layer.
Light parameters are shown in Table 1. The time interval be-
tween the plating process and the PBM treatment was either
6 h or 24 h depending on the incubation time between the
PBM treatment and the fixing. This incubation time was cho-
sen to control fibroblast proliferation and to keep fibroblasts in
a monolayer. After the treatment, cells were incubated until
they were fixed and stained.

Fluorescent staining

The cells were fixed with methanol-free 4% formaldehyde
solution at three different time intervals after PBM treatment:
5 min, 1 h, or 24 h. The fibroblast permeabilization was per-
formed with 0.1% Triton X-100 solution (Sigma-Aldrich,
Oakville, Ontario, Canada). Fibroblasts were stained with
two different fluorescent probes: the Alexa Fluor 488
Phalloidin (AF488) for actin filaments, and 4′,6-diamidino-
2-phenylindole dihydrochloride (DAPI) for the cell nucleus
(both from Thermo Fisher Scientific, Markham, Ontario,
Canada). The coverslips were mounted on glass slides using
ProLong Gold antifade reagent (Thermo Fisher Scientific).
The glass slides were kept at room temperature for 24 to
72 h to dry and then stored in the refrigerator.

Confocal microscopy

For cell morphology image acquisition, an inverted confocal
microscope (LSM700 Zeiss, Toronto, Canada) was used
equipped with a 40 ×, 1.4 NA oil immersion objective.
Proprietary software (LSM Zen 2012) was used for image
acquisition. Solid-state lasers excited the samples with either
405 nm (for DAPI) or 488 nm (for AF488). Emission inten-
sities were collected in separate channels, called DAPI for the
former related to the cell nuclei and AF488 for the actin-
associated signal. Each pixel signal was averaged over two
repeat samplings.

The images are in 8-bit format. For each field of view, data
acquisitions were carried out in different depths of the sample.
Thus, each dataset is comprised of a stack encompassing
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multiple optical sections. Each optical section corresponds to
an image acquired in a different depth within the field of view.

Replication and pairing

For each experiment, there were three externally controlled
experimental parameters:

& Wavelength—the cells were PBM-treated with either red
(625 nm) or infrared (808 nm) light;

& Gel stiffness—the cells were grown in gels with either
4 kPa or 16 kPa;

& Time post-PBM treatment—the cells were incubated for
5 min, 1 h, or 24 h after the PBM treatment prior to
fixation.

Each combination of the experimental parameters was
numbered and considered an independent experiment, as
shown in Table 2. All experimental conditions were repeated
at least twice for each experiment. For all experiments, the
samples were divided into two sub-groups: a control and a
PBM-treated one.

Analysis

Image analysis

The images were analysed with Fiji (a distribution of the
NIH software ImageJ) [20] utilizing MATLAB software
environment [21], to automatize image evaluation. Four
variables from each image were considered: cell area, nu-
clear area, number of filaments, and total actin. The num-
ber of replications, for each analysed variable, is the same
as the number of replications of the experiments per-
formed, as indicated in Table 2.

For the cell area (CAr), all images in a stack were projected
into one image, the cell was delineated, and its area quantified.
We estimated the cell area as the portion of the image where

Table 1 Light source parameters used in the photobiomodulation
treatment. The area considered to calculate the power and energy was
the coverslip area (1.13 cm2), as the module has multiple diode lasers
the photometric values are not homogenous across the samples but are
represented by a mean value and a uncertainty, which is the number in
parentheses after the value

Wavelength [nm] 625 (red) 808 (IR)

Irradiance [mW cm−2] 115 (8) 125 (8)

Radiant power per well [mW] 130 (9) 141 (9)

PBM treatment time [s] 300 300

Radiant exposure [J cm−2] 35 (3) 38 (3)

Radiant energy per well [J] 39 (3) 42 (3)

