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Featured Application: W Band (75 - 105 GHz) Millimeter-wave irradiation therapy for targeted treatment of
human lung cancer without affecting non-tumorigenic human epithelial cells.

Abstract: Therapeutically effective treatments of cancer are limited. To calibrate the efficiency of the novel
technique we recently discovered to modulate cancer cell viability using tuned electromagnetic fields; H1299
human lung cancer cells were irradiated in a sweeping regime of W-band (75-105 GHz) millimeter waves (MMW)
at 0.2 mW/cm? (2 W/m?). Effects on cell morphology, cell death and senescence were examined and compared to
that of non-tumorigenic MCF-10A human epithelial cells. MMW irradiation led to alterations of cell and nucleus
morphology of H1299 cells, significantly increasing mortality and senescence over 14 days of observation.
Extended irradiation of 10 minutes duration resulted in complete death of exposed H1299 cell population within
two days, while healthy MCF-10A cells remained unaffected even after 16 minutes of irradiation under the same
conditions. Irradiation effects were observed to be specific to MMW treated H1299 cells and absent in the control
group of non-irradiated cells. MMW irradiation affected nuclear morphology of H1299 cells only and not of the
immortalized MCF-10A cells. Irradiation with low intensity MMW shows an antitumor effect on H1299 lung
cancer cells. This method provides a novel treatment modality enabling targeted specificity for various types of
cancers.
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Graphical Abstract
Introduction

Treatment of different types of cancer, specifically in metastatic stages is a major challenge in oncology.
Major limitations stem from the small number of therapeutic agents that are specific with minimal side effects
and capable of long term control of tumor growth. Lung cancer is considered one of the most deadly types of
cancer for humans and is often diagnosed in a late incurable stage [1, 2]. The vast majority of lung cancers are
derived from epithelial cell carcinomas. The two main types are small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC), for which there are different treatment paradigms and expected survival outcomes. About
85% to 90% of lung cancers are NSCLCs. Three main subtypes of NSCLC exist differing in size, shape and
chemical make-up [3]. Lung adenocarcinoma, an epithelial cancer of glandular origin, is the most prevalent of
lung cancer diagnoses. Standard cytotoxic chemotherapy is effective in certain cases with majority of the available
treatments offering only a limited survival benefit [4]. Metastasis is a multistep process and the main cause of
mortality in lung cancer patients. The survival prognosis of lung cancer patients without treatment is very poor
with a mortality rate of 98% [5]. To date, no effective methods for early diagnosis and treatment of lung cancer
have been developed.

The interaction of biological cells with electromagnetic (EM) waves has been under investigation for several
decades and non-thermal cytological effects of irradiation intensively studied [6]. In recent years there has been
a growing interest in millimeter wave (MMW) irradiation as a possible treatment for cancer. MMW with
frequencies within 30 - 300 GHz cause biophysical effects without significantly increasing the temperature of the
cells [7]. MMW penetration depth of biological tissue is a few millimeters only due to high absorption by water
molecules. Experimental reports suggest MMW radiation likely affects information-carrying signals guiding
internal processes in cells thereby affecting the whole organism. Illustratively, MMW irradiation within 40.5-51.8
GHz leads to biological activation of free nerve endings in the skin [8 —10]. The central nervous system modulates
neural activity resulting in the development of various biological effects, such as the release of endogenous
opioids. The biochemical regulatory links of neuronal opioids of the local pulmonary opioid network affect
human lung cancer cell proliferation [11, 12]. Further, endogenous opioids are reported to be involved in
suppression of melanoma growth by MMWs [13].

Reversible morphological and ultrastructural alterations in erythromyeloid leukemia, melanoma and
breast cancer cell lines by 53-78 GHz MMW irradiation under 1 pW/cm? [14 — 16] demonstrated the anticancer
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treatment potential of this therapy. The effects were associated with a significant inhibition of cell proliferation
correlated to structural membrane changes and energy metabolism modification of the exposed cells. In contrast,
low power MMW exposure at 60.42 GHz and 1 mW/cm? did not show any significant effects on the proliferation
of multiple human cell lines [17]. These results suggest that the anti-cancer properties of MMW are directly
dependent on irradiation parameters and/or the selective response of different cell types. For instance, an indirect
influence of MMW exposure at 42.2 GHz and 36.5 mW/cm? led to a decrease in tumor metastasis through
activation of natural killer cells [18].

To date, the mechanism of MMW interaction with cells challenges research efforts. Most previous studies
were done with discreet frequencies and/or in pulsed regimes of irradiation with very few of them involving a
wide frequency spectrum. We reported cytotoxic effect of W-band (75-105 GHz) MMW corresponding to
wavelengths (A) = 4 - 2.73 mm based on morphological changes of H1299 human lung cancer cells [19]. The
technique of the sweeping (frequency skipping) regime of MMW irradiation over 2 and 4 minutes exposure
durations resulted in non-thermal accelerated cellular apoptosis and senescence of the treated cells only. The
current study determines the exposure duration for clinical adaptation of the cytotoxic effect of MMW on
cancerous cells without killing normal epithelial cells under the same conditions of optimized dose delivery.
Specifically, we examined cellular mortality following W-band (75-105 GHz) MMW exposure on H1299 human
lung cancer cells as compared to non-tumorigenic MCF-10A human epithelial cells.

Materials and Methods
Media and cell cultures

H1299 Human lung cancer cells (also referred to as NCI-H1299 or CRL-5803) originally from ATCC were
kindly provided by Prof. Uri Alon, Weizmann Institute of Science, Rehovot, Israel. H1299 cells were grown in
RPMI medium (Biological Industries, Beth Ha'emek, Israel) supplemented with 10% fetal bovine serum (FBS)
(Biological Industries, Beth Ha'emek, Israel), penicillin (100 Units) and streptomycin (100 pg/ml) purchased from
Sigma (St Louis, MO, USA) and 1 mM glutamine/ml (Biological Industries, Beth Ha'emek, Israel).

