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Abstract

Purpose: This study investigates two electromagnetic field (EMF) modalities on cancer cells: near-infrared

pulsating light (NIR) and hyperpolarized light (HPL).

Methods: PC3, MCF7, and HeLa were exposed to Bioptron (HPL, 40 mW/cm?) and VieLight NeuroPro (NIR,
4.59 mW/cm?, 810 nm, 10 Hz) for 10-60 min, with intermittent breaks. Viability, cytoskeletal and mitochondrial

morphology, ATP, and lactate levels were assessed.

Results: NIR primarily enhanced mitochondrial ATP production, while HPL induced early morphological
changes. Both modalities showed exposure dependency on viability.
Conclusion: The analysis reveals distinct cellular responses to NIR and HPL, underscoring the importance of

optimized protocols for effective EMF therapies.
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Introduction

he human body naturally generates endogenous electro-

magnetic fields (EMFs) through essential physiological
processes such as ion transport and cellular metabolism,
establishing an electromagnetic baseline that is fundamental
to homeostasis.'

In the field of oncology, the therapeutic application of
EMFs is well established, most notably through radiotherapy,
which employs high-energy ionizing radiation to induce
DNA damage and apoptosis in cancer cells.>** More recently,
non-ionizing modalities have gained attention for their thera-
peutic potential. For instance, photobiomodulation (PBM)
utilizes red and near-infrared light (600-1100 nm) to stimu-
late cellular processes.”® Discovered accidentally by Endre
Mester in the 1960s,>° PBM operates primarily through cyto-
chrome C oxidase activation, triggering retrograde mitochon-
drial signaling that modulates gene expression and cellular
metabolism.'%'* Tts therapeutic efficacy exhibits a biphasic
dose-response relationship, necessitating careful parameter
optimization.>~'® Among PBM devices, the Vielight Neu-
roPro (https://www.vielight.com/; Vielight, Toronto, Can-
ada) operates in the near-infrared (NIR) range (810 nm,
4.59 mW/cm?, 10 Hz frequency sweep) and has been
investigated for its effects on cellular structures, including

the disassembly of microtubules and enhancement of cellular
functions in vitro.>'® Hyperpolarized light therapy represents
another innovative approach. The Bioptron Brewster optical
unit (https://www.bioptron.com/) generates a unique
Fibonacci-sequenced photon pattern through a C60 fullerene
interface,?® with preliminary evidence suggesting immune
modulation and tumor-suppressive effects, potentially
through mechanisms involving immune modulation,
increased oxidative stress, or disruption of cancer cell
metabolism.?' 2% However, the precise mechanisms by
which hyperpolarized light affects cancer cells remain inad-
equately understood. This study aims to directly compare
these two illumination regimes on cancer cells by systemati-
cally varying exposure parameters to: characterize dose-
dependent metabolic responses; assess morphological
changes; and elucidate mechanistic differences between their
therapeutic actions. The findings will provide insights for opti-
mizing non-ionizing EMF therapies in oncology, particularly
for regimens targeting cancer cell metabolic vulnerabilities.

Materials and Methods

Cell culture

The prostate cancer cell line PC3 was purchased from
ATCC. The HeLa cell line and MCF7 cell line were obtained
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by Dr. Godbout’s laboratory at the Cross Cancer Institute. Cells
were cultured in Dulbecco’s Modified Eagle Medium supple-
mented with 10% (V/V) fetal bovine serum (FBS) and 1% anti-
biotics (100 U/mL penicillin and 100 pg/mL streptomycin).
Standard culture conditions were set at 37°C with 5% of CO,.

Sample preparation and irradiation

Cells were plated into p-Dish 35 mm high-wall glass-
bottomed dishes with a cell density of 25 x 10, following
incubation overnight. Then, serum starvation for 24 h to syn-
chronize them to the GO/G1 phase to monitor possible delays
in the mitotic stage.

For the NIR radiation, the VieLight device NeuroPro
(810 nm) Module A was utilized, with an output power den-
sity of ~4.59 mW/cm? at the distance of 125 mm and a fre-
quency sweep of 10 Hz. Regarding HPL, the power density
of the Bioptron device was 40 mW/cm?. Both devices have
tunable exposure time. Irradiation was performed at ambient
temperature (21.5°C). A summary of the specifications is
reported in Tables S1 and S2.