Table 2 Description of the experimental parameters of each experiment
performed. The first column is related to the wavelength used for the
photobiomodulation (PBM) treatment, according to Table 1. The last
column refers to the gel stiffness of the substrate where the cells were
grown. The lines represent the experiments with those parameters, for
example, cells from experiments 1 to 3 were grown in 4 kPa gels and

PBM-treated with red light, while cells from experiments 4 to 6 were
grown in 16 kPa gels and were also PBM-treated with red light. The time
lack, between the PBM treatment and the fixation process, is indicated. At
last, the number in parentheses shows the number of replications per-
formed for each experiment, including all repetitions and/or sections on
the confocal microscope, for each analysed variable

PBM 

treatment

Experiments (number of measurements done)

Incubation time, between PBM treatment and fixing

Gel 

stiffness

Red

Experiment 1 (3×)

5 min

Experiment 2 (5×)

1 h

Experiment 3 (2×)

24 h

4 kPa

Experiment 4 (2×)

5 min

Experiment 5 (2×)

1 h

Experiment 6 (2×)

24 h

16 kPa

IR

Experiment 7 (2×)

5 min

Experiment 8 (2×)

1 h

Experiment 9 (3×)

24 h

4 kPa

Experiment 10 (2×)

5 min

Experiment 11 (2×)

1 h

Experiment 12 (2×)

24 h

16 kPa
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actin filament staining was visible [22]. Therefore, the AF488
channel was used to determine this variable (see Fig. 1 a and b).

The nuclear area (NAr) was determined using the DAPI
channel. The region of the image containing the nucleus was
identified, and its area quantified (see Fig. 1 c and d).

The number of filaments (NuF) was evaluated using the
AF488 channel. The filaments were enhanced, as shown in
Fig. 1e, and the primary structure of the filaments was deter-
mined, as shown in Fig. 1f [23, 24]. After that, the number of
filaments in the image was calculated as the sum of all
branches, regardless of the branch size.

The total amount of actin (ToA) was estimated based on the
intensity, using the AF488 channel. The fluorescence intensi-
ties of all stack images were summed, excluding background
pixels.

Data analysis

The raw data was analysed to verify the number of cells in the
images and the distribution of cell density per image. A detailed
description of these analysis and the results are presented in the
Appendix (Raw data analysis subsection), Figs. 6 and 7. A linear
function Y(N) = aN (where Y is the analysed variable NAr, CAr,
NuF, or ToA, N is the number of cells in the image, and a is the
slope) would be adequate only for images with low cell densi-
ties. However, in order to adjust for the deviation from linearity
at high cell densities, a fit required a small quadratic term as
shown in Eq. 1, where γwas determined from the global relation
between Y and N for all data.

Y Nð Þ ¼ aN 1−γNð Þ ð1Þ

Fig. 1 Examples of the image
processing sequence for analysis.
(a) 2D projection of the 3D image
stack, yielding the maximum
intensities for both the DAPI
fluorescence (blue—DAPI
channel) and actin filaments
fluorescence (green—AF488
channel). (b) Determination of the
cross-sectional cell area, by
converting the AF488 channel
into a 2-bit, black and white im-
age, black representing the cell
area. (c) Nuclear area proceeded
similarly using the DAPI channel
image. (d) Delimitation of the
black area identified for the nu-
clear area, it permitted counting
the number of cells in the image.
(e) The actin filaments associated
fluorescence was enhanced. (f)
Determination of the primary ac-
tin structures to count the number
of filaments in the image
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The uncertainty, σN, for each Y(N) variable (NAr, CAr,
NuF, or ToA) was determined as a function of the image’s cell
density. The full description can be found in the Appendix
(Raw data analysis subsection).

Due to the natural variation of the cell culture used for each
measurement, the cell properties are slightly different between
experiments, and therefore, all the analyses were performed
considering the relationship between the PBM-treated group
concerning the corresponding control group (paired method).
However, to simplify the representation of the data in the
fittings, the graphs show the global average value of the var-
iables concerning the number of cells with the error bar
representing the standard deviation of the mean value (stan-
dard error of the mean).