Non-tumorigenic MCF-10A epithelial cells originally from ATCC were kindly provided by Prof. Yossi
Shaul, Weizmann Institute of Science, Israel. MCF-10A cells were grown in Dulbecco's Modified Eagle's Medium
(DMEM)/F12 containing 5% horse serum, 1% Penicillin/Streptomycin (all from Biological Industries, Beth
Ha'emek, Israel), 20 ng/ml epidermal growth factor (EGF) (Peprotech, Rocky Hill, NJ, USA), and 0.5 mg/ml
hydrocortisone, 100 ng/ml cholera toxin and 10 mg/ml Insulin (all from Sigma, St Louis, MO, USA).

Briefly, the cells were washed with phosphate buffered saline (PBS), detached with 0.25% trypsin (all from
Biological Industries, Israel) and seeded at a density of 200,000 H1299 cells per dish (35 mm diameter from Nunc,
Thermo Scientific, USA) and 500,000 MCF-10A cells per dish. Non-tumorigenic MCF-10A cells were used higher
in number than that of H1299 cells due to their relatively reduced proliferation in vitro. Samples for irradiation
were prepared from cells reaching 30% confluence on the day of experiment. The number of plates prepared
corresponded to the experimental schematics presented below. Control and test samples were examined every
2-3 days in order to prevent 100% confluence. Cells reaching 60% confluence were detached and transferred to
new plates in order to avoid overcrowding. Transferred cells were seeded again at 30% confluence for future
growth and examination. These procedures were repeated over the 14-day observation period. Further, since the
therapy studied here is intended for clinical application with targeted localization at sites of cancerous lesions;
non-specific radiation of non-cancerous cells is expected to be avoided. Hence, this investigation analyzes the
safety and clinical in situ applicability of this therapeutic modality. Cells were cultured in a humidified incubator
corresponding to physiological conditions at 37°C and 5% CO:s.

Irradiation conditions

Irradiation methods were maintained the same as previously reported [19] for stringency of analysis. Cells
reaching 30% confluence, as visually evaluated using a Nikon fluorescent microscope (Nikon Instruments Inc.,
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Melville, NY, USA) were subjected to the irradiation protocol. Irradiation of the samples was performed in the
sweeping regime [19]. Each run involved the frequency interval range 75-105 GHZ divided into 2000 - 2200
frequency steps. The duration of each single run was 200 ms. Power density of irradiation was maintained
constant at 0.2 mW/cm? (2 W/m?) in all experiments. Keeping the irradiation parameters same as previously
reported [19], an average energy dose of 0.6, 1.2 and 3.0 n] per H1299 cell corresponding to 2, 4 and 10 minute
exposure regimes respectively were maintained.

Time-schedule and experimental conditions

Cells were irradiated with MMW for 2, 4 or 10 minutes respectively on Day 1. Following exposure samples
were incubated for up to 14 days under physiological conditions for experimental observations. On Day 1 (90
minutes after irradiation), Day 7 and Day 14, live cells were digitally imaged using a light microscope as
mentioned above. To perform cytological assays cells were subsequently fixed in 4% formaldehyde for 30 minutes
at 37°C for further analyses. For stringency of analysis and proper comparison of the experimental groups with
a blank at every time point and all stages of the experiment; a reference group of cells served as an untreated
(sham) control, undergoing the same procedures as the experimental groups but without irradiation. This served
as control for comparisons of changes in morphological and physiological properties, and the cytological assays
of the cells during experiments.

Evaluation of cell mortality by DAPI staining

Irradiated and control cells were stained with 4', 6-diamidino-2-phenylindole (DAPI) nuclear staining (Cell
Apoptosis DAPI Detection Kit, GenScript, Piscataway, NJ, USA) for evaluation of cell death after MMW
treatment. Cells were washed with 2 ml of 1xPBS, fixed in 4% paraformaldehyde (Sigma, St. Louis, MO, USA) for
30 minutes at room temperature, and stained with 50 pg/ml of DAPI for 10 minutes at 4°C. Cells were then
washed twice with 1xPBS and analyzed under a fluorescent microscope as described below. 400 cells from each
sample were counted and the percentage of dead cells calculated.

Evaluation of cell senescence by p-Galactosidase (B-Gal) assay

To evaluate cell senescence after MMW treatment, irradiated and control cells were washed in 1xPBS, fixed
in 3% formaldehyde (Sigma, St. Louis, MO, USA) for 10 minutes at room temperature, then washed again and
incubated at 37°C (without COz) with fresh senescence associated (SA)--Gal stain solution containing 1 mg/ml
5-bromo-4-chloro-3-indolyl P3-D-galactoside (X-Gal), 40 mM citric acid/sodium phosphate (pH 6.0), 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl and 2 mM MgClz (all purchased from
Sigma, Israel). Fixed cells were incubated with the staining solution prepared in a buffer (pH 6.0) overnight at 37
°C. Cells, which stained blue, were considered positive for the activity of senescence-associated -galactosidase
and were counted. 400 cells from each sample were counted and the percentage of dead cells calculated in each
respective experiment. Four independent experiments were performed for each assay.