Cell viability

Cell viability was assessed 24 h post-irradiation using
the Alamar Blue assay. Fluorescence was measured with a
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FLUOstar Omega plate reader (BMG LABTECH, Ger-
many) at 544 nm excitation and 590 nm emission. Experi-
ments were performed in triplicate in 96-well plates, with
fresh medium used as a blank.

Immunofluorescence

Gelatin-coated coverslips were placed in each dish and
allowed to dry. Cells were then fixed, permeabilized, and
stained to visualize actin, tubulin, and mitochondria. Confo-
cal imaging was performed using a Zeiss 710 microscope
(Carl Zeiss AG, Oberkochen, Germany). Detailed protocols
are provided in the Supplementary Data.

Glycolysis-Oxphosphorylation

In total, glycolytic and mitochondrial ATP and the lactate
production in cells were assessed by using the Glycolysis/
OXPHOS Assay kit (Dojindo Molecular Technologies,
Tokyo, Japan), following the manufacturer’s specifications.

Data analysis

Normality was assessed with the Shapiro-Wilk test.
Multiple unpaired 7 tests with Holm-Siddk correction were
employed to compare each group. Experiments were con-
ducted in triplicate, and results are expressed as mean t
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Cellular Viability assessed through Alamar Blue Assay after 24 h from the Bioptron exposure (hyperpolarized

light, 40 mW/cm?). 440 uM resazurin was added to cells at a 1:10 dilution and cells were incubated for 2 h. Bar plots
represent three experiments reported as mean * standard deviation. Figure 1a reports the results obtained while testing
Bioptron on PC3 cells and medium; Figure 1b shows the results after 24 h, testing solely medium that was subsequen-
tially inserted in the dishes where the PC3 cells were cultured. Figures 1c reports PC3 cellular viability assessment after
the first and the seventh day of exposure. In particular, an exposure time of 10 min was tested. Figures 1d and le report
the impact of the irradiation MCF7 and HeLa cells respectively. Statistic significance is considered as ns (p > 0.05); (¥)
p <0.05; (**) p <0.01; (***%) p < 0.001; (¥***) p < 0.0001. Blue = treated; red = control.



ELECTROMAGNETIC FIELD EFFECTS IN CANCER CELLS

SD. Statistical significance was determined by setting a
threshold of p < 0.05. Data analysis was performed using
GraphPad Prism (version 10.0).

Results and Discussion

The potential effects of PBM therapy on cellular proc-
esses have fueled an ongoing debate regarding its efficacy
in cancer treatment.'® To explore cell line-specific charac-
teristics and irradiation parameters, our study aimed to
report novel insights on the application of two light-emitting
devices: NeuroPro 1 (NIR) and Bioptron Pro 1 (HPL), on
cancer cells (PC3, MCF7, and HeLa), exploring their effects
on the viability and metabolism. Devices specification (Sup-
plementary Tables S1, S2) and relative structural changes
(Figs. S1, S2) are reported in detail in the Supplementary
Data.

Hyperpolarized light

HPL emitted cells for 10, 15, 20, and 20 min with 10 min
of intermission. The 10-min interval showed decreased cel-
lular viability, however significant only on PC3 and MCF7
cells (Fig. 1a—1d). When extending the time exposure to 15
or 20 min, a positive reaction is triggered with a significant
increase in the cell viability in the treated cells after 20 min
for MCF7 and HeLa (Fig. la-d-e). In addition, after the
intermittent exposure (20 min of irradiation with 10 min of
break in between), only PC3 cells appear to be consistent in
the trend, whereas both MCF7 and HeLa cells show promot-
ing proliferation. This suggests that the total dose given is
mainly responsible for the cellular response, together with
the specific cell-line characteristics.

Plain medium was also exposed to the same conditions
tested previously and subsequently placed in the dishes where
cells were plated (Fig. 1b). Again, there is a significant
decrease in cellular activity after 10 min exposure, which is
then increasing over time, even if not significantly. Perhaps,
understanding more deeply the level of involvement of water
and soluble solutions with respect to cells is essential, in com-
bination or not with the specific wavelength.