The slopes of the PBM-treated (aPT) and control (aCt)
groups of each measurement, fitted using Eq. 1, were com-
pared through their relative differences (β), as shown in Eqs. 2
and 3. Thus, the difference of the two sample populations is
emphasized. Hence, if the β coefficient is different from zero,
it means that (aPT) the PBM-treated group slopes are different
from (aCt) the control group slopes.

aPT ¼ 1þ βð Þ aCt ð2Þ
β ¼ aPT−aCt

aCt
ð3Þ

The first analysis was to compare the PBM-treated samples
with the control groups globally, regardless of the experimental
parameters (wavelength, gel stiffness, and time post-PBM treat-
ment) used in the experiment. Therefore, in the first fit, the β
coefficient was considered the same for all experiments in order
to see the average effect produced by the PBM treatment.

In the second level of analysis, the effects of the experi-
mental parameters were analysed. For that, the separation of
data was performed according to the parameter value (for
instance, the PBM-treated and control samples were separated
by wavelength) and the same analysis described above was
executed. Thus, there are two β values, one for each wave-
length (βred and βIR). The same was completed for the exper-
imental parameters gel stiffness (resulting in β4kPa and β16kPa),
and time post-PBM treatment (resulting in β5min, β1h, and
β24h). By this approach, the influence of each investigated
experimental condition was analysed separately.

At last, all experimental parameters were considered all
together and analysed in a single fitting.

Statistical analysis

The least square method was used to fit data according to the
considered models and the χ2 the goodness of fit was used to
estimate the uncertainties. The Z test was used to compare the

Fig. 2 Graphs for each analysed
variable, nuclear areaNAr (a), cell
area CAr (b), number of filaments
NuF (c), and total actin ToA (d),
with the separation only between
control (black symbols) and
photobiomodulation-treated (grey
symbols) groups. The total num-
ber of images was 1693 (837 for
the control group and 856 for the
photobiomodulation-treated
group). The error bars indicate the
standard error of themean (SEM);
however, for most of the points,
the error bars are smaller than the
symbols
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fitted coefficients between groups and with zero. The Z test is
equivalent to the t test in this case because the uncertainties
were estimated with a large number of degrees of freedom (~
1660). The compatibility was checked according to the p-
values, and cases with p < 0.01 were considered incompati-
ble. Cases with p < 0.05 were also indicated. The p values for
all the 84 statistical tests performed in this work are in the
Appendix (p values of the statistical tests subsection).

Results

Global analysis

Figure 2 shows the average value of each variable for the control
and PBM-treated groups, as a function of the cell number per
image (N). Figure 2 c and d show that the values of theNuF, and
the ToA, are smaller for the PBM-treated cells than for control
cells. Furthermore, the difference between the control and PBM-
treated groups increases with the number of cells, consistent with
the expectation of an average alteration per cell. The same

behaviour, but in the opposite direction, is observed for the
NAr (Fig. 2a), whereas no difference is noted in the CAr (Fig.
2b).

Table 3 shows the results for the β coefficient, defined in
Eqs. 2 and 3, for all analysed variables. Except for the CAr, all
β coefficients are significantly different from zero. On aver-
age, the NAr is around 5% higher when comparing the PBM-
treated group with the control group. On the other hand, the
NuF and the ToA are respectively around 11% and 12% lower
for the PBM-treated group, when compared with the control
group. The fact that for the PBM groups the NAr, NuF, and
ToA, are different from the control groups, independent of the
confounding factors of wavelength, gel stiffness, and time
post-PBM, indicates photon-mediated changes to the cyto-
skeleton. After demonstrating a global influence of the PBM
treatment, we evaluated each of the experimental parameters
separately to their influence on these observations.

Influence of the experimental parameters

Firstly, wavelength, gel stiffness, and time post-PBM treat-
ment were considered, one at a time, followed by a final fitting
with all parameters considered at the same time to isolate the
contribution of each on the cytoskeletal changes.

