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Abstract

In this chapter, we delve into the therapeutic potential of 30.5 GHz millimetre
waves on 3D glioblastoma organoids. We specifically investigated mildly thermal
radiation effects in the context of new emerging focused energy deliver and
bioelectromagnetic approaches. Our in-house developed exposure system, coupled
with a rigorous dosimetry protocol and extensive multi-physics modelling,
supported biological endpoints evaluation in terms of transcriptional profiling, cell
morphological changes, and cell phenotypic characterization. Crucially, the induced
thermal effect was minimal, aligning closely with our simulation models, and
indicating the precise control of energy delivery. Notably, a 0.1 W power level
enhanced the efficacy of Temozolomide, significantly increasing cell apoptosis while
not affecting the differentiation status of glioblastoma organoid cells. This
combination suggests a new avenue for glioblastoma treatment, leveraging
millimetre wave-induced mechanisms that warrant further investigation. Our
findings underscore the promise of this minimally-invasive technique, offering a
glimpse into future glioblastoma therapies.

Keywords: continuous waves, dosimetry, energy delivery, glioblastoma organoids,
millimetre waves, thermal effect, transcriptomics.

1. Introduction

Glioblastoma multiforme (GBM) remains one of the most aggressive and
treatment-resistant forms of brain cancer, with a median survival time of 15 months
[1]. Significant breakthroughs in GBM treatment have remained elusive since
establishment of the current standard line of treatment - which includes surgery,
radiation therapy, and chemotherapy - two decades ago [2].
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To overcome these challenges, innovative, energy-based treatment modalities
are being explored as alternatives or complements to traditional interventions.
These emerging approaches, including Focused Ultrasound (FUS), Tumour-Treating
Fields (TTFs), High-Frequency Irreversible Electroporation (H-FIRE), and
microwave or millimetre-wave induced hyperthermia, leverage electromagnetic and
electromechanical mechanisms to target tumour cells with precision and minimal
invasiveness.k

FUS energy delivery can be guided through intraoperative MRI and is being
explored as a non-invasive method to manage blood-brain barrier opening (BBBO)
and enhance the delivery and effectiveness of chemotherapeutic agents [3]. FUS
BBBO also disrupts the immunosuppressive glioblastoma microenvironment
potentially aiding in tumour cell detection and initiating an antitumor immune
response [4]. Sonodynamic therapy [5] is undergoing a phase 1 clinical trial [6] and
uses FUS to make 5-aminolevulinic acid (5-ALA) - a drug designed for visualizing
tumours during surgery which is safe for normal brain tissue - cytotoxic to GBM
cells in multiple areas of the brain. Histotripsy, a form of cavitation that allows fast
mechanical ablation with high-energy ultra-short ultrasound pulses, has shown
potential in preclinical models [7].

Tumour-Treating Fields (TTFs) employ low-intensity, intermediate-frequency
alternating electric fields to obstruct mitosis selectively in cancer cells [8]. These
fields disrupt spindle formation and chromosome segregation for rapidly dividing
tumor cells while largely sparing normal tissues. This non-invasive technique has
shown promise in clinical trials [9] for newly diagnosed and recurrent glioblastoma,
offering a unique mechanism of action that complements traditional therapies.

Other EM approaches aim at cell microenvironment modulation while avoiding
direct thermal loading [10-15]. Recent advancements in the use of Pulsed Electric
Fields (PEF) for treating brain cancer have focused on their impact on brain cells,
including both healthy and cancerous cells. High-Frequency Irreversible
Electroporation (H-FIRE), a novel approach employing bipolar electric pulses, has
emerged as a promising method for inducing tissue necrosis and cell death while
minimizing side effects typically associated with monopolar pulses, such as
neuronal stimulation and muscle contraction [10]. The goal is to optimize treatment
parameters, particularly for brain tumours like GBM, by achieving effective cell
ablation without damaging surrounding healthy tissues.

Research has demonstrated that GBM cells respond to irreversible
electroporation or to H-FIRE when exposed to electric fields that exceed a tissue-
specific lethal threshold, leading to cell death. This method offers several benefits,
including the absence of cytotoxic effects, precise targeting of tumour tissues, a non-
thermal ablation mechanism, and preservation of nerves and major blood vessels
[11]. Preclinical studies have confirmed the safety and efficacy of these techniques
for treating GBM [12]. Interestingly, primary brain tumours containing glioma stem-
like cells (GSC) show higher sensitivity to H-FIRE than normal astrocytes,
highlighting a potential therapeutic opportunity. However, neuronal stem cells
(NSC) exhibit similar sensitivity to these electric pulses, emphasizing the need for
personalized cell-specific characterization in clinical applications [13].