Microscopy observations and image processing

Living and fixed cells were analyzed before and after the irradiation using the Nikon fluorescent
microscope (Nikon Instruments Inc., Melville, NY, USA), with an objective x20 (which allowed sufficient cells for
statistical analysis) and using an emission filter of 408-480 nm for DAPI staining. The pictures were captured
using a digital color-chilled 3CCD camera (Hamamatsu, Bridgewater, NJ, USA) using the NIS elements
microscope software program (Nikon Instruments Inc.). Produced images were analyzed by Image] 1.48V
program (NIH and NIMH, USA). Image montages were processed on Photoshop CS6 software (Adobe Systems
Inc., San Jose, CA, USA). Image processing included measurements of cell and nuclei areas; the ellipticity
(circularity) of the nuclei; the correlation between the changes in the cells and their nuclei sizes; the number of
pro-apoptotic and apoptotic cells; and the number of the senesced (aged) cells.
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Statistical analysis

Two-way independent analysis of variance (ANOVA) and Tukey-Kramer multiple comparison test were
used for statistical analysis. P values < 0.05 were considered significant and < 0.001 were considered extremely
significant. To investigate the correlation between the distribution of the size of the cells and the size of the nuclei,
the irradiated and sham cells were analyzed (counted) over the same number of subgroups (Table I). Pearson's
correlation coefficient was calculated using the Excel (Microsoft Office Professional pus 2016) built-in package.

Results
Exposure duration-dependent effects of low power W-band (75 — 105 GHZ) MMW irradiation.

Our recent report [19] demonstrated W-band (75 — 105 GHZ) MMW irradiation for 2 and 4 minutes resulted
in significant morphological changes indicative of accelerated cellular apoptosis and senescence; however, with
the genetically heterogenic lung cancer cell population still remaining viable. In this study we further increased
the exposure duration to 10 minutes to compare the effects with the previous results. H1299 human lung cancer
cells monolayer was irradiated by MMW for 2, 4 and 10 minutes in 35 mm polystyrene dishes (Figure 1). To
evaluate the short-term effects of the irradiation, the cells were viewed under the microscope 1-2 hours after
irradiation. To investigate the long-term effects of the irradiation, the cells were examined over a period of 7 and
14 days thereafter the treatment. To account for the heterogeneity of the nuclei population, as was previously
shown [19], cells were classified into subgroups based on the nuclear morphological features and areas (Table I).
85% of the control cells were at interphase and had almost circular or slightly oval-shaped nuclei. The distribution
of the nuclei areas in the control groups were well correlated with the distribution of the cell sizes.

Day 1 . Dpay7 | Day14
irradiation . after irradiation‘:aﬂer irradiation
2Ma ' | )
c > TR- IR-FIX E
El2Mb Ly TR.R ——— FIX
2Mc > TR.IR ; — FIX
- 0 E
4Ma > TR. IR-FIX §
£ i
S E|| a0 >TR.R —— FIX ;
= H
5 4Mc [* TR-IR g S =
o : y
=
- 10Ma > TR-IR-FIX
© £
S 5 10Mb * TR-IR — *> FIX
© 10Mc > TR-IR S e
a A |
g Ra | » FIX i
8| Rb | TR-FIX
[
s Re |»m®R ——— Rx
Rd |— TR — FIX
i Acute effect | Chronic effect |  Prolonged
Chronic Effect

Figure 1. Experimental Schematic of H1299 human lung cancer cells monolayer irradiated by MMW for 2, 4 and 10 minutes
in 35 mm dishes. The effects observed in the irradiated cells were compared to two types of control cells (see methods) - (i)
the cells that remained in the incubator during the entire experiment, and (ii) the cells that were transferred to the irradiation
setup and brought back together with the experimental groups but were not irradiated.


https://doi.org/10.20944/preprints202005.0296.v2
https://doi.org/10.3390/app10144813

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 June 2020 d0i:10.20944/preprints202005.0296.v2

Number of Nucl E f th % of total number
subgroup | NUCEUS AT€A | 60 htent of interval orm ot the in population
(um2) nucleus
1-2 90-150 Interphase-Go-G1 round or oval 30£3.7%
3-4 150-200 Interphase-G1-S round or oval 46 +£51 %
5-6 200-250 Interpase-S-G2 round or oval 2029 %
6-7 200-300 Mitosis's dividing nuclei 9+1.9%
8-9 300-400 "Monsters”/huge multi-lobed 4+13%
10 500-600 Polyploid poly-nuclear 1067 %

Table I: Distribution of H1299 cell population based on nucleus area, size and nuclear morphology. Subgroups formed are
represented as percent of population.

Nuclear morphology of non-irradiated (control) and irradiated H1299 and MCF-10A cells.

Effects of W-band MMW irradiation on nuclei number, shape and area were examined using DAPI (Figure
2A) and analyzed by observations under a fluorescent microscope. Concomitant with our recent report [19]
observations in this study showed that most of the non-irradiated H1299 lung cancer cells present an average
cellular size of 1500 um? containing a single large round or oval nuclei (Figure 2A). 1-4 % of the cells were 2.5-3.5
times larger (5000 pm?) and characterized with multi-lobed nuclei. These polyploid cells contained 3-11 nuclei
per cell. Cells treated with MMW showed changes in nuclear morphology with the 4 minutes regime having a
greater impact than the 2 minutes regime. The nuclei of cancer cells play a key role in the assessment of tumor
malignancy through changes in genetic structure [20]. Cancer cells are characterized by a large nucleus with an
irregular size and shape as well as prominent nucleoli. Morphological changes in their areas (in the adherent
state) and the shapes of the cells lead to changes in the cell’s internal structures (like the nuclei) and increase the
chromosomal instability (ploidy) of cancer cells [21].
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Figure 2. The distribution of the nuclei sizes and shapes in control and treated cells in response to MMW irradiation. A.
Representative images of H1299 nuclei morphology before and after irradiation. (a) control cells' nuclei show circle or oval
morphology. Numbers indicate the subgroup classification as described in Table I; (b) kidney-like nuclei appeared over long-
term incubation (7-14 days) after irradiation for 2 minutes; (c) multi-lobed and poly-nuclear cells appeared over long-term
incubation (7-14 days) after irradiation for 4 minutes. Scale bars correspond to 10 pm. B. Representative images of MCF-10A
nuclei morphology before and after irradiation. (a) control cells' nuclei show circle or oval morphology; (b-d) nuclei shape
remains same over long-term incubation (7-14 days) after irradiation for 4, 8 and 16 minutes. Scale bars correspond to 10 um.
C. Control H1299 cell population distribution by area size of nuclei in the cells. The areas indicated are given in um’.
Analysis of nuclei distribution in the control groups consisted of four dishes (Ra-d). 400-475 cells were measured in each
group for each day of observation. Each experiment involved four repeats.