Influence of each parameter individually

The results for the separation according to the wavelength
used in the PBM treatment are shown in Fig. 3 and Table 4.
Note that no significant difference between β for the red and
IR wavelengths is observed, despite the β coefficients being

Table 3 Coefficient β for all the analysed variables, nuclear area NAr,
cell area CAr, number of filaments NuF, and total actin ToA. Two asterisk
symbols indicate that the coefficients are different from zero, according to
the Z test and p < 0.01. The number in parentheses is the uncertainty of the
coefficient in the last(s) decimal(s)

Coefficient NAr CAr NuF ToA

β + 0.051 (8)** − 0.005 (9) − 0.106 (9)** − 0.123 (11)**

Fig. 3 Coefficients β for the
analysed variables as a function of
photobiomodulation wavelength.
The analysed variables are
nuclear area NAr, cell area CAr,
number of filaments NuF, and
total actin ToA. The error bars
indicate the standard error of the
mean (SEM)
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different from zero, for theNAr, ToA, andNuF. In addition, for
the CAr, both coefficients are compatible with zero. This
means that the PBM treatment–induced changes are equally
efficient at both wavelengths. While one of the main wave-
length influences in vivo is the photon’s penetration in the
biological tissue, it does not affect in vitro experiments.
However, considering the PBM-induced photophysical and
photochemical effects are quantum processes, the difference
in the photon quantum energy of 1.983 eV versus 1.535 eV
must be considered. Thus, considering the radiant exposures,
the photon density for 808 nm was 30 to 35% higher to
achieve similar results.

Analysing the data as a function of growth substrate stiffness
is shown in Fig. 4 and Table 5. The coefficients are significantly
different from zero, except for theCAr. However, no significant
differences were observed between the β coefficients when
comparing the 4 kPa and the 16 kPa gels.

The results for the separation of data according to incu-
bation time post-PBM treatment are shown in Fig. 5 and
Table 6. For the NAr, NuF, and ToA, the β coefficient for
24 h is closer to zero than the same coefficients for 5 min
and 1 h post-PBM. These findings suggest that the PBM
treatment effect in the cells might be short term on a time

scale of hours. This estimate is supported by the fact that the
24-h β coefficient for the NAr is not different from zero.

Simultaneous influence of all parameters

From the individual analysis of each experimental parame-
ter, there is evidence that the time post-PBM treatment is the
dominant confounder for the observed results. Conversely,
there is evidence that the PBM wavelength and the gel stiff-
ness are only responsible for minor corrections. Because of
that, we assumed that the β coefficient could be described as
in Eq. 4. In this equation, βtime is the main component,
referent to the time post-PBM treatment, which has three
possibilities: β5min, β1h, or β24h. For the wavelength and
gel stiffness, the corresponding δ coefficient could check
for the minor corrections related to these parameters.
Thus, for the red light, a positive coefficient (+δwavelength)
was put in the equation while for the NIR light, a negative
coefficient (−δwavelength) was used. The same procedure was
executed for the gel stiffness, for the 4 kPa (+δgel) and the
16 kPa (−δgel) gels. Hence, a δ coefficient different from
zero indicates that there is an effect related to the parameter
of that coefficient. Hence, if the respective δ are different

Table 4 Values of the β coefficients for the separation of the
wavelength. Two asterisk symbols indicate that the coefficients are
different from zero, according to the Z test and p < 0.01. There is no
significant difference between the coefficients, when comparing the red

and IR wavelengths, according to Z test and p < 0.05. The number in
parentheses is the uncertainty of the coefficient in the last(s) decimal(s).
The analysed variables are nuclear area NAr, cell area CAr, number of
filaments NuF and total actin ToA

Coefficients NAr CAr NuF ToA

βRed + 0.045 (11)** − 0.015 (12) − 0.124 (13)** − 0.127 (14)**

βIR + 0.058 (12)** + 0.008 (13) − 0.089 (13)** − 0.119 (16)**

Fig. 4 β coefficients for the
analysed variables, with the gel
stiffness separation. The analysed
variables are nuclear area NAr,
cell area CAr, number of
filaments NuF, and total actin
ToA. The error bars indicate the
standard error of the mean (SEM)
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from zero, the respective parameters are not equivalent,
with its absolute value indicating the strength of the effect,
and the signs indicating the conditions driving the effect on
the cytoskeleton. However, if the δ is not different from
zero, the corresponding confounder has no effect on the
efficacy of the PBM treatment.