H-FIRE has also shown promise as both a monotherapy and in combination with
other treatments for malignant glioma. Studies in orthotopic rat models have
demonstrated statistically significant improvements in overall survival and
increased immune response markers in treated groups compared to controls.
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Moreover, H-FIRE at appropriate doses can cause a transient disruption of the BBB,
lasting up to 72 hours post-treatment, which may enhance the efficacy of
chemotherapy by allowing better drug penetration into the brain [14].

The ability of H-FIRE to selectively ablate cancer stem cells and potentially
transform the tumour microenvironment from immunosuppressive to antitumor
through Damage Associated Molecular Pattern (DAMP) signalling is particularly
exciting. This capability suggests that H-FIRE could be fine-tuned to improve patient
outcomes, particularly for those with primary brain tumours, by prolonging overall
survival through the targeted destruction of cancer stem cells [15].

While non-thermal EM approaches such as TTFs and H-FIRE offer promising
avenues for glioblastoma treatment, other methods intentionally seek to induce
thermal stress to achieve therapeutic effects. Among these, microwave ablation has
been less researched for brain tumours compared to FUS. This is due to its poorer
resolution and the risk of generating heat that can harm surrounding healthy brain
tissue, potentially leading to neurological deficits. However, achieving efficient
ablation without causing skull heating for off-centre targets remains a challenge
even for minimally invasive FUS energy delivery. This issue persists even with
hyperthermia [3], where the targeted temperature rise (Tmax=40-45 °C) is lower
than for ablation (Tmax >56 °C). Despite these challenges, hyperthermia is a
compelling approach due to its role as a potent radio-sensitizer, showing potential
to improve treatment outcomes and reduce radiation toxicity. Studies have
demonstrated that hyperthermia prior to radiotherapy impairs DNA repair, inhibits
survival pathway activation, and reduces glioma stem cell proliferation both in vitro
and in vivo [16, 17].

In this context, exploring mild hyperthermia (AT~10 °C, Tmax <35 °C) through
Millimetre-Wave (MMW) stimulation is promising. MMW energy delivery is
becoming more technologically appealing due to the proliferation of 5G/6G
communications and the increasing availability of components. It considerably
increases lateral spatial resolution in available electrosurgery tools (e.g., 14.5 GHz
[18]) while enabling signal depth of penetration over several cell layers.
Additionally, MMW stimulation can potentially elicit or couple with non-thermal
dynamics, including absorption dynamics, protein vibration, resonance, unfolding,
and hydration [19]. Like other methods that disrupt the tumour microenvironment
and generate reactive oxygen species from sono- or radiosensitizers, MMW may
offer a unique interaction mechanism and complement other therapeutical
approaches. MMW can be delivered to brain tumour by endoscopy yielding limited
invasiveness and a focused treatment as required in this terrible pathology [20].

Our study specifically investigates the potential of combining mild temperature
increases with chemotherapy, using mid-intensity (P< 5 W) MMW radiation at 30.5
GHz on glioblastoma organoids. These 3D structures, derived from primary patient
GBM cells, mimic real tumours’ complexity and cellular heterogeneity, reflecting
individual tumour variability. We aim to 1) identify the threshold input power
density causing stress or modifications in organoids; 2) assess the effects of MMW
signals within the mid thermal regime; and 3) explore non-thermal effects in this
frequency range. This comprehensive approach successfully highlights cell and
molecular responses in a relevant 3D glioblastoma model, advancing the potential of
30.5 GHz MMW as a novel coadjutant treatment option.
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2. Material and Methods
2.1 30.5 GHz Source Development

Creo-Medical, UK developed the 30.5 GHz generator in Figure 1 for the present
organoid work and potentially supporting future in-vivo MMW stimulation
applications. This advanced continuous wave (CW) source comprises a complete
millimetre-wave line-up including a mechanically tunable Dielectric Resonator
Oscillator (DRO-3404, 30-31 GHz, POUT~11.5 dBm), a pre-amplifier (ERZ-HPA-
2000-400-24, Gain=20 dB), and a Power Amplifier (Qorvo's TGA2595-CP). The
signal is amplified from the initial 11.5 dBm to an expected 22 dBm after the pre-
amplifier, and finally to 36.5 dBm (4.5 W) at the Power Amplifier output.
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Figure 1: (A): The 30.5 GHz CW source and control unit developed by Creo Medical to
support organoid irradiation in this work and (B): future minimally invasive MMW
procedures with enhanced lateral resolution than in current microwave range settings. (C):
Closeup view of experimental setup with Ka-band horn antenna and (D): the single well
container that hosts organoids at its centre and in placed in direct contact of the antenna.