Non-tumorigenic MCF-10A cells were also irradiated under the same parameters (Fig. 2B). Interestingly,
even at 16 minutes of MMW treatment nuclear morphology of MCF-10A cells remained unaltered relative to that
of control; in comparison to the effects observed for 4 minutes of MMW exposure on H1299 cells. The nuclear
sizes of the H1299 cells in normal growth conditions were measured, over 14 days of the experimental observation
period (Fig. 2C), after processing them through the same conditions as the irradiated cells except without the
MMW treatment procedure itself. The average areas of control H1299 cell nuclei ranged from 100 - 250 pm?
(subgroups 1 -5), 9% of the cells contained nuclei under division (subgroup 6-7) with an area 200-300 pm? and up
to 4% of the cells (subgroups 8-10) contained a multi-lobular, irregular nuclei or cells that contained 3-11 nuclei
per cell, with area ranging 300-600 umz2. No significant changes in area distribution were observed over 7 days of
proliferation, while the population of the H1299 cells with larger nuclei (subgroups 6-10) increased slightly over
14 days of proliferation due to natural senescence. These physiological trends occurring naturally in the cells
were considered normal conditions of division and taken into account during statistical analyses of the irradiation
experiments performed subsequently.

H1299 cell nucleus shapes and sizes change in response to MMW irradiation.

To examine whether the observed effects were transient (reversible) or irreversible (stable), the nuclei sizes
and shapes were monitored over 7 - 14 days after irradiation. MMW irradiation for 2, 4, and/or 10 minutes
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duration led to changes in nuclear size in irradiated groups (Figure 3 A and B). Samples irradiated for 2 minutes
showed a relative 100% increase in the nuclear sizes of cells from subgroups 6-7 (cell division active) only as
compared to untreated (sham) cells (Table II). Under the 2 minutes regime, cells from the other subgroups were
not so dramatically affected. By delivering higher energy dosage more prominent effects on nuclear sizes were
seen under the 4 and 10 minutes exposure regimes. MMW irradiation were seen to elicit two major responses in
the treated cells indicative of apoptosis and senescence respectively as previously reported [19]. One group of
cells (from subgroups 1-4) mostly reduced their nuclear sizes (by 25%-200%) while another set (from subgroups
4-10) increased their nuclear sizes (by 30%-300%) (Figure 3B and Table II) under the 4 and 10 minutes exposure
regimes. The cells irradiated for 10 minutes didn't survive after a few days in culture, demonstrating that the
effects of the treatment were irreversible on cell viability. Thus, experimental observations for further
investigations were possible only on the groups that were treated with shorter durations of irradiation. The
changes observed on cell and nuclear morphology associated with shorter and longer exposure durations; clearly
confirm the strong and specific effect of MMW on lung cancer cell properties and viability. This experiment also
demonstrates that the cells from subgroups 6-7 (cell division active) were the ones most affected indicating the
effectiveness of MMW treatment in inhibiting metastasis.
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Figure 3. The distribution of the nuclei sizes and shapes in control and treated H1299 cells populations in response to MMW
irradiation. A. Representative images of nuclei morphology after irradiation. (a) control cells nuclei show circle or oval
morphology; (b) cells with enlarged nuclear morphology under the 2 minutes irradiation regime corresponding to subgroups
1-2 from Table II observed over long-term incubation of 7-14 days after MMW treatment; (c) & (e) cells with altered nuclear
morphology under the 4 minutes irradiation regime observed on the day of experiment (Day 1). (d) & (f) cells with enlarged
nuclear morphology under the 4 minutes irradiation regime corresponding to subgroups 4-10 from Table II observed over
long-term incubation of 7-14 days after MMW treatment. Arrows indicate altered nuclei as compared to control. Scale bars
correspond to 10 um. B. Distribution of H1299 lung cancer cells by nuclei area size. Nuclei distribution by size of reference
groups. The areas indicated are given in um?. Ra-d correspond to control groups of four separate dishes (Ra, Rb, Rc and Rd).
The group Ra was imaged and fixed before the experiment. The control groups Rb, Rc and Rd accompanied all the MMW
treated samples undergoing the same procedure as the experimental groups except the irradiation; for proper comparison of
the experimental groups with the control ones at all stages of the experiment since the morphological and physiological
properties of the cells change during physiological incubation due to normal proliferation. During the whole experiment the
average size of nuclei measured increased. 2Ma-c correspond to 2 minutes exposure and 4Ma-c correspond to 4 minutes
exposure respectively. The areas of nuclei increase over time from Day 1 to Day 14. The groups 2mA and 4Ma represent the
acute effect of MMW irradiation on Day 1 of MMW treatment. The groups 2Mb-c and 4Mb-c represent the chronic effects of
MMW irradiation observed over 7-14 days after MMW treatment. The values in the legends denote ratios of measured areas


https://doi.org/10.20944/preprints202005.0296.v2
https://doi.org/10.3390/app10144813

d0i:10.20944/preprints202005.0296.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 June 2020

of the experimental groups to the average area (160 um?) of the control groups on corresponding days. The percentage given
in pies represent the actual percent of the indicated subgroup within whole population. The basic effect of the irradiation for
both exposure durations show that nuclei grow in size, and 4 minutes exposure leads to remarkable increase in the number
of multi-nuclear cells. 400-550 cells were measured in each group per experiment. Each experiment involved four repeats.

