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potential in pain relief.

Photobiomodulation therapy (PBMT) is a form of treatment commonly used for routine clinical applications,
such as wound healing of the skin and reduction of inflammation. Additionally, PBMT has been explored for its

In this work, we investigated the effect of PBMT on ion content within the 50B11 sensory neurons cell line in
vitro using X-Ray fluorescence (XRF) and atomic force microscope (AFM) analysis.

Two irradiation protocols were selected utilizing near-infrared laser lights at 800 and 970 nm, with cell fix-
ation immediately following irradiation.

Results showed a decrease in Calcium content after irradiation with both protocols, and with lidocaine, used as
an analgesic control. Furthermore, a reduction in Potassium content was observed, particularly evident when

normalized to cellular volume.

These findings provide valuable insights into the molecular impact of PBMT within 50B11 sensory neurons
under normal conditions. Such understanding may contribute to the wider adoption of PBMT as a therapeutic

approach.

1. Introduction

Photobiomodulation therapy (PBMT) is a widely employed treat-
ment for routine clinical applications, ranging from wound healing of
the skin and the mucosae tissues to reducing inflammation. Moreover,
PBMT was previously exploited for pain relief. However, new applica-
tions in the neuroscience field have arisen, such as treating the central
nervous system for neurodegenerative diseases and cognitive impair-
ment, but also for traumatic damage of the peripheral nervous system
[1]. The therapeutic effects of PBMT are also applied in the pediatric
field; indeed, different conditions can benefit from the topical applica-
tion of laser light for wound healing and pain therapy. Oral mucositis

[2], recurrent aphthous stomatitis [3], injection pain during local
anaesthesia [4], can all improve after PBMT.

Near-infrared (NIR) and red wavelengths have been revealed as the
most potent inducing analgesia. Indeed, several studies conducted in
experimental in vitro [5] models and clinically on human patients
highlighted the beneficial effect of 630, 800-830 and 900 nm wave-
lengths [5].

The transcutaneous and transmucosal delivery of photons to nerves
may lead to the inhibition of the noxious signalling transmission, thus
resulting in reduced painful sensations. Electrophysiological studies on
peripheral nerves revealed that PBMT slowed the conduction velocity,
reduced the amplitude of compound action potentials in humans, and
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decremented the somatosensory evoked potentials in animal models [6].
The suppression of the pro-inflammatory bradykinin activity, the
downregulation of Bl and B2 kinin receptors and the decrement of
substance P (a nociceptive mediator) level were also determined after
PBMT in animal studies [6]. Nevertheless, a precise description of the
molecular mechanisms based on these observed effects must still be
defined. Different cellular acceptors of photons have been proposed,
including the mitochondria, specifically the cytochrome C oxidase, the
final enzyme (complex IV) of the mitochondrial electron transfer chain,
which is claimed to be the primary photoreceptors of PBMT [7], or ion
channels that can be light sensitive, such as transient receptor potential
(TRP) [8].

We have previously demonstrated that pre-irradiation of dorsal root
ganglion (DRG) murine sensory neurons [9] and 50B11 immortalized rat
sensory neurons [10] with NIR PBMT reduces the flow of calcium-
induced by capsaicin, a known ligand of the TRP vanilloid 1 channel
(TRPV1).

Another possible mechanism of action could be related to the in-
duction of beta-tubulin varicosities in the neurites, blocking fast axonal
flow and anterograde transport of mitochondria. These events reduce
the bioavailability of ATP which is fundamental to generating action
potential by NA+/K+ ATPase [11]. Accordingly with these results, we
previously demonstrated that in DRG neurons NIR PBMT at 800 and 970
nm reduced the ATP content but not in 50B11 cells [10,9], while the
905 nm wavelength could decrease it in 50B11 cells [12].

NIR light also influences protein kinases A and C (PKA and PKQC),
whose pathways are usually involved in the decrement of the noci-
ception activation threshold by phosphorylating TRPV1. Therefore, the
blockade of PKA and PKC by PBMT reduces the nociceptive response in
animal pain models [13].

It has been reported that PBMT at 830 nm reduces the mitochondrial
membrane potential (MMP) in rat DRG neurons. However, supple-
menting sodium channel blockers abolished the depolarization, sug-
gesting a direct effect on sodium channels [14]. MMP depolarization
provoked by PBMT has also been involved in Ca?* release from intra-
cellular stores, in neural cells, suggesting again a direct effect on mito-
chondria metabolism and Ca®" homeostasis [15].