Taking into consideration the above-mentioned results,
10 min of exposure was also tested in a longer experiment.
PC3 cells were exposed on the first and the sixth days and
tested accordingly in terms of viability. We can see that mul-
tiple irradiations have significantly decreased cellular meta-
bolic activity (Fig. 1c).

For assessing the metabolic response, ATP has been meas-
ured after 10 min of irradiation for PC3 cells. Surprisingly, the
repetition of these experiments led to three different results:
(a) an initial switch to glycolytic activity with evident damage
to mitochondria; (b) an increased mitochondrial activity as
well as the production of the glycolytic ATP; and (c) a
decrease in glycolytic ATP followed by a 10-fold increase in
the mitochondrial energy production (Fig. 2). This suggests a
synergistic upregulation of both glycolytic and mitochondrial
pathways, potentially reflecting a metabolic adaptation strat-
egy to meet the increased energy demands associated with cel-
lular repair and recovery processes.
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FIG. 2. Evaluation of ATP levels and lactate production
in PC3 cells following exposure to Bioptron Pro 1 (hyper-
polarized light; 40 mW/cm?; 10 min) by Glycolysis/
OXPHOS assay. ATP content was measured using a lucif-
erase-based luminescence substrate. Mitochondrial ATP
was calculated by subtracting glycolytic ATP from total
ATP. Glycolytic ATP was determined after treatment with
oligomycin (1.25 pumol/L) following a 3-h incubation at
37°C. (a) Total ATP levels; (b) glycolytic ATP; (¢) mito-
chondrial ATP. Panel (d) shows lactate production
assessed via LDH activity measured at 450 nm after a 30-
min incubation at 37°C. A lactate standard and blank con-
trol were included for assay validation following manu-
facturer indications. Data represent three independent
replicates. Statistical significance: ns (p > 0.05); *p <
0.05; **p <0.01; ***p < 0. 001 *#k*%p < 0.0001. Blue =
treated 1° rep; red = control 1** rep; Purple = treated and
rep; Green = control ond rep; Yellow = Treated 3rd rep;
Black = Control 3™ rep; Figure 2d, green = Standard;
blue = treated; red = control; purple = blank.

Near-infrared pulsating light

The same cancer cell lines have been tested with NIR pul-
sating light at different intervals. For PC3 cells, 10 and 15-
min of irradiation resulted in a decrease in viability compared
to non-irradiated controls but only significant in the second
case (Fig. 3a). However, extending the irradiation time to
20 min led to a statistically significant reduction in viable
cells, suggesting that prolonged light exposure may exert det-
rimental effects on cell health or survival (Fig. 3a). The 15-
min exposure was also applied to PC3 cells on both day 1
and day 6 to assess the longevity of the effect. As shown in
Figure 3c, a significant reduction in viability remained evi-
dent even 1 week post-treatment, indicating a sustained cellu-
lar response.
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FIG. 3. Cellular Viability assessed through Alamar Blue Assay after 24 h from the Vielight exposure (8§10 nm, 4.59
mW/cm?). 440 pM resazurin was added to cells at a 1:10 dilution and cells were incubated for 2 h. Experiments were
run in triplicates and reported as mean + standard deviation. Figure 3a reports the results on PC3 cells and medium,;
Figure 3b shows the results on PC3 after 24 h, testing solely medium. Medium was subsequentially inserted in the
dishes where the PC3 cells were cultured. Figures 3c reports PC3 cellular viability assessment after the first and the
seventh day of exposure. In particular, 15 min of exposure were tested. Figures 3d and 3e report the impact of the irra-
diation MCF7 and HeLa cells respectively. Statistical significance is considered as ns (p > 0.05); (*) p < 0.05; (**) p <
0.01; (¥**) p <£0.001; (****) p < 0.0001. Blue = treated; red = control.