β ¼ βtime þ δwavelength þ δgel ð4Þ

Table 7 shows βtime, δwavelength, and δgel coefficients when all
experimental parameters are taken into account. The influence
of the wavelength and gel stiffness is the same as when those
parameters were analysed individually: no difference was iden-
tified between the red and NIR wavelengths and between the
two gel stiffness used. On the other hand, the time post-PBM
treatment has a large influence on the results, which are similar
to those obtained when analysing time individually.
Furthermore, the compatibilities between the coefficients of
the different incubation times after PBM treatment are the same.

At last, an alternative graphic analysis of the PBM treat-
ment effect was performed. The same differences presented so
far can also be qualitatively verified, with graphs of the rela-
tionship between pairs of variables, regardless of the cell num-
ber. The full description of this analysis and the results are
presented in the Appendix (Alternative graphic analysis of
the PBM treatment effect subsection), in Fig. 8.

Discussion

Actin filaments are continuously changing, and their remod-
elling is very rapid and hence, the observation of differences in
the actin filaments, 5 min after PBMT, is reasonable, due to
this quick response. Ballestrem and colleagues investigated
the dynamics of actin filaments in migratory cells. They im-
aged cells at intervals of 3 min and detected differences in the
actin filaments between images [25]. Furthermore, studies

Table 5 Values of the β coefficients as a function of the gel stiffness.
Two asterisk symbols indicate that the coefficients are different from zero,
according to the Z test and p < 0.01. There is no significant difference
between the coefficients, when comparing the 4 kPa and the 16 kPa gels,

according to Z test and p < 0.05. The number in parentheses is the
uncertainty of the coefficient in the last(s) decimal(s). The analysed
variables are nuclear area NAr, cell area CAr, number of filaments NuF,
and total actin ToA

Coefficients NAr CAr NuF ToA

β4kPa + 0.042 (11)** − 0.005 (11) − 0.102 (12)** − 0.113 (13)**

β16kPa + 0.064 (13)** − 0.004 (14) − 0.114 (16)** − 0.142 (17)**

Fig. 5 β coefficients for the
analysed variables, as a function
of time post-photobiomodulation
treatment. The analysed variables
are nuclear area NAr, cell area
CAr, number of filaments NuF,
and total actin ToA. The error bars
indicate the standard error of the
mean (SEM)
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with cytochalasins (a substance known due to its effects on
actin filaments) show that the drug effect in the cells starts in
minutes [25, 26]. This means that the actin filaments are very
responsive to the action of external stimuli, as potentially the
PBM treatment used in this work.

For theCAr, the 5-min and 24-hβ coefficients are incompatible
with zero with p< 0.05 and show opposite effects: an increase in
the CAr of 3.5% at 5 min and a decrease of 3.8% at 24 h.
However, for the CAr, in both cases, the p values are in the range
of 0.01 < p< 0.05 (for all other incompatible cases, the p values
are smaller than 0.0002). Therefore, the results for the CArmight
not be as reliable as the other parameters, as the observed differ-
encemight have occurred by chance. Indeed, as about 80 statistical
tests were made in this work, it is possible to have few cases of
p< 0.05 just by chance. An interesting result found is that the
magnitude of the effect caused in the NuF and in the ToA is very
similar. This agreeswith the expectation that those variables access
the same type of information; so, they are two ways of measuring
the variation due to the PBM treatment in the actin filaments.