In the present work, the immortalized 50B11 cell line was employed
as a model of sensory neurons isolated from rat dorsal root ganglion,
which develops neuronal features and expresses markers of sensory
neurons upon differentiation with forskolin [16].

The cells were irradiated with two protocols of NIR PBMT that were
chosen based on our previous experience with this cell line [10],
employing 800 and 970 nm wavelengths. Since PBMT may have a direct
impact on several proteins involved in the transport of ions both at the
level of the membrane [17] and of mitochondria [15], the chemical
elements modifications inside the cells were investigated by synchrotron
X-ray fluorescence microscopy. This technique was non-destructive and
allowed quantifying the element’s content and contemporaneously
mapping the element’s distribution inside the cells [18,19,20], giving a
still picture of the PBMT effect, locked immediately after irradiation.

Based on these considerations, our study aims to expand knowledge
in the field of analgesia induced by PBMT, by comparing the chemical
elements content and distribution of laser-treated neurons with un-
treated control cells and lidocaine-exposed neurons.

2. Materials and Methods
2.1. 50B11 Cell Culture

50B11 sensory neurons were maintained in Neurobasal medium
(21,103,049, Life Technologies, Thermo Fisher Scientific, Waltham, MA,
USA) with 2 % B27 supplement (Life Technologies), 10 % fetal bovine
serum (Euroclone, Pero, Milan, Italy), 0.22 % glucose (Merck, Saint
Louis, Missouri, USA), 0.2 mM glutamine (Euroclone) and 100 U/mL
Penicillin/Streptomycin (Euroclone).
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The cells were seeded on SizN4 windows (Silson) in 12 multi-well
plates at a cellular density of 10.000 cells/well in Neurobasal medium
without phenol red (12,348,017, Life Technologies) and differentiated
in forskolin (75 pM, F6886, Merck) for 24 h.

At the end of the experimental setting, the cells were irradiated with
a class IV diode laser (class IV, K-Laser Cube series, K-Laser d.o.o.,
Sezana, Slovenia) with two protocols: 800 and 970 nm wavelengths,
power 0.6 W, irradiance 0.3 W/cm?, total delivered energy 3 J; in pulsed
modality at 5 Hz with 50 % duty cycle. The protocols were selected
based on our previous experience with PBMT on this cell line and
employing the pulse mode of irradiation [10]. Immediately after PBMT,
the cells were fixed in paraformaldehyde 4 % in phosphate buffer saline
(PBS) at room temperature for 20/, then they were washed twice in PBS,
twice in distilled water, air dried and maintained at room temperature
until XRF analysis. Photobiomodulation induced immediate pain relief
[21], so considering that the 50B11 cells are sensory neurons, we
decided to select and analyse only the immediate effect of PBMT.

As a control for the analgesic effect, lidocaine treatment (a known
anaesthetic drug) was employed. Briefly, the cells were treated for 5'
with lidocaine 50 or 100 pM, washed in PBS and fixed as described
above.

2.2. XRF Analysis

XRF analyses were performed at two different synchrotron facilities
under two complementary set-ups.

At the ID21 beamline [22,23] of the European Synchrotron Radia-
tion Facility (ESRF, Grenoble, France), a 7.3 keV monochromatic X-ray
beam was focused onto the sample using Kirkpatrick-Baez mirrors (KB)
with a spot size of 0.91 pm x 0.29 pm (H x V) and with a photon flux of
1.094e11 photon/s/Si(111) bandwidth. The sample was raster-scanned
across the microprobe, forming an incident angle of 45 degrees con-
cerning the sample plane, while the XRF detector was located at 90
degrees from the incident beam. The acquisition time was typically 100
ms/pixel with a step size of 500 nm. Key chemical elements like Ca, K, S
and P can be detected in the selected incident energy.

Low Energy XRF (LEXRF) analyses were performed at the TwinMic
beamline at Elettra Sincrotrone Trieste (Trieste, Italy) [24]. For the
present experiment, the TwinMic microscope was operated in scanning
transmission mode (STXM), where the beam is focused on the sample
through a zone plate diffractive optics (600 pm in diameter with 50 nm
outermost zone width) delivering a micrometric or sub-micrometric
probe size. While the sample is raster-scanned perpendicularly to the
incoming monochromatized beam, a fast readout CCD camera collects
the transmitted X-rays [25], and an 8 Silicon Drift Detectors-based XRF
system acquires the emitted fluorescence photons [26]. The obtained
absorption and phase contrast images outline the morphological fea-
tures of the sample at sub-micrometre length scales. Moreover, the
simultaneous detection of the low-energy XRF correlates the elemental
distribution to the morphology. For the described experiments, a photon
energy of 1.5 keV was used to excite and get optimal emission conditions
for the elements of significant interest, namely Mg, Na and other lighter
elements, in particular O. The spot size was set to 800 nm; the dwell time
for XRF mapping was 6 s per pixel while for STXM imaging was 50 ms
per pixel.