To ensure system integrity and performance, isolators were added to prevent
reflected power from damaging sensitive components such as the oscillator and pre-
amplifier. Thermal management is achieved by assembling the pre-amplification
line-up onto an aluminium plate, which secures each component and acts as a
heatsink.

Onboard power supplies and regulation enable the system to operate with only
an external mains AC connection (85-250 V), while handling power delivery to each
component. The onboard controller automatically sets power supplies and bias
conditions for active components. Integrated power detectors support monitoring
of forward and reflected power levels, allowing output control via a digital
attenuator. Therefore, MMW power attenuation and waveform duration can be
entirely managed by the user through an intuitive microcontroller-digital display
interface based on an Arduino MEGA, ensuring precise experiment execution and
reproducibility.
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Housed in its own enclosure, the generator connects to the exposure platform - a
Ka-band (26.5-40 GHz) Pasternack PE9850/2F-20 horn antenna - via a quick-
release waveguide (WG22). The 30.5 GHz source's power capacity ensures the
delivery of sufficient energy at the exposure platform, with its flexible timing control
allowing for varied delivery formats in a range of bioelectric experiments.

Two formats were selected for organoid exposure: CW1 (0.1 W Root Mean
Square for 20 minutes) and CW2 (0.2 W RMS for 10 minutes). This aimed at
comparing different MMW exposure conditions while maintaining the same E=120 ]
delivered energy. Sham groups were included in the experiments and were exposed
in the same setup with no MMW power being delivered.

2.1 Optimization of MMW setup for organoid irradiation
2.1.1 Numerical modelling/optimization approach and optimized setup

The optimal exposure setup for millimetre-wave (MMW) radiation stimulation of
glioblastoma organoids was determined through a judicious combination of
numerical dosimetry and experimental thermal probing [20]. The key criteria
guiding the optimization process were: 1) Impedance matching: quantified by the
reflection coefficient (S11 scattering parameter), with values at or below -10 dB
indicating suitable power transfer; 2) Specific Absorption Rate (SAR) homogeneity:
measured by the coefficient of variation (CV), which is the ratio of the standard
deviation of the SAR to its mean value over a chosen volume.

Parametric full-wave simulations were conducted using CST Microwave Studio
to model the electromagnetic (EM) and thermal behaviour of the setup. Organoids
were modelled as dielectric cylinders with a diameter of 2 mm, a height of 0.7 mm,
and centres spacing of 5 mm, reflecting experimental conditions. We used complex
permittivity values similar to grey matter (&'=20, tgd=0.3, [21]) with a slightly
different (lower) conductivity. This is justified by the fact that organoid tissue is
evidently different from the brain due to the lack of additional heterogeneous cell
types and their growth within a culture media that is quite different from the
Cerebrospinal Fluid in its composition. The optimized configuration [20] is shown in
Figure 2. Using a single 22 mm diameter well in a 12 multi-well plate provided the
best balance between transferring MMW power to the samples and minimizing
variations in energy absorption across the sample for the well placed in direct
contact with the horn antenna. The optimal height of the culture medium in the well
was determined to be 3 mm.

2.1.2 Organoid number, impedance matching and SAR inhomogeneity

MMW power transfer is governed by impedance matching between the
antenna's output and the sample setup. This involves matching the fundamental
Transverse Electric (TE10) mode, launched by the WG22 rectangular waveguide
through the horn antenna's flare, with the dielectric properties of the
holder/culture/organoid stack. The culture medium, forming the bulk of the sample
volume, largely determines the S11 response with organoid presence and number
exerting a secondary influence.
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The number of irradiated organoids n was two, with a spacing of by 5 mm when
placed in the holder centre, thus balancing the need for multiple samples with the
challenges of culturing a larger number. Critically, the analysis summarized in
Figure 2, shows that adding up to n=10 organoids increases their fractional volume
(F) to no more than 2%. Therefore, a dielectric mixture model was used to predict
the corresponding reflection coefficient degradation would be bound to 0.1 dB,
confirming their negligible mismatching impact.