Subintervals 2Ma 2Mb 2Mc 4Ma AMb 4Mc 10Ma
(Day1) | (Day7) (Day14) (Day1) (Day7) | (Day14) (Day1)
1-2 -30 +150 +125 -200 -30 -150 -170
3-4 = -300 -25 -25 -200 -100 -120
4-5 +30 = -150 +30 +30 = -5
6-7 +100 = -30 +300 +300 +30 +100
8-10 <5 <5 <5 +120 +20 +200 +250

Table II: Changes in nuclei size distribution compared with control groups (%). Subintervals denote the subgroups of cells
with different sized nuclei as described in Figure 3. The values represent the percent change of irradiated nuclei size relative
to control (%). Red represents a decrease and green represents an increase.

Under the short-term observation period (Day 1, 90 minutes following irradiation) the effects resulting
from 2 minutes of irradiation were less profound as compared to 4 and 10 minutes exposures. The 4 minutes
irradiation regime delivering a higher dose of energy showed that the major effect of MMW treatment was
reduction in nuclear size distribution in response to the irradiation reminiscent of accelerated apoptosis [19] and
mortality. However, the small population of the large cells with multi-lobular nuclei increased their sizes 3 folds
as compared to control. This may indicate that nuclei lose their ability to maintain their shape and/or that new
subgroups of cells with different properties appear and transition into pro-apoptosis. Further, over 14 days of
experimental observation, nuclei morphology prominently changed in response to the irradiation. The irradiated
cells that contained only one nucleus were changed from oval to kidney-like for both 2- and 4-minute exposure
times (Figure 3A), likely due to changes in DNA condensation via adverse regulation and the appearance of small
pro-apoptotic subgroups in the cell populations. These results demonstrate that W-band (75 — 105 GHz) MMW
has an effect on cell sizes as well as the cell nuclei in a dose dependent manner.

Analysis of correlation between H1299 cells and nuclei distributions in response to MMW irradiation

The size of a cell and its nucleus are interlinked [22] and biologically regulated. The ratio between nuclear
and cytoplasmic volumes, also termed as the karyoplasmic ratio [N/C]) is crucial to cellular integrity [23]. The
effect of irradiation on the N/C ratio was therefore investigated with and without MMW treatment. High
variability of the N/C ratio was observed by qualitative microscopic analysis comparing the nuclei and cells sizes
and quantitative measurements of their sizes (Table III). N/C ratio was 32-36% in the control group on Day 1 and
remained consistent within this range over the observation period of 7-14 days of physiological incubation. In
response to 2 minutes irradiation on Day 1, the N/C ratio shifted to 42% in the cell populations and decreased to
28-29% over 7 - 14 days of experimental observation following MMW treatment. In response to 4 minutes
irradiation on Day 1, the N/C ratio shifted to 52% in the cell populations and reached 57-66% over 7 - 14 days of
experimental observation following MMW treatment. This indicates that increase in energy dosage on the
irradiated H1299 cells reduced their ability to repair themselves. The threshold limit of this ability was crossed in
response to 10 minutes irradiation shifting the N/C ratio to 78% in the cell populations on Day 1 and all the cells
dying a couple of days later. Interestingly, the increase in N/C ratio did not arise only due to an increase in nuclear
size but also corresponded with a reduction in size of the cell cytoplasm (Table III), indicative of cell shrinkage
and the dose dependent accelerated apoptosis cell mortality effect reported previously [19] in response to MMW
treatment. Thus, a de-correlation effect of irradiation on Day 7 and 14 after MMW treatment is observed.
[lustratively, under the 4 minutes exposure regime irradiated cells presented an increase in N/C ratio to 52-66%
over the observation period of 7-14 days following MMW treatment (Table III). Long-term effects observed on
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Days 7 and 14 were accompanied not only by changes in the cell and nuclei sizes but also by changes in their
geometric relationship. Further, the exposure time had a distinct effect on the N/C ratio.

Table llI: Ratio of average areas - Nuclei/Cells
Group Cell size Nl-:i:;zar NUCI;Z’)CeIIs
:ft i?ae:'lys; ’ = NC 32454
E:n(g)ay b NC NC 3663
Rc (Day7) NC NC 3481
Rd (Day14) NC NC 33.57
2Ma (Day1) 42-39
2Mb (Day7) 28250
2Mc (Day14) 29:26
4Ma (Day1) 5033
4Mb (Day7) gy
4Mc (Day14) 6676
10Ma (Day 1) 78154

Table III: Ratio of average areas - Nuclei/Cells. Averages of the cell and nuclei sizes of each subgroup were used for N/C
ratio calculation.

The relationship between the size of the cells and their nuclei with the observed changes were examined
for the cell population subgroups using Pearson's correlation coefficients (Table IV). The distribution of cells and
nuclei sizes in the control groups showed a strong positive correlation (c =0.85 - 0.91). Cells exposed for 2 minutes
showed a weak positive correlation (c=0.04 - 0.35) while the cells exposed for 4 and 10 minutes showed a negative
correlation (c = (-0.11) - (-0.41) and (-0.35)) i.e. an inverse correlation between the distributions. The N/C
decorrelation effect as observed for the irradiated cells was apparently caused by MMW irradiation.

Table IV: Decorrelation between cells’ and nuclei
distributions.
Group Day 1 Day 7 Day 14
Control 0.85 0.91 0.90
2 min 0.35 0.04 0.17
4 min -0.11 0.2 -0.41
10 min -0.35 - -

Table IV: Quantitative analysis of karyoplasmic (nuclei/cell) ratios. Correlation coefficients calculated by Pearson’s formula
for cells and nuclei distributions. 2 minutes irradiation reduced the nuclei size slightly as compared to cellular size, while 4
minutes irradiation increased the nuclei size. The observations indicate different durations of exposure effects cell
morphology differently. The control groups show strong positive correlation while the irradiated groups reveal strong
decorrelation (weak positive for 2 minutes exposure and strong negative for 4 and 10 minutes exposure). Cells under 10
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minutes exposure died before reaching Day 7 and 14 of the observation period following MMW treatment. Indicated values
represent the mean of three independent experiments.