All elemental distributions were obtained by processing, decon-
volving and fitting the XRF spectra with the PyMCA software [27].

The histograms in Figs. 2 and 5 were obtained by calculating the
average XRF intensity of specific chemical elements inside each
analyzed cell. The histograms of Fig. 7 are additionally normalized for
the corresponding cells’ volumes calculated from the Atomic Force
Microscopy (AFM) measurements. For each condition (untreated and
treated cells), at least 10 cells were considered.
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2.3. AFM Analysis

The AFM measurements were performed at the CNR-IOM AFM
Asylum laboratory. Suitable cells were selected through visible light
microscopy and mapped with AFM-microscopy before XRF analysis. In
this way, we avoided any possible artefacts caused by radiation damage
induced by soft X-rays. AFM micrographs were acquired in contact and
AC modes in the air with an MFP-3D Bio (Asylum Research/Oxford In-
struments) instrument. For the acquisition of images in contact or AC
mode, we used soft and medium soft cantilevers (Mikromasch CSC38,
radius of curvature <10 nm, spring constant 0.006-0.03 N/m for contact
mode, Mikromasch NSC 36, radius of curvature <10 nm, spring constant
0.6-2 N/m for AC mode) adjusting the scanning rate in the range
0.2-0.75 Hz, depending on the imaging conditions and a 80-160 nm
pixel resolution. Images were analyzed with Gwyddion software [28];
volume extraction was carried out by flattening the image to remove he
background, selecting the cells by a height-threshold-based mask, and
measuring the minimum basis volume of the single cells.

2.4. Statistical Analysis

Statistical analysis was performed in R software [29] using ANOVA
and Dunnett multiple comparison tests.

3. Results

Our study utilized XRF analysis to investigate ion content and
elemental distribution inside cells immediately after PBMT treatments
to clarify the treatment’s effect on neurons.

The employed protocols of PBMT were carefully selected based on
our previous tests on 50B11 sensory neurons. In our early work on this
cell line, we examined various parameters after irradiation using 12
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different fluence and wavelength protocols. The two protocols utilized
in this study were chosen for their ability to modify multiple features
inside the cell, each with its peculiarity and differences (see reference
[10] or details).

Both protocols effectively increased oxidative stress and mitochon-
drial membrane potential: the 800 nm protocol demonstrated the ability
to enhance ATP content and superoxide anion production, while the
970 nm protocol showed a capability to reduce calcium flow after
capsaicin. Although the subsequent XRF analysis did not allow us to
replicate the same test on the cells, cell morphology and viability were
carefully examined at the optical microscope.

After cell fixation, the XRF measurements were performed in the
same experimental conditions for each treatment and for the control
samples. Thus, we directly compared the elemental content among the
different treatment conditions. First, cells were mapped at the ID21
beamline to evaluate the elemental distribution of P, S, K and Ca along
the cells at submicrometric resolution. Fig. 1 depicts a representative set
of cells for the four distinct conditions (control cells, cells exposed to
800 nm and 970 nm wavelength laser, and lidocaine).

Then, element content was compared among the different conditions
by selecting single cells, excluding the support. Due to the high number
of analyzed cells, this was done systematically and automatized by
considering only the areas where P levels were between 15 % and 100 %,
thus excluding the sample support and possible cellular residuals, as
displayed in Fig. 2. Moreover, for maps containing more than one cell,
we ensured that every single cell was evaluated separately by generating
multiple single masks. For instance, for the cells of Fig. 1b exposed to
800 nm, two masks were generated (Fig. 2b and c) from the corre-
sponding P XRF map (Fig. 2a) to ensure single-cell analysis. Panel d in
Fig. 2 shows the trend of the average P, S, K and Ca content for the four
different conditions.