-9.2 n=0, z=0 um n=2, z=0 um
9.4
)
) 9.6
T 9.8
7
-10.0
n=10;F=2%
-10.2 . .
29.0 30.0 31.0 32.0 0 400 800 1200 __ 1400
Frequency (GHz) L L -w/kg

n=2, z=300 um n=2, z=700 pm

100 200 300 400 500 600 700
Height (um)

Figure 2: (A): Ka-bad impedance matching response considering dependence from
organoid number and fractional volume (B): SAR coefficient of variation for organoid slices at
different heights along vertical z axis. (C): Comparison of SAR distribution for the unloaded
medium, and for the medium with two GBM organoids, again at different sampled z heights as
from the parametric analysis in [20].

However, Figure 2 also suggests that even this modest effect can cause large
variations in energy absorption by different parts of the sample resulting in SAR
inhomogeneity. Indeed, the presence of organoids significantly affects the SAR
distribution, with substantial variations in homogeneity observed along the height
(z-axis) of the organoid due to abrupt changes in electrical properties at the
boundaries between the organoids, the culture medium, and the container. The
'meniscus effect’ [20] also impacts SAR homogeneity and impedance matching. The
curved liquid surface at the well edges increases interface curvature and reduces
central medium height, leading to greater organoid fractional volume, thus
exacerbating both SAR CV and reflection coefficient degradation.

2.1.3 Thermal modelling and experimental validation

Coupled EM/thermal simulations predicted the temporal evolution of
temperature distribution within the sample holder and the organoids. SAR levels in
the organoids were evaluated slice by slice at 100 um intervals. SAR values were
averaged over 1mm? cubes to match the sensing volume of thermal probes
employed for experiments. These were conducted using a fiber optic probe
(Lumasense, US) with two sensors 5mm apart, complemented by thermo-camera
imaging for broader area coverage and hotspot characterization.
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The SAR(T) dependence was derived by fitting measured temperature curves to
the standard bio-heat transfer model for three different power levels and a short (2
s) CW power on-time, which minimizes convective and radiative transfer. This
relationship was then extrapolated to longer exposure times and lower power
levels, supporting SAR extraction in CW1 and CW2 measurement conditions, both in
unloaded media and media containing organoids. To validate our simulation
approach, measured and simulated temperature and SAR values without organoids
were compared. Measurements and simulations were scaled to a common reference
power of 0.5W, revealing only a 10% deviation between predicted and observed
values, which fell within the range of measurement standard deviation.

Measured temperature increases (4.5°C for CW1, 7.2°C for CW2) closely matched
simulated values (4.4°C and 8.8°C respectively), with thermo-camera results (3.8°C
and 9.5°C) providing further confirmation [20]. The higher temperature increase
despite shorter exposure time in CW2 suggests that the achieved temperature
increase depends more on maximum power (or energy rate) than on exposure time
or total delivered energy.

This validated method allowed for fine-tuning of the experimental setup,
optimizing parameters such as holder type, holder-antenna distance, and medium
height. The final optimized single-well setup, as described in section 2.1.1 (Figure 2),
features a 3mm medium height in direct contact with the antenna. Furthermore, this
approach enabled parametric studies of Coefficient of Variation (CV) in organoid
slices, including centre versus edge effects. The overall procedure was ultimately
validated by comparing measured temperature increases (using two independent
measurement approaches) with simulated values.

2.1.4 Further optimization results

The validated modelling procedure yielded the results in Figure 2 along with
detailed parametric analysis of the exposure setup [20]. We observed highest
absorbance at organoid centres, gradually decreasing towards the edges.
Nevertheless, SAR coefficient of variation (CV) increased with z peaking at the
surface due to dielectric discontinuity at the organoid /medium interface.
Interestingly, the SAR pattern with organoids at one height may more closely
resemble the distribution without organoids at a different height. This highlights
how organoids alter the overall SAR distribution in the well. Along with the previous
observation on CV’s height dependence, this outlines the complexity of propagation
and absorption homogeneity in the investigated multiple medium setting.

This setup provides a foundation for consistent and well-controlled exposure of
organoids, supporting future MMW radiation studies. While the impedance matching
and SAR CV were fully characterized for the tested two-organoid scenario, this
approach can be readily extended to any number of organoids.

2.2 Biological methods
2.2.1 GBM organoid generation and treatment

The primary GBM culture employed within this study was obtained after written
informed consent for the donation of tumour tissues under the auspices of the
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protocol for the acquisition of human brain tissues obtained from the Ethical
Committee of the Padova University-Hospital. Cells were isolated from tumour
biopsies taken at surgery according to previously reported protocols [22-23] and
cultured in DMEM-F12 supplemented with 10% BIT9500 (StemCell Technologies
Inc, Vancouver, Canada), 20ng/ml basic Fibroblast Growth Factor (bFGF) and
20ng/ml Epidermal Growth Factor (EGF; both from Cell Guidance Systems Ltd,
Cambridge, UK) in an atmosphere of 2% oxygen, 5% carbon dioxide and balanced
nitrogen in a H35 hypoxic cabinet (Don Whitley Scientific Ltd, Shipley, UK) [24].