This experiment suggests that the desired effect of targeted mortality of H1299 cells in response to MMW
treatment is directly dependent on the dosage of energy within the applied power density. Specifically, it
indicates that the threshold effect is observed when the N/C ratio crosses beyond 70%. The subsequent
experiments investigate this surmise using cytological assays to determine the efficacy of the different treatment
regimes in terms of exposure durations.

Short-term and long-term mortality and senescence effects of MMW irradiation on H1299 cancer cells

To examine whether MMW irradiation affects cell death and senescence, DAPI staining and [3-galactosidase
colorimetric assay were performed (Figure 4A and 5A) and the results summarized in Tables V and VI. Following
MMW irradiation three different cell subgroups were observed: dead cells, senescent cells and proliferating cells.
Under the 2 minutes irradiation regime on the day of the irradiation (Day 1), approximately 14% of H1299 cells
died after irradiation compared to only 4% of control cells (Figure 4B and Table V). Under this exposure regime,
dead cells further increased to almost 30% in the population over 7 days of post irradiation incubation and was
reduced to 3.4% by day 14. H1299 Cells under 4 minutes irradiation showed about 14 % mortality on Day 1, which
decreased to 8% on Day 7 and reached around 10% by Day 14. H1299 cells exposed to 10 minutes irradiation
showed mortality of almost 47% of the cell population on Day 1 and were completely dead before reaching days
7 and 14 of the observation period. The results suggest that under the 2 minutes irradiation regime majority of
the H1299 cell population avoid the immediate cytotoxic effect as energy dose is lower than the 4 minutes
exposure regime but develop pro-apoptotic fates gradually. These cells die out over the next 7 days of observation
beyond which the cells that remain in the petri dish give rise to progeny devoid of any MMW treated effects on
Day 14. Hence, the low mortality rate on Day 14 under the 2 minutes irradiation regime. In the case of 4 minutes
exposure, mortality on Day 1 is much higher due to higher energy dosage. This allows only a small population
of cells to continue proliferating into the subsequent 7-14 days period of observation. And hence a higher
mortality on Day 14 for cells under the 4 minutes regime as compared to those under the 2 minutes duration.
This conjecture is further supported by the observation of increased mortality associated with increasing the
duration of exposure to 4 and 10 minutes which translates into higher dose delivery.

Intensity B
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Figure 4. (A) Mortality effect following 4 minutes of W-band (75 — 105 GHz) MMW treatment on H1299 cell line. Scale bars
correspond to 10 um. (B) 400- 550 cells were counted for each group. Each experiment was repeated four times. * indicates p-
value <0.01

Exposure Mortality (%)
Cell Type Time in observed days
(min) Day 1 Day 7 Day 14
Control 0 39+27 19+3.3 3.1+0.88
H1299 _ 2 139+12 | 293126 34+14
Irradiated 4 143+29 | 83+2.0 10.3+3.3
10 46.8+4.3 | Cell died Cell died
Control 0 49117 | 25+1.8 37+16
2 36+20 | 30+13 44+19
MCF-10A Irradiated 4 7.5+ 3.1 55+2.1 53+25
10 53+14 | 35+1.8 57+2.0
16 76+26 | 46+14 53+22

Table V: Summary of the mortality effect following W-band (75 — 105 GHz) MMW treatment on H1299 and MCF-10A cell
lines.

Senescence occurs in cells during the pro-apoptotic stage and excludes the possibility of division (mitosis).
In a normal H1299 cell population, generally about 1-3% of the cells are dead and/or in senescence (ref. Table I).
Under the 2 minutes irradiation regime on the day of the irradiation (Day 1), approximately 34% of the H1299
cells showed senescence after irradiation compared to only 18.6% of control cells (Figures 5B and Table VI). Under
this exposure regime, cells undergoing senescence reduced to 19% in the population over 7 days of post
irradiation incubation and was increased to 24.6% by day 14. H1299 cells under 4 minutes irradiation showed
approximately 37 % senescence on Day 1, which decreased to 28.6% on Day 7 and reached around 66% by Day
14. H1299 cells exposed to 10 minutes irradiation showed 60% senescence of the cell population on Day 1 and
were completely dead before reaching days 7 and 14 of the observation period.

The long-term effects on H1299 cell death and senescence observed after the 4 minutes exposure were more
profound than the effects observed for the 2 minutes regime (ref. Figure 4B and 5B). The results indicate that 4
minutes of irradiation delivering higher energy dosage affects the heterogeneous population of H1299 lung
cancer cells and most cells that do not die become a part of the senescent cell populations. Moreover, as mentioned
above, irradiation for 10 minutes led to the complete cell death of the entire population after two days following
MMW treatment.

Mortality and senescence effects of MMW irradiation observed in H1299 cancer cells does not affect MCF-10A non-
tumorigenic cells.