A decrease in Ca content was observed after the treatment with both
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Fig. 1. XRF maps of P, S, K and Ca of control neurons (a) and 800 nm laser (b), 970 nm laser (c) and lidocaine (d) exposed neurons, depicted together with the
corresponding visible light images. The XRF maps were acquired at 7.3 keV with a stepsize of 0.5 pm and an acquisition time of 0.1 s/pixel. Scale bars are 10 pm.
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Fig. 2. (a) P XRF map of the neurons exposed to 800 nm laser present in
Fig. 1b. (b and c) Masks were extracted from the P XRF map (a) by selecting
only pixels with P content higher than 15 % of the maximum level. Each mask
must represent a single cell. (d) Bar plots showing the average P, S, K and Ca
levels extracted from the corresponding P, S, K and Ca maps for each mapped
cell by using the generated masks for control condition (CTRL), exposed to
lasers of 800 nm and 970 nm wavelengths and to lidocaine (Lido 100). *** p <
0.001, ** p < 0.01 (ANOVA statistical test).

laser protocols, in agreement with the lidocaine treatment. When
examining the distribution of Ca inside the cells, sometimes the 970 nm
led to a dispersion of the element along the cell body, while in the
control cells, this element is more concentrated in a central region, likely
around the nuclei as well as with the lidocaine treatment. A trend of
decrement of K amount was also observed after irradiation, with the
decrease being more visible after 970 nm irradiation compared to 800
nm, lidocaine treatment also resulted in a more pronounced K
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Fig. 3. Absorption (Abs) and differential phase contrast (PhC) images of control neurons (a) and neurons exposed to 800 nm laser (b) and to 970 nm laser (c),
depicted together with the corresponding XRF maps of O and Na. The maps were acquired at 1.5 keV with a stepsize of 800 nm, 6 s/pixel of XRF acquisition time.
Scale bars are 10 pm.
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decrement.

S and P contents were not substantially affected by the treatments
with laser or lidocaine, indicating a similar amount of the element in the
control cells.

The localization of P, K and S inside the cells was not different among
the conditions.

The same procedure was applied for the cells analyzed at the
TwinMic beamline, focused on evaluating possible changes in Na con-
tent in cells exposed to 800 nm and 970 nm wavelength lasers (Fig. 3)
and to lidocaine (Fig. 4).

The trend of the average Na and O content was shown in Fig. 5 for the
four different conditions. The PBMT and lidocaine treatments were
plotted separately, given that the two analyses were performed in two
different experiments. The oxygen was selected as a reference element,
given that a variation due to the laser or lidocaine treatment was not
expected for this element. Indeed, the oxygen average counts shown in
Fig. 5 confirmed comparable values between controls and treated cells.
The effect of PBMT on the Na content was not evident among the con-
ditions. However, a trend of Na decrement was observed in irradiated
cells, especially in the neurons treated with the 970 nm laser. On the
other hand, lidocaine treatment exhibited the opposite behavior,
resulting in an increment of this element in the treated cells.

AFM microscopy was also performed on the analyzed cells to
investigate possible volume and morphology changes induced by the
exposure to PBMT and lidocaine. Fig. 6 depicts several neurons exposed
to the different conditions, both the XRF-analyzed and illustrated in
Figs. 1-5 and additional cells. No significant volume variations were
observed among the different treatments. Indeed, the intensity of O, Na,
P, S, K and Ca ratio to the corresponding cell volumes confirmed the
same trend as the ones shown in the histograms of Figs. 2 and 5.

AFM analysis also proved that the cells’ thickness and morphology
were not substantially modified after the treatments (Fig. 7).

4. Discussion

Despite the worldwide employment of PBMT, the exact effect on
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Fig. 4. Absorption (Abs) and differential phase contrast (PhC) images of control neurons (a) and neurons exposed to lidocaine (b), depicted together with the
corresponding XRF maps of O and Na. The maps were acquired at 1.5 keV with a stepsize of 0.5 pm and an XRF acquisition time of 5 s/pixel. Scale bars are 10 pm.
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Fig. 5. Bar plots showing the average O and Na levels extracted from the O and Na maps for each mapped cell in control conditions (CTRL) and exposed to lasers of
800 nm and 970 nm wavelengths (a) and to lidocaine (Lido 100) (b). The pairs of data of panel a) refer to two different batches). ** p < 0.001, ** p < 0.01, *p < 0.05

(ANOVA statistical test).

neurons remains to be clarified.

Our study exploited XRF microscopy to investigate the ion content
and mapping inside the cells immediately after the PBMT treatments.

A generalized reduction of calcium level was detected in the NIR-
irradiated 50B11 sensory neurons. This data mirrored the results ob-
tained with lidocaine, a well-known local anaesthetic capable of
reducing calcium currents when applied to sensory neuron cells [30].