Organoids were established by embedding 100.000 primary cells (or 1mm3-
sized tumor fragments) in 10pul Matrigel® (Corning®, Corning, NY) droplets to be
polymerized in a standard 37°C incubator. Then freshly generated organoids were
cultured in the above-described media in normoxic conditions (21% oxygen) until
21 days before being exposed to specific CW protocols. GBM organoids were
routinely monitored for their growth and half-medium changed at least twice a
week to ensure their proper growth. After CW exposure, GBM organoids were
cultured for additional 24 hours for obtaining transcriptional data, for 72h hours for
histological purposes, or treated with 500uM Temozolomide (Selleck Chemicals,
Houston, TX) for 5 days before being analyzed for any induction of cell death.

2.2.2 Transcriptional and histological analyses

Transcriptional data of control and CW-exposed organoids were obtained from
at least 2 different organoids/experimental replicate after 24 hours from treatment.
In particular, after proper extraction (miRNeasy Kit, Qiagen, Hilden, Germany), total
RNAs were hybridized to Gene Chip™ WT Clariom™ S arrays (Affymetrix, Santa
Clara, CA) according to manufacturer’s instructions and analysed as described by
using default Affymetrix microarray analysis parameters and normalized by
Repeated Measure Analysis (RMA) [20]. Differentially expressed genes between
CW-exposed and control organoids were identified using Limma (FDR<0.05 and fold
change 22).

For histology, control and treated organoids were fixed for 30 minutes in 4%
formaldehyde in PBS, washed, and impregnated in 30% sucrose for at least 20 hours
before being embedded in Tissue-Tek® O.C.T. Compound (Sakura Finetek USA, Inc.,
Torrance, CA) and cryosectioned to obtain 10pum thick slides. Hematoxylin and eosin
staining was performed according to standard procedures. For
immunofluorescence, organoid slides were blocked in 5% BSA (Sigma-Aldrich, St.
Louis, MO), 1% goat serum (Vector Laboratories, Newark, CA) PBS solution, and
then stained with primary antibodies: Hif-1a (Sigma-Aldrich, Saint Louis, MO)
Nestin (Merck, Darmstadt, Germany), fllI-tubulin (Covance Laboratories Inc.
Princeton, NJ), S100, Ki67 and GFAP (all from Agilent Dako from Agilent
Technologies, Santa Clara, CA); Cleaved-Caspase 3 (Cell Signaling Technology,
Danvers, MA).

After incubation with the most appropriate Alexa-dye conjugated secondary
antibodies (Thermo Fisher Scientific, Waltham, MA), slides were counterstained
with Dapi (Sigma-Aldrich, Saint Louis, MO). For both histology and
immunofluorescence, images were collected with a Zeiss Axio Imager M1
epifluorescence microscope (Zeiss, Oberkochen, Germany). Images were analysed
and cellular nuclei were counted by the Analyze plugin of Image]
(https://imagej.nih.gov). Graphs were generated by GraphPad Prism 8.0.1 software
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(GraphPad, La Jolla, CA) and data analysed with the included statistical tools. Bar
graphs display data arranged as mean * standard error of the mean (S.E.M.).

3. Results
3.1 Present organoids model of GBM with respect to clinical approaches

GBM is one of the most aggressive and lethal forms of brain cancer, with limited
treatment options and a very poor prognosis, as stated in the Introduction. The
development of organoid models for GBM has been a significant advancement in the
field of cancer research, particularly in studying the disease's biology, drug
response, and potential treatment strategies. Here's where current GBM organoid
models stand with respect to clinical approaches for: 1) modelling tumour
heterogeneity, 2) acting as drug screening tool or support to therapy development,
3) studying tumour microenvironment interactions.

3.1.1 Modelling tumour heterogeneity

For the first point, GBM organoids are excellent at recapitulating the
heterogeneity of GBM tumours, including the presence of different cell types, genetic
mutations, and microenvironmental features that are critical to the disease. This
heterogeneity is often missed in traditional 2D cell cultures but is essential for
understanding the complexity of GBM.