Regarding the MCF7 and HeLa cells exposure instead, we
decided to maintain the time point of 15 min of exposure but
to include two extended time points in order to investigate
the time dependency. In doing so, we tested 2.07, 4.54, and
8.26 J/cm?. The decrease in viability due to a longer expo-
sure was significantly confirmed in the case of the MCF7
cells (Fig. 3d), but not in the HeLa cells (Fig. 3e). Evidence
shows a potential apoptotic effect with an energy dose of
about 3 J/cm>'? However, here the pulsating NIR irradiation
had not confirmed the result.

Plain medium was also exposed to the same conditions
tested previously (10, 15, 20, and 20 min with 10 min of
intermission) and subsequently placed in the dishes where
PC3 cells were plated (Fig. 3b). As previously reported, sol-
ute—solvent interactions may absorb electromagnetic radia-
tion, potentially reducing EMF’s efficacy. Supporting this,
cell viability was significantly higher with medium pre-
exposed for 10 min compared to direct irradiation. More-
over, medium exposures of 15 and 20 min showed a time-
dependent decline in viability. These findings suggest that
the medium may exert a transient screening effect within the
first 10 min of NIR exposure (Fig. 3b).

Metabolic assays highlighted a dynamic shift in energy
production pathways following Vielight irradiation. Figure 4a
shows that there was a decrease in glycolytic ATP, and
Figure 4d shows a decrease in lactate levels, suggesting that

light exposure may potentially reverse the Warburg effect
by promoting a more oxidative phenotype. Indeed, mito-
chondrial activity appeared to be activated (Fig. 4c), lead-
ing to ATP production that was about 5-fold greater than
glycolytic ATP.

Limitations

Considering the sample area and the beam spot of the Vie-
light device, one important limitation of the study resides
behind the different uniformity of the irradiation between the
two devices. The bystander effect illustrated in Supplemen-
tary Figure S3 of the Supplementary Data is assumed® in
the NIR-treated samples, but a proper setup for a precise
quantification is needed to discern between EMF effects and
non-EMF-induced effects. Moreover, the same amount of
dose should be considered for an accurate comparison.

Conclusion and Future Perspectives

The observed dichotomy in viability patterns across differ-
ent exposure durations, wavelengths, and cell lines empha-
sizes the complexity of their mechanisms of action and their
interaction with the heterogeneous nature of cancer. Shorter
exposure intervals with HPL appeared more effective,
whereas the opposite is true for pulsating NIR. Future research
should systematically investigate the interplay between
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FIG. 4. Analysis of ATP generation and lactate output
in PC3 cells following treatment with Vielight NeuroPro
(810 nm; 4.59 mW/cm? 15 min, 10 Hz sweep) by using
Glycolysis/OXPHOS assay. Intracellular ATP concentra-
tions were quantified using a luciferase-based lumines-
cence method. Mitochondrial-derived ATP was estimated
by subtracting glycolytic ATP from the total ATP.
Glycolytic ATP production was measured after the addi-
tion of oligomycin (1.25 pumol/L) post a 3-h incubation at
37°C. Panel (a) displays total ATP levels, (b) shows ATP
attributed to glycolysis, and (c¢) illustrates ATP derived
from mitochondrial activity. Panel (d) presents lactate secre-
tion, determined via LDH-mediated absorbance at 450 nm
following a 30-min incubation at 37°C. A lactate standard
and blank control were included to validate assay perform-
ance following manufacturer indications. Experiments were
conducted in triplicate. Statistical thresholds were defined as
follows: ns (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001;
##¥%p < (0.0001. Blue = treated; red = control; Figure 4d,
green = Standard; blue = treated; red = control; purple =
blank.

irradiation parameters (wavelength, dose, exposure time) and
cell line-specific characteristics, including more cell lines,
genetic profiles, and metabolic phenotypes. Indeed, the mito-
chondria activation requires a more extensive assessment to
determine the metabolic reprogramming rate in terms of oxy-
gen consumption, transmembrane potential, and electron
transport chain. Addressing these areas will deepen our under-
standing of EMF’s mechanisms and facilitate the development
of more effective cancer treatments.

Authors’ Contributions

JLA.T., D.B., and B.T. designed the study and the experi-
ments. B.T. and S.C. ran the experiments, collected the data
provided, and performed the formal analysis. J.A.T. super-
vised the entire study. All the authors reviewed the article
and collaborated in the writing stage.