This finding suggested a potential connection between the observed
data in 50B11 cells and PBMT’s practical inhibitory effect on calcium
levels, leading to analgesic effects.

Previous studies have demonstrated that PBMT can dynamically in-
fluence the intracellular flow of ions. In the present work, observations
were conducted by fixing the cells immediately after the irradiation thus
providing a static picture of the PBMT impact captured immediately
after the irradiation.

The investigation into calcium levels following PBMT on cortical
neurons was previously conducted by Sharma et al. [31]. Their study
utilized an 830 nm laser light (25 mW/cmz) and observed augmented
calcium levels with a fluence of 3 J/cm? (the same as employed in the
current work). Similarly, Huang et al., using an 810 nm laser, reported
increased calcium levels in basal conditions but decreased excitatory in
(glutamate, NMDA, or kainite) treated cortical neurons [32]. The dis-
parities in these findings may be attributed to the distinct cell types used
in the studies: cortical primary neurons in the studies by Sharma et al.
[31] and Huang et al. [32] versus the sensory neuron cell line 50B11

employed in our present research. Cell-type variations could contribute
to divergent responses to PBMT, highlighting the importance of
considering cell-specific effects in interpreting experimental outcomes.

The data obtained with the XRF analysis allowed the display of an
instant static picture of the ion content without labelling. Moreover, ions
from all cellular compartments were detected, not only the free unbound
ions usually labelled with the staining.

Since PBMT also influenced the activity of ion transporters, we could
not exclude that a direct effect on some membrane exchangers involved
in calcium transport may influence the calcium intracellular level.

In our earlier observations, pre-irradiation of 50B11 cells with NIR
PBMT determined a reduction in the calcium peak following the stim-
ulation with the TRPV1 activator, capsaicin [10]. We confirmed a
similar outcome in primary DRG neurons in a previous study [9], maybe
suggesting a direct effect of PBMT on this specific ion channel.

Additionally, it was demonstrated that laser light could reduce the
expression of TRPV1 in vivo [33].

Suppression of calcium response was also detected in trigeminal
neurons treated with capsaicin, as well as with TRPV4- specific activator
4-a-phorbol 12,13-didecanoate (4-aPDD), but negligible effect was
observed with other TRP channels (TRPM7 and TRPMS), P2X3, native
voltage-gated channels, and native P2Y, histamine, and muscarinic re-
ceptors tested [34]. Ryu et al. did not determine a reduction in the
numbers of capsaicin-responders or variations in other native neuron
functions, suggesting a specific effect on this channel [34].
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Fig. 6. AFM maps of representative control cells (a) and cells exposed to 800 nm (b) and 970 nm (c) lasers and lidocaine treatment (d). The height (left column) and

amplitude/deflection (right column) signals were plotted for each map.

Five other elements of interest are O, P, S, K and Na.

The laser and drug (lidocaine) treatment did not modify the contents
of O, P, and S. Indeed, by monitoring these three elements as reference
elements we evaluated the corresponding variation of K, Ca and Na.

A trend of potassium and Na decrement was determined after irra-
diation, which was more evident with the 970 nm laser irradiation.
Moreover, when the K content was normalized on the cell volume
measured with AFM analysis, a more evident decrement was noted.

Lidocaine treatment resulted in a decreased level of both ions.

Although it is known that TRP channels are permeable to cations
other than Ca, such as K and Na [35], an effect of PBMT on the levels of
these ions has not been reported so far. We have previously demon-
strated that lidocaine could interact with various cellular molecules.
However, the primary target may be voltage-gated sodium channels.
Lidocaine might block the channel by inhibiting Na current inside the
cells. Previous studies investigated a dynamic live condition with elec-
trophysiology methods [36,37] while our study employed a different
static technique on fixed cells.

Nevertheless, we previously revealed that the fixation with para-
formaldehyde was an excellent choice for analysing samples under XRF,
resulting in reliable data on elements content [38].

Interestingly, no significant changes in Mg content were identified
among the different conditions (not shown here).

Also, AFM microscopy shows no significant modifications neither in
the volume, the thickness nor the morphology of the cells after the

treatments.

To our knowledge, this study represents the first investigation into
the variation of the ion content variation in neuronal cells after PBMT,
revealing observable changes in their levels post-irradiation.

These findings contribute to a better understanding of the molecular
impact of PBMT within neuronal cells, particularly sensory neurons,
under average conditions. Such insights hold promise for promoting a
broader application of PBMT.
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