This aspect is crucial for the development of personalized medicine, where
treatments can be tailored to the specific characteristics of a patient's tumour. The
ability to model the patient’s tumour may more accurately help in predicting
responses to therapies and in the identification of new therapeutic targets.

3.1.2 Acting as drug screening tool

For the second aspect, GBM organoids offer a platform for high-throughput drug
screening, allowing researchers to test a wide range of compounds in a setting that
closely mimics the tumour environment. This can lead to the identification of novel
drugs or drug combinations that may be effective against GBM. Although still mostly
in preclinical stages, this approach has the potential to streamline the drug
development process, bringing new therapies to clinical trials faster. Organoids
could also help in the development of individualized treatment regimens, potentially
improving outcomes by selecting the most effective drugs for each patient.

3.1.3 Studying tumour microenvironment interactions

Finally for the third point, GBM organoids can be co-cultured with other cell
types, such as immune cells or cells of the blood-brain barrier, allowing for a more
comprehensive study of the tumour microenvironment. This is particularly
important in GBM, where interactions between the tumour and its surrounding
environment play a crucial role in disease progression and treatment resistance.
Insights gained from these studies can inform the development of therapies that
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target not just the tumour cells but also the supportive microenvironment,
potentially overcoming resistance mechanisms and leading to more effective
treatments.

3.1.4 Current clinical integration

GBM organoids are a significant improvement over traditional models, they are
still complex and labour-intensive to produce and maintain. Additionally, there can
be variability in organoid formation, which might affect the reproducibility of
results. Despite their potential, the translation of findings from GBM organoid
models to clinical practice is still in its early stages. While organoids provide a more
realistic model for studying GBM, clinical trials are needed to validate findings and
determine the actual therapeutic benefit in patients. However, there is growing
interest in integrating organoid models into clinical workflows, especially for
personalized medicine approaches. For example, organoids derived from a patient's
tumour could be used to test drug responses ex vivo before administering
treatments in vivo, as proposed in our study.

3.2 Proximity of organoid to in-vivo model
3.2.1 GBM organoids well resemble human tumour structure and phenotype.

In order to obtain more reliable in vitro models of GBM, able to better resemble
the morphological and phenotypic characteristics GBM tumors in vivo, we exploited
the availability of fresh GBM specimens and further processed them, eventually
generating GBM organoids to be subjected to the above selected therapeutic
frequencies. To this end, we adapted to our purposes the already available protocols
for the generation of cerebral and brain tumour organoids [25-26], allowing the
reproducible generation of the GBM organoid models described within this section.
In particular, after surgical removal of the tumour, GBM biopsies were mechanically
and enzymatically dissociated as previously described [22] to obtain either small
sized tumour fragments (< 1mm?3) or single cell suspensions (Figure 34, panel (i)).

Then, 100.000 GBM cells (or 1 fragment) were dissolved into 10l of Matrigel
and plated onto sterile parafilm molds to allow their polymerization as small
droplets/domes (Figure 34, panel (ii)). After polymerization, these “organoid
precursors” were transferred in the culturing media and allowed to grow until being
processed for histology and immunofluorescence analyses (Figure 34, panel (iii)).
GBM organoids progressively acquired an increasingly compact morphology, thus
achieving their “mature” structure after 20-30 days in culture, eventually
resembling the histology of the patient tumour biopsy they were derived from
(Figure 3B, C). Accordingly, tumour fragments-generated GBM organoids displayed
a similar behaviour, with cancer cells progressively invading the polymerized
structure and finally acquiring the same rounded organoid shape and histology,
although in a grater timeframe (Figure 3D).
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Figure 3: GBM organoid generation and growth. (A): Cartoon summarizing the process
of GBM organoid generation and phenotypic characterization, including: i) the collection of
human GBM samples from patients and their initial gross processing as minced tissue
fragments (diameter < 1mm) and single cell suspensions; ii) GBM organoid preparation and
culture by inclusion of cells (10-200x103) or fragments into Matrigel® droplets and their
subsequent long-term culture in the appropriate supplemented media; iii) GBM organoid
fixation, cryosectioning, and histological and immunophenotypic evaluation. Panel (A) was
created with Biorender.com. (B, C): Representative stereotactic images of GBM organoids
during time (day 15-30, (B) left panels) and their histological (hematoxylin and eosin
staining) characterization (day 30, (B) right panel) and comparison with the original tumour
tissue GBM cells were derived from (C). (D): Representative stereotactic images of tumour
fragments-derived GBM organoid growth during time (day 2-50).