197

Availability of Data and Materials

The data obtained and analyzed in the current study are
available from the corresponding author on reasonable
request.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

No funding was received for this article.

Supplementary Material

Supplementary Data

References

1. Markov MS. (ed). Electromagnetic Fields in Biology and
Medicine. CRC Press; 2015; doi: 10.1201/b18148

2. Berg H, GUnther B, Hilger I, et al. Bioelectromagnetic field
effects on cancer cells and mice tumors. Electromagn Biol
Med 2010;29(4):132—-143; doi: 10.3109/15368371003776725

3. Hall EJ, Giaccia AJ, Lippincott Williams & Wilkins. Radio-
biology for the Radiologist. Illustrated. (ed). LWW Classic
Book Collection; 2006.

4. Barazzuol L, Coppes RP, van Luijk P. Prevention and treat-
ment of radiotherapy-induced side effects. Mol Oncol 2020;
14(7):1538-1554; doi: 10.1002/1878-0261.12750

5. Hamblin MR. Photobiomodulation or Low-Level Laser
Therapy. J Biophotonics 2016;9(11-12):1122—-1124; doi: 10
.1002/jbi0.201670113

6. Anders JJ, Arany PR, Baxter GD, et al. Light-emitting diode
therapy and low-level light therapy are photobiomodulation
therapy. Photobiomodul Photomed Laser Surg 2019;37(2):
63-65; doi: 10.1089/photob.2018.4600

7. Heiskanen V, Hamblin MR. Photobiomodulation: Lasers:
Vs. light emitting diodes? Photochem Photobiol Sci 2018;
17(8):1003-1017; doi: 10.1039/c8pp00176f

8. Sommer AP, Pinheiro ALB, Mester AR, et al. Biostimula-
tory windows in low-intensity laser activation: lasers, scan-
ners, and NASA’s light-emitting diode array system. Mary
Ann Liebert, Inc; 2001.

9. Staelens M, Di Gregorio E, Kalra AP, et al. Near-infrared
photobiomodulation of living cells, tubulin, and microtu-
bules in vitro. Front Med Technol 2022;4:871196; doi: 10
.3389/fmedt.2022.871196

10. Karu TI. Cellular and molecular mechanisms of photobiomo-
dulation (low-power laser therapy). IEEE J Select Topics
Quantum Electron 2014;20(2):143-148; doi: 10.1109/JSTQE
.2013.2273411

11. Ravera S, Colombo E, Pasquale C, et al. Mitochondrial bio-
energetic, photobiomodulation and trigeminal branches nerve
damage, what’s the connection? A Review. Int J Mol Sci
2021;22(9):4347; doi: 10.3390/ijms22094347

12. Ravera S, Ferrando S, Agas D, et al. 1064 nm Nd:YAG laser
light affects transmembrane mitochondria respiratory chain
complexes. J Biophotonics 2019;12(9):e201900101; doi: 10
.1002/jbi0.201900101

13. Hamblin MR. Mechanisms and mitochondrial redox signal-
ing in photobiomodulation. Photochem Photobiol 2018;
94(2):199-212; doi: 10.1111/php.12864


http://dx.doi.org/10.1201/b18148
http://dx.doi.org/10.3109/15368371003776725
http://dx.doi.org/10.1002/1878-0261.12750
http://dx.doi.org/10.1002/jbio.201670113
http://dx.doi.org/10.1002/jbio.201670113
http://dx.doi.org/10.1089/photob.2018.4600
http://dx.doi.org/10.1039/c8pp00176f
http://dx.doi.org/10.3389/fmedt.2022.871196
http://dx.doi.org/10.3389/fmedt.2022.871196
http://dx.doi.org/10.1109/JSTQE.2013.2273411
http://dx.doi.org/10.1109/JSTQE.2013.2273411
http://dx.doi.org/10.3390/ijms22094347
http://dx.doi.org/10.1002/jbio.201900101
http://dx.doi.org/10.1002/jbio.201900101
http://dx.doi.org/10.1111/php.12864

198

14.

15.

16.

17.

18.

19.