The number of variables used in this work is large, as we
intended to observe modifications in the cytoskeleton. An
issue that arises when the separation of the parameters is per-
formed is the decrease in the amount of data used to determine
each parameter, as the number of images in each group is
reduced impacting the power of the statistical analysis.

One limitation of the study pertains to the pairing of exper-
imental conditions, which means to pair samples with a par-
ticular set of confounders to a control group with the same set
of confounders. Ideally, all parameters should have been

changed at the same time as other, non-controlled variables,
would influence the results less. Unfortunately, the magnitude
of the required sample size precluded this.

A study using optical tweezers to photo-stimulate 3T3 cells
showed that morphological changes appear in 28% of the cells
post-stimulation, in contrast with 18% of cells showing mor-
phological changes in the control samples [15]. This is con-
sistent with our findings that the differences are not obvious if
the confocal images are analysed only visually. However, if
analysed objectively, small but distinct differences are ob-
served between samples globally. Our analysis showed that
there is a slight increase, around 5%, in the NAr, and a de-
crease of around 12% in the NuF and the ToA.

It is worth to stress that further studies are necessary to eval-
uate if the cell changes due to PBM reported in this work lead to
effective biological modifications and whether or not these cell
changes are related with the PBMT mechanism of action.

Conclusion

In conclusion, this experiment indicated that photobiomodulation
therapy could change the morphological properties of cells and
their cytoskeleton. In particular, the PBM treatment causes a
reduction in the number of actin filaments and the amount of
polymerized actin, in the cells. Furthermore, the PBM treatment
also slightly increases the nuclear area, without significant mod-
ifications in the cell area. All the cited effects diminish or disap-
pear if the cells are incubated for periods of several hours after the

Table 6 Values of the β coefficients for the data separation according to
the incubation time post-PBM treatment. One asterisk symbol indicates
that the coefficients are different from zero, according to the Z test and
p < 0.05, and two asterisks indicate p < 0.01. The compatibilities between
the pairs of times are indicated by the symbols $ (5 min and 24 h) and &

(1 h and 24 h), for the Z test and p < 0.01. No differences were found
between the 5 min and 1 h coefficients. The number in parentheses is the
uncertainty of the coefficient in the last(s) decimal(s). The analysed var-
iables are nuclear area NAr, cell area CAr, number of filaments NuF, and
total actin ToA

Coefficients NAr (&) CAr ($) NuF (&) ToA ($&)

β5min + 0.056 (15)** + 0.036 (17)* − 0.115 (18)** − 0.152 (20)**

β1h + 0.074 (13)** − 0.015 (14) − 0.128 (14)** − 0.145 (15)**

β24h + 0.015 (15) − 0.033 (16)* − 0.065 (18)** − 0.062 (21)**

Table 7 Values of the βtime, δwavelength, and δgel coefficients for the
separation for all experimental parameters at the same time. One
asterisk symbol indicates that the coefficients are different from zero,
according to the Z test and p < 0.05, and two asterisks indicate p < 0.01.
The compatibilities between the pairs of times are indicated by the

symbols $ (5 min and 24 h) and & (1 h and 24 h), for the Z test and
p < 0.01. No differences were found between the 5 min and 1 h
coefficients. The number in parentheses is the uncertainty of the
coefficient in the last(s) decimal(s). The analysed variables are nuclear
area NAr, cell area CAr, number of filaments NuF, and total actin ToA

Coefficients NAr (&) CAr ($) NuF (&) ToA ($&)

β5min + 0.057 (15)** + 0.035 (17)* − 0.122 (19)** − 0.158 (20)**

β1h + 0.079 (14)** − 0.013 (14) − 0.130 (15)** − 0.151 (16)**

β24h + 0.016 (15) − 0.033 (16)* − 0.070 (18)** − 0.065 (21)**

δwavelength + 0.006 (8) + 0.011 (9) + 0.016 (10) + 0.004 (11)