We previously demonstrated that within the GBM mass, phenotypically defined
cancer cells are spatially distributed along at least three different layers including a
tumour core characterized by necrosis and prominent hypoxia which hosts the most
immature and stem-like cell subpopulations, a peripheral layer composed of more
differentiated cells (even characterized by a mixed glial-neuronal lineage) and a
transition layer between them, characterized by highly proliferating cancer cells
[24, 27, 28]. Nevertheless, we should not forget the possible presence of an
additional more peripheral layer in which cancer cells invade the normal brain
parenchyma, easily recognizable through 5-ALA administration [28]. Interestingly,
after 30 days of growth, GBM organoids display a regular rounded shape with a low
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cellularized core surrounded by a thick and denser organoid margin (Figure 3B),
well resembling human GBM tumours at MRL

A

MHif-1a/ 1S100/

i
100uM

1S100/ —_
50uM

Figure 4. Phenotypic characterization of GBM organoids. Representative
immunofluorescence images (A, original magnification 10x) and their relative magnification
(B) showing the spatial expression of a series of GBM phenotypic and proliferation markers,
including Nestin (red) and Hif-1a (green), GFAP (green) and B-III-tubulin (red), and Ki67
(red) and S100 (green). Cell nuclei have been counterstained with DAPI (blue).

Phenotypically, GBM organoids are characterized by a heterogenic distribution
of different cell phenotypes including: a widespread high expression of the neural
stem cell marker Nestin, a higher stabilization of the Hif-1a protein in the inner
portions of the organoid [24], a prominent presence of GFAP expressing cells in
which are homogeneously distributed cancer cells displaying a mixed neuronal
phenotype (e.g. also expressing BlII-tubulin), and a relatively low proliferation index
(Ki67+ cells), more compatible with the proliferation rate of GBM cells within human
tumors (Figure 4).
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Figure 5. GBM organoid treatment and evaluation of CW effects. (A): Representative
haematoxylin and eosin (top) or Cleaved Caspase 3 (Cl.Casp-3, red nuclei indicated by
arrows) immunofluorescence (bottom) staining of GBM organoids after 72h from being
treated with the sham, CW1, or CW2 exposing protocols. (B): Cleaved Caspase 3
immunofluorescence analysis displaying GBM organoids treated for 5 days with DMSO (top)
or TMZ (bottom) both added to the culturing medium 24h from sham or CW1/CW2
exposures. Original magnification: 10x; bar: 50um. (C, D): Relative quantifications of Cl. Casp-
3+ cells in samples as in A (C) and B (D). In (C), *p<0.05, by one-way Anova with Tukey’s
multiple comparisons test relative to the sham group. In (D), asterisks over a column
(**p<0.01 and ***p<0.001) indicate a significant difference relative to matched DMSO-treated
groups by unpaired t test. Asterisks over brackets (*p<0.05) by one-way Anova with Tukey’s
multiple comparisons test.
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3.2.2 30.5 GHz CW treatment affects GBM cell survival and sensitize organoids to TMZ
chemotherapy.

To test in vitro the therapeutic efficacy of the simulated CW exposures, a series of
21 days grown organoids were exposed to either CW1 and CW2 treatment protocols
or maintained in control conditions before being analysed in terms of
transcriptional modulations, histology, and cell death. In particular, after 72h from
treatment, CW-exposed organoids did not show any evident variation in size,
structure, and histology (Figure 5A). However, immunofluorescence analysis
revealed that CW stimulation was sufficient to trigger a pro-apoptotic response of
GBM cells residing within the organoids, with CW2 displaying the most severe
effects (Figure 54, C).

In this context, the gene expression profiling of GBM organoids collected after 24
was able to identify 257 differentially expressed genes (DEGs) between sham and
CW1 exposed organoids, and 183 DEGs between sham and CW2 exposed organoids.
Since the delivered energy was equal in the two different treatments, we aimed to
identify the common perturbed genes; by intersecting the two different gene lists
we retrieved 143 upregulated - and 22 downregulated genes commonly affected by
30.5 GHz CW exposure. Pathway enrichment analysis through GSEA identified CW-
exposed organoids as characterized by an increased expression of genes related to
the response to a DNA damage, the activation of DNA repair mechanisms, and cell
cycle, with this latter confirmed by a significant expansion of the Ki67+ GBM cell
populations within the CW treated organoids [20]. More specifically, the majority of
the up-regulated DEGs were related to the regulation of chromatin conformation
and replication machinery. While the few down-regulated genes did not significantly
enrich for any cellular process. Based on these results, we evaluated the possibility
of exploiting the effects displayed by the stimulation with CWs through the
combination of a temporally defined chemotherapeutic intervention with TMZ. In
particular, we exposed GBM organoids to CWs as described and, after 24 hours,
treated them for additional 5 days with TMZ, with the aim of specifically targeting
the CW-induced cell proliferation boost. Remarkably, CW pre-treatment
dramatically sensitized GBM organoids to TMZ (Figure 5B, D), independently on any
transient induction of cell death observed at earlier timepoints (Figure 5C).