20.
21.

de Freitas LF, Hamblin MR. Proposed mechanisms of pho-
tobiomodulation or low-level light therapy. IEEE J Sel Top
Quantum Electron 2016;22(3):7000417; doi: 10.1109/
JSTQE.2016.2561201

Chen Z, Huang S, Liu M. The review of the light parameters
and mechanisms of photobiomodulation on melanoma cells.
Photodermatol Photoimmunol Photomed 2022;38(1):3-11;
doi: 10.1111/phpp.12715

Robijns J, Nair RG, Lodewijckx J, et al. Photobiomodula-
tion therapy in management of cancer therapy-induced side
effects: WALT Position Paper 2022. Front Oncol 2022;12:
927685; doi: 10.3389/fonc.2022.927685

Kara C, Selamet H, Gokmenoglu C, et al. Low level laser
therapy induces increased viability and proliferation in iso-
lated cancer cells. Cell Prolif 2018;51(2):e12417; doi: 10
A111/cpr.12417

Hsieh HC, Lee YJ, Sung KB, et al. Long-term photobiomo-
dulation of cellular and mitochondrial activities in IMR-32
cells using an 810 nm light-emitting diode. IEEE J Select
Topics Quantum Electron 2023;29(4):1-10; doi: 10.1109/
JSTQE.2023.3240480

Di Gregorio E, Israel S, Staelens M, et al. The distinguish-
ing electrical properties of cancer cells. Phys Life Rev
2022;43:139-188; doi: 10.1016/j.plrev.2022.09.003

De Wever BWM. La Luminothérapie Hyperlight. n.d.
Markeli¢ M, Moji¢ M, Bovan D, et al. Melanoma Cell
Reprogramming and Awakening of Antitumor Immunity
as a Fingerprint of Hyper-Harmonized Hydroxylated Full-
erene Water Complex (3HFWC) and Hyperpolarized Light

22.

23.

24.

25.

TRUGLIA ET AL.

Application In Vivo. Nanomaterials (Basel) 2023;13(3):372;
doi: 10.3390/nano013030372

Knyazev NA, Samoilova KA, Abrahamse H, et al. Poly-
chromatic light (480-3400 nm) upregulates sensitivity of
tumor cells to lysis by natural killers. Photomed Laser Surg
2016;34(9):373-378; doi: 10.1089/ph0.2016.4159

Salmeri FM, Denaro L, Ruello E, et al. Irradiation with
polychromatic incoherent low energy radiation of human
peripheral blood mononuclear cells in vitro: Effects on cyto-
kine production. Int J Environ Res Public Health 2020;
17(4):1233; doi: 10.3390/ijerph17041233

Raeissadat SA, Rayegani SM, Rezaei S, et al. The effect of
polarized polychromatic noncoherent light (bioptron) ther-
apy on patients with carpal tunnel syndrome. J Lasers Med
Sci 2014;5(1):39-46.

Mothersill C, Seymour CB. Radiation-induced bystander
effects and the DNA paradigm: An “out of field” perspective.
Mutat Res 2006;597(1-2):5-10; doi: 10.1016/j.mrfmmm.2005
.10.011

Address correspondence to:

Jack Adam Tuszynski, PhD

Department of Physics University of Alberta AB
Edmonton T6G 1H6

Canada

E-mail: jackt@ualberta.ca


http://dx.doi.org/10.1109/JSTQE.2016.2561201
http://dx.doi.org/10.1109/JSTQE.2016.2561201
http://dx.doi.org/10.1111/phpp.12715
http://dx.doi.org/10.3389/fonc.2022.927685
http://dx.doi.org/10.1111/cpr.12417
http://dx.doi.org/10.1111/cpr.12417
http://dx.doi.org/10.1109/JSTQE.2023.3240480
http://dx.doi.org/10.1109/JSTQE.2023.3240480
http://dx.doi.org/10.1016/j.plrev.2022.09.003
http://dx.doi.org/10.3390/nano13030372
http://dx.doi.org/10.1089/pho.2016.4159
http://dx.doi.org/10.3390/ijerph17041233
http://dx.doi.org/10.1016/j.mrfmmm.2005.10.011
http://dx.doi.org/10.1016/j.mrfmmm.2005.10.011
mailto:jackt@ualberta.ca