δgel + 0.012 (9) 0.000 (9) − 0.013 (10) − 0.019 (11)
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PBM treatment. This indicates that PBM treatment, as an exter-
nal stimulus, causes transient structural modifications. This is an
important result because despite the light radiation being an ex-
ternal source of stress to the cells, the damage caused is not
permanent. Although our analysis reveals these cell modifica-
tions due to PBM, the relevance of the biological effects related
to them still need to be evaluated. Also, the implications of the
modifications to the functionality of the cells should be checked.
Further investigations are required to determine the specific
mechanisms involved and how this phenomenon is related to
the PBMT mechanisms of action.
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Appendix. Data analysis details

Raw data analysis

With the primary data extracted from the images, several quan-
titative studies were performed. At first, the number of cells in
each image was determined, resulting in the histograms shown
in Fig. 6 for the control and PBM-treated groups. The majority
of images has between three and nine cells; however, there
were some images with more than 13 cells.

As the distributions of the cell density per image are similar,
subsequent investigations considered only the different number
of cells per image, and the four variables, CAr (cell area), NAr
(nuclear area),NuF (number of filaments), and ToA (total actin),
for further analysis. For the control group, the four parameters
are shown as a function of cells per image in Fig. 7. The de-
pendencies are approximately linear with cell number.
However, a small deviation from the linearity is observed for
all the investigated variables in the case of a high cell density.
The same behaviour is also noted in the PBM group.

A linear function Y(N) = a N (where Y is the analysed var-
iable—NAr, CAr, NuF, or ToA; N is the number of cells in the
image; and a is the slope) would be adequate only for images
with low cell densities. However, in order to adjust for the
deviation from linearity at high cell densities, a fit required a
small quadratic term as shown in Eq. A.1, where γ was deter-
mined from the global relation between Y and N for all data.
The resulting γ coefficients are small: 0.0095, 0.0180, 0.0088,
and 0.0057, for NAr, CAr, NuF, and ToA, respectively.

Y Nð Þ ¼ a N 1−γNð Þ ðA:1Þ

The uncertainty, σN, for each Y(N) variable (NAr, CAr,
NuF, or ToA) was determined as a function of the image’s
cell density. Considering the statistical variation in Y due to
each cell as σ1, in an image with N cells, the uncertainty of
Y(N) can be estimated by standard uncertainty propagation,

leading to σN ¼ σ1

ffiffiffiffi

N
p

, where σN is the uncertainty for
that number of cells. In the fittings, the uncertainty in each
variable for each cell, σ1, was found from the overall var-
iance of the data around the fitted functions, assuming the
hypothesis that the χ2 is equal to the degrees of freedom, or
that χ2

R ¼ 1. This allows to estimate σ1 and the uncertainty
of the fitted parameters with a large number of degrees of
freedom (~ 1660).

Fig. 6 Histogram of the number
of cells per image, for the control
group (a) and
photobiomodulation-treated
group (b). Less than 10% of im-
ages have more than ten cells, for
both groups
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Fig. 7 Raw data for all variables,
nuclear area NAr (a), cell area
CAr (b), number of filamentsNuF
(c), and total actin ToA (d), for the
control group. The large symbols
represent the average for each
number of cells. The behaviour of
each of the variables with the
number of cells is approximately
linear. However, a small deviation
from the linearity is perceived at
high cell densities. The 837
images of the control groups
(non-photobiomodulation) con-
tributed to these data

Table 8 Results of the p values for the Z test, for the comparison of β
with zero, for the global analysis

Coefficient NAr CAr NuF ToA

β < 10−9** 0.60 < 10−16** < 10−16**

Table 9 Results of the p values for the Z test, for the comparison of β
with zero, as a function of the wavelength

Coefficients NAr CAr NuF ToA

βred < 10−4** 0.20 < 10−16** < 10−16**

βIR < 10−5** 0.56 < 10−10** < 10−13**

Table 11 Results of the p values for the Z test, for the comparison of β
with zero, as a function of the gel stiffness