3.3 Benefits of mid-intensity thermal sensitization

The MMW irradiation increases the temperature by a few degrees, but this rise
remains within the normal temperature range for cells. In fact, their temperature
does not exceed 37°C, which is the physiological temperature for cells and tissues.
Therefore, the effects observed, as well as their combination with chemotherapeutic
agents, cannot simply be attributed to a thermal mechanism similar to that used in
hyperthermia applications [20]. In our study, we also noted a stronger effect of TMZ
after CW1 exposure, which resulted in a lower temperature increase compared to
CW?2 exposure, thus supporting our hypothesis. However, the mechanisms
underlying the observed effects could be highly complex, and at this point, it is not
possible to completely rule out the role of temperature. Clearly, further experiments
are necessary to clarify this issue. Nonetheless, the slight temperature increase is
beneficial for therapeutic purposes, as it is less invasive and painful for potential
future applications in humans.
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4. Discussion

The primary objective of this study was to demonstrate the potential of mid-
intensity, CW stimulation while determining energy delivery formats that yield
significant end-points in a glioblastoma organoid model. Our findings not only
achieved this goal but also outlined the need for further investigation in this field.

The extinguishing effect of CW stimulation when cells are not re-exposed could
not be within the scope of the present study. This limitation was not solely due to
time constraints but also stemmed from the uncertainty surrounding the number of
repeated stimulations organoids can undergo while still providing meaningful
results. Future research should rely on additional cell biology experiments aimed at
elucidating this aspect by implementing a rigorous evaluation of several close-range
experimental timepoints within the proposed actionable timeframe as it could
significantly impact the design of therapeutic protocols. Nevertheless, this will need
dedicated efforts and time.

Our results showed that CW2 induced more pronounced apoptosis and less
proliferation in the mid-term range (72 hours after exposure), likely due to the
milder temperature increase compared to CW1, which delivers higher power.
Consequently, the CW/TMZ combination more effectively induced apoptosis for the
CW1 protocol, as CW1 favors proliferation, which is then targeted by TMZ. These
observations underscore the complex interplay between CW parameters, cellular
responses, and chemotherapeutic efficacy. Identifying the optimal window for TMZ
administration post-exposure, along with fine-tuning signal intensity and exposure
duration, could lead to an enhanced chemotherapeutic response for TMZ or other
alkylating agents.

While our focus on TMZ provided valuable insights, future studies should expand
the scope to include different chemotherapeutic drugs with diverse mechanisms of
action. Moving beyond agents that directly affect proliferating cells could offer a
more comprehensive understanding of how CW stimulation interacts with various
treatment modalities targeting cancer cell migration and infiltration, rather than
proliferation. Future studies could explore the effects of CW stimulation combined
with matrix metalloproteinase inhibitors, which impede tumor invasion, or anti-
angiogenic agents that restrict tumor vascularization. Additionally, examining the
interaction between CW exposure and immunomodulatory therapies could unveil
potential synergies in activating anti-tumor immune responses. These diverse
approaches may uncover unexpected therapeutic opportunities and provide a more
holistic strategy for combating the complex nature of GBM.

Conclusion(s)

In summary, we comprehensively characterized an exposure setup for 30.5 GHz
CW suitable for experiments on 3D GBM organoids, in terms of
numerical/experimental dosimetry and thermal regimen. From our
characterization, we demonstrated the possibility to use this exposure modality
(especially CW1 protocol) as a therapeutic adjuvant in a future possible treatment
for GBM. Our approach impacts the functioning and behaviour of GBM cells by
inducing a statistically significant increase of proliferation, as confirmed by both
transcriptional and functional analyses. This result leads to the enhancement of a
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subsequent TMZ administration and to future and innovative combination therapies
for GBM.

While the present study did not demonstrate direct MMW radiation-induced cell
differentiation pathways, the growing body of literature on EM-based
microenvironment manipulation suggests promising avenues for future research.
These emerging approaches may lead to the development of therapeutic modalities
that selectively target GBM cancer stem cells, potentially increasing their
susceptibility to conventional treatments and addressing one of the major
challenges in GBM therapy.
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