To investigate whether the same irradiation procedures affect healthy cells, non-tumorigenic MCF-10A
cells, an immortalized mammary epithelial cell line [24] were exposed to W-band (75 — 105 GHz) MMW under
the same power densities. These cells have a near diploid karyotype with typical culture adapted slight genetic
alteration [25] and are dependent on exogenous growth factors for proliferation. They also lack the ability to form
tumors in immune-compromised mice [26], indicative of their clinical utility to model non-tumorigenic non-
cancerous tissue. DAPI staining and (3-galactosidase colorimetric assay were used to examine the effects of MMW
irradiation on mortality and senescence of MCF-10A cells. The cells were irradiated for 2, 4, 8 and 16 minutes
(Figure 5B and 6B). The cells survived for 14 days following MMW exposure under the above-mentioned
irradiation parameters and did not show mortality or senescence effects as observed for the H1299 cells. Under
the 2 minutes irradiation regime on the day of the irradiation (Day 1), approximately 3.6% of the MCF-10A cells
died after irradiation comparable to about 5% of control cells (Figure 5B and Table V). Under this exposure
regime, dead cells remained within 3-4.4% in the population over 7-14 days of post irradiation incubation after
MMW treatment. MCF-10A cells under 4 minutes irradiation showed 7.5 % mortality on Day 1 and remained
around 5% in the population over 7-14 days of post irradiation incubation after MMW treatment. MCF-10A cells
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exposed to 8 minutes irradiation showed mortality of almost 4% of the cell population on Day 1 and remained
within 2-4.7% in the population over 7-14 days of postirradiation incubation after MMW treatment. Cells exposed
to 16 minutes irradiation showed mortality of 7.6% of the cell population on Day 1 and remained within 4.6-5%
in the population over 7-14 days of post irradiation incubation after MMW treatment. It should be noted that
MCE-10A cells remained unaffected even after prolonged exposures of up to 16 minutes.

Figure 5. (A) Senescence effect following 4 minutes of W-band (75 — 105 GHz) MMW treatment on H1299 cell line. Scale bars
correspond to 10 pm. (B) 400-550 cells were counted for each group. Each experiment was repeated four times. * and # indicates
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p-values of < 0.05 and < 0.01 respectively.
E Senescence (%)
xposure in observed days
Cell Type Time
(min) Day 1 Day 7 Day 14
Control 0 186+2.8 16.2+1.6 15.4+15
2 34.0+£30 19.3+25 246+13
H1299 -
Irradiated 4 36.9+4.1 28.6+3.3 66.3+2.7
10 60.1£3.7 Cell died Cell died
Control 0 1409 4112 43+1.8
2 3114 25+0.7 31141
MCF-10A . 4 3422 3.8+0.6 5,021
Irradiated 8 42+19 3.7+11 44+19
10 39+1.5 42114 3.7x1.7
16 50+23 44+15 3.7+x0.8
Table VI: Summary of the senescence effect following W-band (75 — 105 GHz) MMW treatment on H1299 and MCF-10A cell

lines.

Samples treated under the 2 minutes irradiation regime showed about 3% senescence on the day of the
irradiation (Day 1), which was slightly higher than the 1.4% of control cells (Figure 6B and Table VI). Under this
exposure regime, senescent MCF-10A cells remained within 2.5-3% in the population over 7 — 14 days of post
irradiation incubation after MMW treatment. MCF-10A cells under 4 minutes irradiation showed 3.4% mortality
on Day 1 and remained around 3.8-5% in the population over 7 — 14 days of post irradiation incubation after
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MMW treatment. MCF-10A cells exposed to 8 minutes irradiation showed senescence of about 4% of the cell
population on Day 1 and remained within 3.7-4.4% in the population over 7 — 14 days of post irradiation
incubation after MMW treatment. MCEF-10A cells exposed to 16 minutes irradiation showed senescence of 5% of
the cell population on Day 1 and remained within 4.4-3.7% in the population over 7 — 14 days of post irradiation
incubation after MMW treatment.

Discussion

The aim of the present study was to investigate the effect of low-intensity W-band (75-105 GHz) MMW
irradiation on heterogeneous, aggressive, drug-resistant human H1299 lung cancer cells as compared to normal
non-tumorigenic MCF-10A epithelial cells. Each cell sample was irradiated once for 2, 4 or 10 minutes and the
change in cell morphology and viability was followed for up to 14 days. Irradiation of H1299 cells for 2 and 4
minutes led to observable changes in the cell and nucleus morphology, significantly increasing cell mortality and
senescence over 7 - 14 days following MMW exposure. The effects were found to be specific and irreversible in
the irradiated H1299 cells and were not observed in the control group of non-irradiated (control) cells during the
14 days of experimental observation. Although cell death and senescence both increased in H1299 cell
populations during the experiment, their temporal kinetics were different. Cell mortality peaked 7 days after
irradiation, while senescence peaked on Day 14 for 2 and 4 minutes of irradiations. Cell deaths occurred likely
due to the inability of MMW exposed cells to repair themselves after irradiation, while some damaged cells
survived and formed an aged cell population. Such senescent cells are reported to survive for a long time and
arrest the apoptotic stimuli of the physiological cycle [27]. These two different effects possibly originate from
activation and/or inhibition of different physiological mechanisms involving tumor development [28].

The effects of irradiation on cell death and senescence were confirmed by observations of non-thermal
morphological changes previously reported [19]. Changes in cell shapes occurred parallel to the changes in cell
size following MMW exposure. Decrease in the cell size was in accordance with the increase in their circularity
and cell diameter and vice versa. In the current study, changes in nuclear shape and size were also observed after
MMW treatment. Such physical changes indicate the formation of two functionally distinct cell groups: pro-
apoptotic and senescent. The pro-apoptotic cells present decreased cell and nuclei sizes with increased circularity,
in addition to fragmented nuclei indicating internal damage. The pro-senescence cell phenotype shows an
increase in both cell and nuclei sizes. They exhibit flattened forms containing “puffed” nuclei with kidney-like
shapes [28]. A small proportion of the H1299 cell population comprised mitotic and huge polyploid cells whose
numbers increased following irradiation, possibly due to nuclear changes. Reports suggest their formation arising
from perturbations of the molecular mechanisms that control replication and cell division [29, 30]. In H1299 cells
they were represented by two phenotypes: one with a large single nucleus and the other - with multinucleated
cells (MNC) containing up to 11 nuclei. These cells were positively stained with the (-galactosidase (SA-p-Gal)
senescence marker and had an ability to divide although the cytoplasm exhibited no division. Therefore, these
cells are suspected to have been resistant to 2 and/or 4 minutes irradiation (which delivered lower energy dosage
as compared to the terminal cytotoxic effect of 10 minutes regime); and likely to be the source of the cell
population that survived over 7 - 14 days. Studies similarly report that polyploidy cells were more resistant to
chemotherapeutic agents than mononuclear cells (MNCs) [30]. Further, MNCs undergo asymmetric division
(producing mononuclear cells) and self-renewal in vitro and in vivo; with a single cell capable of generating
orthotropic subcutaneous tumors (composed mainly of mononuclear cells) giving rise to spontaneous lung
metastases in nude mice. However, the 10 minutes exposure regime successfully terminated these multinuclear
as well as the mononuclear H1299 cells. Our results indicate that this selective irradiation therapy can affect the
viability of heterogeneous H1299 lung cancer cells in vitro.