Coefficients NAr CAr NuF ToA

β4kPa < 10−4** 0.64 < 10−16** < 10−16**

β16kPa < 10−5** 0.80 < 10−12** < 10−15**

Table 10 Results of the p values for the Z test, for the comparison of the
β coefficients between them, as a function of the wavelength

Compared pair NAr CAr NuF ToA

βred/βIR 0.41 0.20 0.64 0.70

Table 12 Results of the p values for the Z test, for the comparison of the
β coefficients between them, as a function of the gel stiffness

Compared pair NAr CAr NuF ToA

β4kPa/β16kPa 0.20 0.92 0.56 0.18

Table 13 Results of the p values for the Z test, for the comparison of β
with zero, as a function of the time post-PBM treatment

Coefficients NAr CAr NuF ToA

β5min 0.0002** 0.033* < 10−9** < 10−13**

β1h < 10−7** 0.28 < 10−16** < 10−16**

β24h 0.33 0.047* 0.0003** 0.003**
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p values of the statistical tests

For Tables 8, 9, 11, 13, and 15, one asterisk symbol indicates
that the coefficients are different from zero, according to the Z
test and p < 0.05, and two asterisks indicate p < 0.01. For
Tables 10, 12, 14, and 16, one asterisk symbol indicates that
the coefficients are different from each other, according to the
Z test and p < 0.05, and two asterisks indicate p < 0.01.

Alternative graphic analysis of the PBM treatment
effect

The same differences presented in the paper can also be qual-
itatively verified, with graphs of the relationship between pairs
of variables, regardless of the cell number, as shown in the
scatter plots of Fig. 8. Indeed, the highest difference between
the control and PBM-treated groups appears when the vari-
ables plotted have variations in opposite directions, which
means β positive for one variable and negative for the other.
Figure 8a shows an example of this case with the number of
filaments as a function of the nuclear area indicating that the
PBM treatment leads to a reduction in the number of filaments
in images with a similar nuclear area. On the other hand, if the
plotted variables have variations in the same direction (β with
the same signal), it is not possible to see differences between
control and treated groups, as shown in Fig. 8b, for the total
actin and number of filaments. This analysis method has the
advantage to be insensitive to the hypotheses expressed in Eq.
A.1. While this alternative method is unable to explain the
cause of the differences or lack thereof, it is an indication of
the former analysis’ robustness.

Table 15 Results of the p values for the Z test, for the comparison of β
with zero, for the simultaneous influence of all parameters

Coefficients NAr CAr NuF ToA

β5min 0.0001** 0.035* < 10−10** < 10−14**

β1h < 10−8** 0.37 < 10−16** < 10−16**

β24h 0.29 0.044* 0.0001** 0.002**

δwavelength 0.45 0.23 0.11 0.71

δgel 0.17 0.96 0.20 0.086

Table 16 Results of the p values of the Z test, for the comparison of β of
each time post-PBM treatment, between them, for the simultaneous in-
fluence of all parameters

Compared pairs NAr CAr NuF ToA

β5min/β1h 0.29 0.029* 0.75 0.80

β5min/β24h 0.049* 0.004** 0.045* 0.001**

β1h/β24h 0.002** 0.35 0.010** 0.001**

Table 14 Results of the p values of the Z test, for the comparison of the
β coefficients between them, as a function of the time post-PBM
treatment

Compared pairs NAr CAr NuF ToA

β5min/β1h 0.37 0.019* 0.56 0.78

β5min/β24h 0.051 0.004** 0.052 0.002**

β1h/β24h 0.003** 0.41 0.005** 0.001**

Fig. 8 Examples of graphs of the relationship between pairs of variables,
black symbols represent the control samples and grey symbols the
photobiomodulation-treated samples. Number of filaments NuF versus
nuclear area NAr (a) is a case that has the β coefficients with different
signals (NAr has a positive β and theNuF has a negative β), and total actin

versus number of filaments (b) is a case that the β coefficients have the
same signal for both the ToA and NuF (both have negative β coefficents).
The lines connecting the points are a visual guide only. The error bars
indicate the standard error of the mean (SEM)
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