MMW irradiation is reported to interact with cell compartments such as membranes, cytoskeletons,
chromosomes and nuclei [31 — 34]. Biological membranes are suggested to be the main target of MMW irradiation
within 1 -80 GHz [35, 36]. 50 GHz MMW exposure at 10 mW/cm? for 2 minutes resulted in a transient membrane
permeability change in immortalized epithelial H1299 cells [37]. We report accelerated cellular mortality and
senescence of H1299 cells observed over a period of 7-14 days after W-band (75-105 GHz) MMW exposure at 0.2
mW/cm?. The 2 minutes dose induced a slightly increased mortality effect as compared to controls, the 4 minutes
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dose gave enhanced mortality and the 10 minutes exposure resulted in complete mortality of irradiated cell
populations. Molecular resonance with MMW induce reversible externalization of phosphatidylserine molecules
in human keratinocyte and murine melanoma cells exposed in vitro likely affecting the functional state of
phospholipids in bio-membranes without detectable membrane damage [38]. Thus, energy dose and frequency
determine the extent of biophysical modulation occurring in cells in response MMW exposure. Further, the
observations suggest that duration of exposure can be appropriately tuned to elicit specific resonances of
structures with corresponding dimensions within the cellular environment. As an application of Frohlich
resonance this results in a cascade of events causing the observed changes to activate targeted response. As cancer
cells present biochemical differences from normal cells; their resonant energies for eliciting biophysical responses
are expected to be different. The biochemical properties arising from oncogenic heterogeneity [39] account for the
altered physical properties of cancer cells [40]. This allows for distinct electromagnetic interactions [41] and
responses in cancer cells as compared to normal cells. The challenge involved finding sharp resonances for
biological objects like cells containing a large variety of different macromolecules making it a difficult task. Even
if such resonances are found in vitro they may change in vivo. The advantages of using the sweeping regime for
MMW exposure as described here and in our previous report [19] overcomes this problem by excluding the
necessity for fine tuning the irradiation setup operating in vitro. The quasi-optic processes in this range of
frequencies can produce either constructive or destructive interference conditions. Sweeping through the W-band
(75 — 105 GHz) of frequencies produces both cases of interference but allows for the constructive points to
contribute to the effects observed and reported here.

Conclusion

Non-thermal, low intensity MMW irradiation in the 75-105 GHz range was shown to specifically affect lung
cancer cells without adversely affecting immortalized MCF-10A cells. Irradiation of H1299 cells for 10 minutes
resulted in cell death a few days later, while healthy MCF10A cells remained unaffected even after prolonged
irradiation for 16 minutes. The experiments demonstrate that appropriately tuned W-band (75 - 105 GHz) MMW
treatment can selectively cause lung cancer cell death in vitro. Our study is the first to use the sweeping regime
in the W-band (75 — 105 GHz) MMW frequency range for treatment of cancer cells. This technique of irradiation
uses a sweeping spectral regime rather than discrete frequencies providing an integrated effect and has never
been investigated in previous studies which used discrete frequency regimes only [42, 43]. Torsional Eigen modes
of axially symmetric biomolecules such as carbohydrates, proteins and DNA are likely the reason for the observed
power absorption [22]. Estimates based on direct measurements of torsional mode constants place the Eigen
frequency for carbohydrates around 70 GHz within the MMW spectrum [44]. Our hypothesis is that under W-
band (75 — 105 GHz) MMW irradiation with low energy dosage, one part of the H1299 cell populations tried to
repair the damage without success activating pro-apoptotic mechanisms which promoted and resulted in
mortality. Some of the cells succeeded to repair the damage and continued dividing and a third group of cells
with irreparable damage and incomplete repair promoted a cell senescence mechanism increasing the formation
of polyploidy cells. Un-repaired cellular damages, especially in infrequently dividing cells, can accumulate and
cause progressive blockage of transcription, loss of gene expression capability and ultimately aging of the cells.
Mlustratively, changes in DNA conformation or in DNA-protein bonds have been observed corresponding to
sharp frequency resonances in the MMW bandwidth [45].

Clinical adaptation of this treatment is limited by the current unavailability of non-invasive devices
operating in this bandwidth. Overcoming the low penetration depth of MMW in biological tissue, pulsed
irradiation regimes operating within safety limits [46] enables deeper penetration and is a potential approach for
further development of devices operating in MMW spectrum. This study demonstrates W-band (75 — 105 GHz)
MMW irradiation delivering an extended energy dosage over 10 minutes effectively terminates H1299 human
lung cancer cell viability. The technique and parameters of using W-band (75 — 105 GHz) MMW therapy to target
H1299 cancer cells specifically without affecting healthy non — tumorigenic MCF-10A epithelial cells encourages
clinical adoption of this method as an effective treatment for lung cancer.
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Supplementary Figure 1. (A) Observations for mortality effect following 16 minutes of W-band (75 — 105 GHz) MMW
treatment on MCF-10A cell lines. (B) Observations for senescence effect following 16 minutes of W-band (75 - 105 GHz) MMW
treatment on MCEF-10A cell lines. Scale bars correspond to 10 um.
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